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Perhexiline is a metabolic modulator considered to be an alternative pharmacotherapeutic 

agent in heart failure (HF), a debilitating condition characterised by severe metabolic 

disturbances (i.e. impaired substrate utilisation and energy production) in which morbidity 

and mortality are high. However, perhexiline therapy requires regular plasma monitoring, 

which is clinically unattractive. Moreover, its exact cardioprotective mechanism(s) remains 

unknown. The work in this thesis aimed to investigate the protective effects and underlying 

molecular mechanism(s) of perhexiline ex vivo, in Langendorff-perfused mouse hearts and in 

vivo, in the abdominal aortic constriction model of HF, and to determine whether the effects 

could be replicated by the novel perhexiline derivative, fluoroperhexiline-1 (FPER-1), which 

has better pharmacokinetics. Ex vivo, 2 μM perhexiline or 10 μM FPER-1 perfusion increased 

cardiac contractility and relaxation pre-ischaemia and improved post-ischaemic 

haemodynamics and hypercontracture magnitude. This involved enhancing the contractility-

relaxation pathway (phospholamban (PLB) deactivation) pre-ischaemia and improving 

glucose metabolism (pyruvate dehydrogenase (PDH) activation and glycogen synthase kinase 

3αβ (GSK3αβ) deactivation) during ischaemia. In vivo, 4-week gavage with 70 mg/kg 

perhexiline or FPER-1 attenuated hypertrophy and cardiac remodelling at end-diastole whilst 

decreasing the expression of uncoupling protein 3 (UCP3), a redox-sensitive protein. 

Additionally, perhexiline alone improved systolic function (i.e. improved left ventricular 

ejection fraction and fractional shortening) in parallel with PLB deactivation. Taken together 

these results provide novel evidence that perhexiline protects the heart against ischaemic 

injury and delays progression from hypertrophy to failure by metabolic and non-metabolic 

(PLB) mechanisms, most of which were replicated by FPER-1.   
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1.1. Overview  

Heart failure (HF) is a highly debilitating disease which affects a large proportion of the 

population, particularly the elderly (≥65 years). Despite the existence of evidence-based 

pharmacological treatments for HF, aimed at reversing neurohormonal dysregulation, 

morbidity and mortality remain high. Therefore, a novel pharmacological target has been 

sought. Growing evidence suggests that cardiac metabolism and energetics are impaired in 

HF, and correcting these disturbances may improve cardiac function. Consequently, the 

overall focus of the work in this PhD thesis was to investigate a well-known metabolic 

modulator, perhexiline, and its newly developed analogue fluoroperhexiline-1 (FPER-1), in an 

established ex vivo global ischaemia model and in vivo HF model to determine the efficacy 

and accompanying molecular mechanisms of these agents. 

 

1.2. The mammalian heart 

The heart is a pivotal organ, which, alongside the intricate pulmonary and systemic 

vasculature forms the cardiovascular system (Levick, 2009). The primary role of the heart is 

to pump oxygenated and nutrient-rich blood to the systemic organs, in a manner that can be 

increased to meet metabolic demand (Kemp and Conte, 2012). The volume of blood pumped 

by the heart per minute is called the cardiac output (CO). The human heart pumps ~7,500 L 

of blood daily, beating on average 100,000 times a day (BHF, 2018). This continuous pumping 

is made efficient by the hearts specialised structure and cells. 
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1.2.1. Basic structure and blood flow in the heart      

In the mammalian heart, the right side is involved with transporting deoxygenated blood 

from the systemic circulation to the pulmonary circulation for reoxygenation and in parallel, 

the left side is responsible for transporting the freshly oxygenated blood from the lungs back 

to the systemic organs [Figure 1.1] (Levick, 2009; Katz, 2010). The oxygenated blood enters 

the left ventricle following opening of the mitral valve and upon ventricular contraction, 

blood is pushed through the aortic valve into the aorta for transport to the systemic 

circulation. A greater force is required to pump blood into the systemic circulation given its 

greater resistance; therefore, the left ventricle is thicker than the right side. The two 

ventricular chambers are also separated by the interventricular septal wall (Iaizzo, 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Basic structure and blood flow of the heart 
 

The mammalian heart consists of four chambers and transports blood to the pulmonary and systemic 
circulation. The blue arrows outline the transport of deoxygenated blood which arrives from the systemic 
circulation into the right side of the heart though the vena cava, for transport to the lungs by the pulmonary 
artery, for reoxygenation. The red arrows outline the transport of oxygenated blood which arrives from the 
pulmonary circulation and enters the left side of the heart through the pulmonary vein, to be delivered to the 
body by entering the systemic circulation through the aorta. 
 
Av, aortic valve; Mv, mitral valve; Pv, pulmonary valve; Tv, tricuspid valve. 
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The heart itself receives a constant supply of oxygenated and nutrient-rich blood from the 

coronary circulation; a network of coronary arteries present on the outer heart wall (Levick, 

2009). The heart wall has three layers: the outer epicardium, the middle myocardium and 

the inner endocardium (Katz, 2010). The middle layer consists of the cardiac muscle which 

forms the bulk tissue of the heart and is responsible for cardiac contractions (discussed in 

section 1.3.2). 

 

1.2.2. The cardiac muscle      

The cardiac muscle contains two cell types: ~1% pacemaker cells and ~99% cardiomyocytes 

(Pinnel et al., 2007; Levick, 2009). Pacemakers are part of the heart’s electrical conducting 

system and are responsible for initiating contractions and/or determining the cardiac 

rhythm. Cardiomyocytes are striated contractile muscle cells; each consisting of myofibrils, 

which are made of repetitive regular chains of contractile units known as sarcomeres [Figure 

1.2] (Stenger and Spiro, 1961). In turn, the sarcomeres comprise of fibrous contractile 

myofilaments, actin and myosin, which are stacked in a specialised formation that enables 

uniformed contraction and relaxation (Pinnell et al., 2007). Cardiomyocytes are also 

connected to one another by intercalated discs which facilitate rapid electrical and 

mechanical conduction, thereby enabling synchronized cardiac contraction, fundamental for 

healthy cardiac function (Stenger and Spiro, 1961).  
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1.3. Cardiac function in the healthy heart  

The synchronised contraction and relaxation of the atria and ventricles with every heart beat 

forms the cardiac cycle. In this cycle, cardiac contraction and ejection of blood is referred to 

as ‘systole’ whilst cardiac relaxation and filling is called ‘diastole’. The cardiac cycle also 

involves coordinated pressure changes within the chambers (Levick, 2009). Understanding 

these fundamental processes is important in recognising the detrimental changes in function 

that take place during cardiovascular diseases such as HF.   

Figure 1.2. Schematic of the cardiac muscle fibre and sarcomere 
 

A: A series of cardiomyocytes which are connected to one another by intercalated discs, forming the cardiac 
muscle fibre. B: Repeating chains of sarcomeres which form the myofibrils present in cardiomyocytes. Each 
sarcomere consists of the overlapping myofilaments actin and myosin, which give rise to the striated 
appearance of the cardiac muscle.   
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1.3.1. Cardiac haemodynamics  

Haemodynamics refers to the movement of blood within the cardiovascular system which is 

governed by pressure changes created initially by the heart and modified by the vasculature 

(Borlaug and Kass, 2009). The clinical assessment of cardiac haemodynamics, through either 

non-invasive Doppler echocardiography or invasive Swan-Ganz catheterisation, is used for 

evaluating myocardial systolic and diastolic function (Sutton, 2010). Pressure within the left 

ventricle is particularly important given its role in determining systemic perfusion. The left 

ventricular end-diastolic pressure (LVEDP), i.e. the pressure at end-diastole and cardiac 

filling, reflects left ventricular (LV) compliance and thus an increase in this pressure is 

commonly seen in LV failure (Borlaug and Kass, 2009). The LVEDP and the volume present at 

end-diastole (EDV) also determine the systolic pressure and force of contraction that the 

heart can generate via the Frank-Starling mechanism. This mechanism describes that the 

greater the EDV, the greater the stretch of the myocardial muscle fibres (preload) which 

stimulates a greater force of contraction (Sequeira and van der Velden, 2015). An increase in 

contractile force contributes to an increase in stroke volume (SV) and therefore CO (CO = SV 

x heart rate). During contraction, the myocardium generates and sustains a pressure that 

propels blood into the aorta. This pressure and force must overcome the resistance within 

the vasculature, known as the afterload, and is best described as the ventricular wall stress 

(Norton, 2001). The afterload can be formally defined by Laplace’s law: Wall stress = 

(Pressure x Ventricular radius)/2 x Wall thickness (Norton, 2001). When afterload rises to 

high levels, the SV (and thus CO) become inversely related, i.e. the greater the afterload, the 

lower the SV (and CO). In addition to heart rate, preload and afterload, the CO is also 

dependent on the contractility of the heart itself (Borlaug and Kass, 2009). 
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1.3.2. Cardiac contractility 

Cardiac contractility or ‘inotropy’ is the unique and intrinsic ability of the cardiac muscle to 

generate a force independent of preload and afterload and is governed by the degree to 

which the myocardial fibres can shorten following activation by the sympathetic system (i.e. 

strength of contraction) (Sequeira and van der Velden, 2015). An increase in sympathetic 

nerve activity (SNA) leads to an increase in noradrenaline release at the cardiac nerve 

terminals and circulating catecholamine levels. The released catecholamines bind to β-

adrenergic receptors located on the cardiomyocyte sarcolemma, activating an intracellular 

signalling cascade that increases the intracellular Ca2+ ion levels (Triposkiadis et al., 2009). 

Inotropy is largely dependent on the cytosolic Ca2+ ion concentration which converts the 

electrical energy from an action potential (AP) into mechanical energy (contraction), and is 

termed excitation-contraction (EC) coupling [Figure 1.3] (Eisner et al., 2017). Therefore, an 

increase in Ca2+ cycling increases the rate (chronotropy) and strength of cardiac contractility 

(inotropy) and relaxation (lusitropy).  

 

In brief, APs initiated by the pacemaker cells cause cardiomyocyte depolarisation which 

activates voltage-dependent Ca2+ ion channels known as dihydropyridine receptors (DHPR) 

located on the sarcolemma, thereby allowing Ca2+ ions to enter the cell. This influx of Ca2+ 

stimulates the release of additional Ca2+ ions within the sarcoplasmic reticulum (SR) through 

Ca2+-release channels called ryanodine receptors (RYR). This process is termed calcium-

induced-calcium-release (Endo et al., 1970; Eisner et al., 2017). The cytosolic Ca2+ ions bind 

to troponin-C present on actin myofilaments, enabling the binding of actin to myosin and 

cross-bridge formation. The cyclic movement of the actin over myosin, following adenosine 
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triphosphate (ATP) hydrolysis, leads to shortening of the sarcomere length and thus 

contraction (Rassier, 2017). This activity continues until the Ca2+ ions are removed, inducing 

cardiac relaxation, either by extrusion through sarcolemmal Ca2+/Na+ ion exchangers, 

sarcolemmal uniport Ca2+-ATPase or sequestration into the SR via the sarco-endoplasmic 

reticulum  Ca2+-ATPase 2a (SERCA2a) following ATP hydrolysis (Eisner et al., 2017). SERCA2a 

activity is responsible for removal of >70% of the cytosolic Ca2+ ion levels. Dysregulation of 

this protein is commonly seen in HF (Eisner et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. A simplified schematic of excitation-contraction coupling 
 

Excitation-contraction coupling is an energetic process which involves Ca2+ cycling within the cardiomyocytes, 
generating a contractile force by enhancing sarcomere shortening. Cardiac relaxation is achieved by Ca2+ 
sequestration either extracellularly or into the sarcoplasmic reticulum via SERCA. 
 
ATP, adenosine triphosphate; Ca2+, calcium ion; CICR, calcium-induced-calcium-release, DHPR, 
dihydropyridine receptor; PLB, phospholamban; NCX, Na+/Ca2+ exchanger; RYR2, ryanodine receptor 2; 
SERCA2a, sarco-endoplasmic reticulum Ca2+-ATPase 2a; SR, sarcoplasmic reticulum. 
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SERCA2a activity is regulated by transmembrane protein phospholamban (PLB). When 

dephosphorylated PLB binds to and inhibits SERCA2a. Following PLB phosphorylation at 

either Ser16 or Thr17 (Colyer, 1998) this inhibition is relieved, increasing the SR Ca2+ ion flux, 

thereby enhancing cardiac contractility and relaxation. Thus, changes in the expression 

and/or activity of proteins such as PLB are useful experimental markers of changes in cardiac 

contractility and relaxation. 

 

Clinically, the inotropic state of the heart is assessed by measuring the left ventricular 

ejection fraction (LVEF); the percentage of blood ejected from the ventricles upon each 

contraction, using echocardiography (Borlaug and Kass, 2011). Experimentally, 

echocardiography is also used to measure in vivo cardiac function in small animals (Ram et 

al., 2011). However ex vivo assessment of cardiac function in isolated perfused hearts still 

dominate experimental studies due to the simplicity and high reproducibility. Furthermore, 

isolated heart perfusion models allow for functional assessments in the absence of 

confounding and complex vascular and neurohormonal responses observed in vivo (Liao et 

al., 2012). The Langendorff is one of such models, highly used for both cardiovascular and 

pharmacological research (Liao et al., 2012). 

 

1.3.3. The Langendorff: an experimental model to assess cardiac function 

The Langendorff model, developed by Oskar Langendorff in 1895, involves the retrograde 

perfusion of a specialised ion and nutrient-rich solution through the cannulated aorta 

(Langendorff, 1897). The alternative isolated heart perfusion model, i.e. the 

‘working/ejecting heart’, uses antegrade perfusion as both the pulmonary artery and aorta 
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are cannulated, thus this model requires greater skill to set-up (Neely et al., 1967). 

Nonetheless haemodynamics, such as LVEDP, can be easily assessed in the Langendorff 

model by insertion of a fluid-filled balloon (connected to a pressure transducer) into the LV 

chamber (Gottlieb and Magnus, 1904) and was therefore adequate for assessing the effects 

of pharmacological intervention on cardiac function ex vivo in this thesis. Small rodents i.e. 

mice are more commonly used; their hearts can be easily subjected to ischaemia to replicate 

functional and molecular changes that occur in diseases such as HF (Bell et al., 2011). 

 

1.4. Heart failure     

Chronic HF is a highly prevalent, severe and debilitating clinical syndrome which affects 

around 900,000 people within the UK alone (NICE, 2010; NHS, 2014) and up to 26 million 

worldwide (Ambrosy et al., 2014). The prevalence is expected to rise as demographic aging 

continues to increase. This complex condition describes the inability of the cardiac muscle to 

pump blood efficiently and maintain an adequate CO to meet the metabolic demand of the 

body (Kemp and Conte, 2012). In milder cases, this insufficiency may only manifest upon 

exertion whilst, in severe cases, the CO can be impaired even at rest. In addition to being an 

age-related condition, predominately affecting those ≥65 years, HF also develops secondary 

to cardiovascular insults such as hypertension, myocardial infarction (MI) and 

cardiomyopathy (van Riet et al., 2016).  

 

1.4.1. The general pathophysiological changes in heart failure  

In HF, the clinical manifestations may include exercise intolerance, dyspnoea, fatigue, and 

peripheral oedema with the symptomatic severity clinically described using the New York 
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Heart Association (NYHA) functional classification (Class I to IV; IV representing most severe) 

(Ponikowski et al., 2016). These symptoms stem from the pathophysiological changes that 

take place locally within the cardiac muscle as well as systemically (Kemp and Conte, 2012). 

Molecular changes within the cardiac muscle include dysregulation of the SERCA/PLB 

complex discussed in section 1.3.2. A decrease in SERCA2a expression (Lipskaia et al., 2014; 

Gattoni et al., 2017; Bennett et al., 2014) and SERCA2a activity (Qin et al., 2014; Sande et al., 

2002; Schwinger et al., 1995; Schmidt et al., 1999) were observed in failing mouse hearts, 

failing rat hearts and failing human hearts respectively. Moreover, undesirable decreases in 

PLB phosphorylation at Ser16 and/or Thr17 were observed in LV samples from patients with 

end-stage HF (Ling et al., 2012), in mice with thoracic aortic constriction (TAC)-induced HF 

(Pereira et al., 2013; Chen et al., 2016; Aoyama et al., 2016), in failing rat hearts (Sande et al., 

2002) and failing dog hearts (Mishra et al., 2003). The combined changes in the SERCA/PLB 

complex during HF lead to dysregulated Ca2+ cycling and uptake into the SR which reduces 

the rate of cardiac relaxation and contractility, ultimately causing diastolic and systolic 

dysfunction (Haghighi et al., 2014).  

 

In addition to these molecular alterations, the general maladaptive changes in HF include: 

neurohormonal dysregulation i.e. increased SNA and activation of the renin-angiotensin-

aldosterone system (RAAS), aberrant cardiac remodelling, and cardiac and vascular 

dysfunction [Figure 1.4]. However, HF is a complex disorder and it is now recognised that 

fundamental pathophysiological differences exist between subsets of HF patients, 

particularly in relation to the LVEF (Noordali et al., 2018).  
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1.4.2. Ejection fraction is used to classify heart failure  

The LVEF, which provides a non-invasive echocardiographic measure of systolic function with 

strong correlation to HF mortality, is now commonly used to classify patients with HF 

(Solomon et al., 2005). HF with a LVEF of <40% is classed as heart failure with reduced 

ejection fraction (HFrEF): patients with this condition make up less than half of the HF 

Figure 1.4. The general pathophysiological changes in heart failure 
 

A simplified outline of the general compensatory changes that occur in heart failure (red text and arrows), 
which together aim to increase cardiac output. Overtime these changes become maladaptive and 
counterproductive, further exacerbating left ventricular dysfunction and failure (purple arrow). 
 
RAAS, renin-angiotensin-aldosterone-system; SNA, sympathetic nerve activity. 
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population. In contrast, just over half of HF patients have an LVEF ≥50%: heart failure with 

preserved ejection fraction (HFpEF) (Borlaug and Kass, 2011). More recently, HF with a LVEF 

in the mid-range of 40-49% (HFmEF) was also identified: this affects around 15% of HF 

patients (Ponikowski et al., 2016). 

 

Despite both HFrEF and HFpEF sharing similar signs and symptoms as outlined above (section 

1.4.1), they do not share a common aetiology (Borlaug and Redfield, 2011). Current 

pharmacological therapies have proven successful in the treatment and management of 

HFrEF, but have failed to produce similar benefits for HFpEF (Owan et al., 2006; Senni et al., 

2017). Furthermore, despite the wide range of pharmacological treatments available for 

HFrEF, prognosis remains unfavorable and there are currently no evidence-based treatments 

for HFpEF (Loudon et al., 2016; van Riet et al., 2016; Senni et al., 2017). It is therefore 

evident that novel therapies are required. 

 

In recent years, the role of cardiac energetic impairment in the pathophysiology and 

progression of HF has gained increasing attention (Neubauer et al., 2007; Hunter et al., 2016; 

Pascual and Coleman, 2016). As such, pharmacological agents which have the potential to 

correct metabolic dysfunction by altering cardiac substrate utilisation, increasing energy 

transfer from the mitochondria to cytosol, or improving mitochondrial electron transport 

chain (ETC) function have been considered (Siddiqi et al., 2013; Tuomainen and Tavi, 2017). 

To date, several metabolic modulators have shown promise in HFrEF, and are under 

experimental and/or clinical investigation for HFpEF: this includes perhexiline (Chong et al., 

2016; Noordali et al., 2018). 
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1.5. The pathophysiology of HFrEF versus HFpEF     

Although HFrEF and HFpEF are now both characterised by systolic and diastolic dysfunction 

and cardiac remodelling, they are phenotypically distinct forms of HF with different 

underlying pathophysiological mechanisms [Figure 1.5] (Borlaug and Kass, 2011; Noordali et 

al., 2018). However, despite the different clinical characteristics, the prognosis and survival 

outcome of HFrEF and HFpEF patients are similar (Abebe et al., 2016).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. The pathophysiological differences between HFrEF and HFpEF 
 

HFrEF and HFpEF are two phenotypically distinct forms of heart failure with different underlying 
pathophysiology. However, it has now been proposed that disturbances in cardiac metabolism and energetics 
may engender both diseases. As such, cardiac metabolism provides a novel and promising pharmacological 
target for the treatment and management of both types of heart failure. 
 
HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LV, 
left ventricular; LVEF, left ventricular ejection fraction. 
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1.5.1. Heart failure with reduced ejection fraction (HFrEF) 

HFrEF typically develops following a direct myocardial insult such as ischaemia, coronary 

artery disease or cardiomyopathy (van Riet et al., 2016). The condition was originally termed 

‘systolic HF’ due to the clinical feature of severely reduced LVEF which occurs as a result of 

impaired cardiac inotropy, cardiac remodelling and dysfunctional ventricular-vascular 

coupling (Kass et al., 1987; Ky et al., 2013). An LVEF of <40% culminates in decreased CO and 

CO reserve with a parallel increase in LVEDP and LVEDV (Borlaug and Kass, 2009). As 

discussed in section 1.3.1, an increase in LVEDV causes activation of the Frank-Starling 

mechanism, which during HF acts as a compensatory mechanism to increase inotropy 

leading to an increased SV, which helps correct the fall in CO (Sequeira and van der Velden, 

2015). Unfortunately, this response is only beneficial at rest where contractile and filling 

reserve can be recruited to increase CO, but is ineffective in exercise as CO reserve has 

already been expended at rest (Lele et al., 1996; Sumimoto et al., 1997). The deficiency in 

cardiovascular reserve leads to exercise intolerance in HFrEF patients.  

 

Moreover, the fall in CO causes a reduction in arterial blood pressure such that the 

baroreceptor reflex is stimulated, increasing SNA and inhibiting parasympathetic vagal nerve 

activity (Jackson et al., 2000). The increase in SNA also stimulates the renal granular cells, 

contributing to RAAS activation (Triposkiadis et al., 2009). The reduced CO also leads to end-

organ hypoperfusion, which in the kidney acts as an additional stimulus to release renin and 

consequently generate vasoconstrictor angiotensin 2 and release aldosterone via the RAAS 

(Kemp and Conte, 2012). Unloading of the arterial baroreceptors also activates the 

parvocellular neurosecretory neurons within the hypothalamic paraventricular nucleus to 

release the osmoregulator, vasopressin (Sharma et al., 2016). This compensatory activation 
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of the neurohormonal system (increase in RAAS and SNA) initially functions to retain water 

and sodium (to increase preload and activate the Frank-Starling mechanism), induce 

peripheral vasoconstriction to maintain cerebral blood pressure and improve cardiac 

function by increasing inotropy, lusitropy and chronotropy [see Figure 1.4] (Jackson et al., 

2000; Kemp and Conte, 2012). However, as HF progresses this activation becomes 

maladaptive as the Frank-Starling mechanism becomes exhausted and cardiac work overtly 

increased (Kemp and Conte, 2012). Hyperactivation of the sympathetic system in HFrEF also 

causes a reduction in cardiac β1-adrenoreceptor density (Bristow et al., 1982) and receptor 

desensitisation (Lohse, 1995) thereby reducing the cardiac muscle response to β-adrenergic 

stimulation. Chronically elevated catecholamine levels are also toxic by inducing Ca2+ 

overload and apoptosis as well as being arrhythmogenic (Mann et al., 1992). In combination, 

this translates into decompensation with autonomic dysfunction, further exacerbating 

chronotropic incompetence and exercise intolerance. 

 

The cardiac muscle of HFrEF patients is also characterised by ventricular remodelling in the 

form of LV cavity dilatation and thinned walls (eccentric remodelling), as a result of raised 

LVEDV, which weaken cardiac function (Kemp and Conte, 2012). The dilated chambers 

increase aortic pressure, thus raising the afterload/wall stress according to Laplace’s law 

(Norton, 2001). The increase in ventricular wall stress leads to further compensatory SNA 

and RAAS activation and angiotensin 2 generation which promotes remodelling by increasing 

inflammation, protein synthesis and interstial fibrosis (Paul et al., 2006). Ventricular 

dyssynchrony may also occur as a result of pathological remodelling of the electrical 

components of the heart, further exacerbating LV contractility (Noordali et al., 2018). 
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1.5.2. Heart failure with preserved ejection fraction (HFpEF) 

HFpEF is more prevalent in women and older hypertensives with underlying cardiovascular 

morbidities such as diabetes mellitus, obesity and endothelial dysfunction (Borlaug and Kass, 

2011; Mohammed et al., 2012a; Eaton et al., 2016). Initially, HFpEF was thought to be a 

condition of purely LV diastolic dysfunction, and as it commonly occurs in the presence of 

systemic hypertension, it was also believed to be caused primarily by static ‘afterload excess’ 

(Hart et al., 2001). However, it is now understood that HFpEF is a disease of both cardiac and 

extra cardiac components and maintains many similarities to HFrEF such as systolic 

dysfunction, reduced cardiovascular reserve (Borlaug et al., 2010), exercise intolerance (Phan 

et al., 2009a), neurohormonal dysregulation (Burkhoff, 2011; Bishu et al., 2012), abnormal 

ventricular-vascular coupling (Redfield et al., 2005; Lam et al., 2007), impaired β-adrenergic 

signalling, chronotropic incompetence (Borlaug et al., 2006; Phan et al., 2010), endothelial 

dysfunction (Hundley et al., 2007) and inflammation (Paulus and Tschope, 2013; Upadhya 

and Kitzman, 2017). 

 

Despite a preserved LVEF at rest, HFpEF is still characterised by some degree of systolic 

dysfunction and reduced systolic performance, in particular long axis dysfunction, and 

mechanical dyssynchrony (Baicu et al., 2005; Vinereanu et al., 2005; Garcia et al., 2006; Tan 

et al., 2009; Santos et al., 2014). Nonetheless, impaired LV relaxation, LV stiffness (reduced 

compliance) and arterial stiffness are the key hallmarks of HFpEF (Hess et al., 1979; Hanrath 

et al., 1980; Soufer et al., 1985; Zile et al., 2004; Westermann et al., 2008). Impaired 

relaxation occurs in part, due to SERCA/PLB dysregulation (Reil et al., 2013), which is a 

common mechanism in HF as discussed in section 1.4.1. However, the increase in LV 
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stiffness, which determines passive filling of the ventricles, also involves changes in macro-

cytoskeletal protein titin, collagen and the myocardial extracellular matrix (ECM) (Reil et al., 

2013; Zile et al., 2015; Franssen and González Miqueo, 2016). In human hearts, two isoforms 

of titin exist: N2BA isoform which is longer and more compliant, and N2B which is smaller 

and stiffer (Franssen and González Miqueo, 2016). Increased N2B expression was observed 

in rats with diastolic muscle stiffness (Yamamoto et al., 2002). Hypophosphorylation of titin, 

which alters its distensability and thus stiffness, was also observed both in humans with 

HFpEF (Borbély et al., 2009) and rats with HFpEF (Hamdani et al., 2013), and is in part caused 

by oxidative stress (Upadhya and Kitzman, 2017). Detrimental changes in the ECM include 

increased collagen deposition (predominately type 1) and increased cross-linking (Kato et al., 

1995; Kasner et al., 2011), which also contribute to LV diastolic dysfunction. This increased 

LV stiffness is associated with a raised LVEDP and thus preload. In parallel, arterial stiffness is 

elevated in HFpEF (Kawaguchi et al., 2003) and this causes a reduction in vasodilator reserve 

(Borlaug et al., 2010) and further reduces exercise capacity in these patients (Hundley et al., 

2001; Phan et al., 2009a). Altered ventricular-arterial coupling is also a feature of HFpEF 

(Frenneaux and Williams, 2007). 

 

It has been proposed that the comorbidities that occur in HFpEF induce a state of systemic 

inflammation, resulting in oxidative stress and inflammation of the coronary endothelium 

(Paulus and Tschope, 2013). This differs to HFrEF, in which inflammation initially occurs at 

the level of the cardiomyocyte, inducing cellular apoptosis and necrosis, only becoming 

systemic at a later stage. In HFpEF, endothelial inflammation leads to a reduction in nitric 

oxide (NO) bioavailability culminating in reduced protein kinase G (PKG) activity in the 
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adjacent cardiomyocytes (van Heerebeek et al., 2012). Reduced PKG activity contributes to 

LV stiffness by inducing titin hypophosphorylation and hypertrophy of the cardiomyocytes 

(Yu et al., 2002; Bhatia et al., 2006; Steinberg et al., 2012). Inflammation also induces 

increased collagen deposition within the ECM. As such, in contrast to HFrEF, the cardiac 

remodelling observed in HFpEF is of uncontrolled hypertrophy and commonly of a concentric 

nature with normal cavity radius (Melenovsky et al., 2007; Heinzel, 2015). Hypertrophy 

reduces wall stress and thus afterload is lower in HFpEF. However, as discussed above, 

LVEDP is raised due to increased LV stiffness, and this reflects back into the left atrium and 

the pulmonary circulation, causing pulmonary hypertension/oedema, increased risk of atrial 

fibrillation and right ventricular dysfunction (Guazzi and Borlaug, 2012).  

 

1.5.3. Dysregulated metabolism: a shared pathophysiological mechanism 

Detrimental alterations in cardiac metabolism are now suggested to accompany both HFrEF 

and HFpEF, and contribute to the exercise intolerance (Neubauer et al., 1992; Sharma and 

Kass, 2014). Impaired cardiac energetics, i.e. low phosphocreatine (PCr)/ATP ratio was 

observed in HFrEF and HFpEF patients, indicating an increased use of energy reserve (PCr) to 

meet metabolic demand (Neubauer et al., 1992; Phan et al., 2009a). Multiple mechanisms 

are involved in this metabolic impairment, and are discussed in depth in section 1.7. 

 

1.6. Current pharmacological agents for HFrEF     

The current pharmacotherapeutic agents available for HF are geared towards correcting 

neurohormonal dysregulation [Figure 1.6]. Such agents are approved and recommended by 

the European Society of Cardiology (ESC) Guidelines 2016 for the treatment and 
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management of HFrEF based on the large and robust clinical evidence-base, obtained 

through randomised controlled trials (RCT) (Ponikowski et al., 2016). However, these agents 

have not proven successful in HFpEF (see below) (Upadhya and Kitzman, 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. The target mechanisms of current drugs in heart failure 
 

An overview of the point of action of current pharmacological agents as indicated in blue numbered circles at 
the respective maladaptive compensatory changes that take place in heart failure (red and black text and 
arrows). Unfortunately, these drugs have only showed promise in heart failure with reduced ejection fraction 
(HFrEF) and have been largely unsuccessful in heart failure with preserved ejection fraction (HFpEF). 
 
ACE, angiotensin converting enzyme; ARBs, angiotensin receptor blockers; HDZ + ISDN, hydralazine + 
isosorbide dinitrate; LV, left ventricular; MRAs, mineralocorticoid receptor antagonists; RAAS, renin–
angiotensin–aldosterone system; SNA, sympathetic nerve activity. 
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1.6.1. Diuretics   

Diuretics work by reducing the circulating blood volume, which reduces cardiac workload 

and fluid congestion by increasing urine production and is commonly used for symptom 

relief in HF (Lonn and Mckelvie, 2009). Unfortunately in a randomised trial on patients with 

acute decompensated HF, furosemide therapy did not significantly improve HF symptoms 

(Felke et al., 2011). However in the Japanese clinical trial (J-MELODIC), azosemide reduced 

the risk of cardiovascular mortality and hospitalisation when compared to furosemide in HF 

patients (Masuyama et al., 2012). 

 

1.6.2. Angiotensin converting enzyme inhibitors   

During HF, RAAS activation generates vasoconstrictor angiotensin 2, which ultimately 

increases afterload, and induces cardiac hypertrophy and inflammation. On activation of the 

RAAS, angiotensin 1 is first converted into angiotensin 2 by the angiotensin converting 

enzyme (ACE) (Furberg and Yusuf, 1985). ACE inhibitors therefore work by reducing 

circulating angiotensin 2 levels and their systemic effects. A series of RCTs in patients with 

HFrEF have demonstrated the benefits of ACE inhibitors such as enalapril (The CONSENSUS 

Trial Study Group, 1987; The SOLVD Investigators, 1991), ramipril (SAVE trial, Pfeffer et al., 

1992) and captopril (The AIRE Study Investigators, 1993), which reduced hospital admission 

and/or mortality. However, in a RCT in HFpEF patients aged ≥70, enalapril therapy did not 

improve exercise capacity or quality of life (Kitzman et al., 2010). Furthermore, in HFpEF 

patients aged ≥70, although the long acting ACE inhibitor perindopril did reduce hospital 

admission, the benefit on morbidity and mortality was uncertain, probably because the 

study was underpowered (PEP-CHF study, Cleland et al., 2006).  
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1.6.3. Angiotensin receptor blockers   

Angiotensin receptor blockers (ARBs) have a similar therapeutic application as ACE inhibitors 

but work by antagonising angiotensin 2 action, thus providing an alternative option for 

patients intolerant of ACE inhibitors. In the Val-HeFT trial valsartan therapy in HFrEF patients 

improved LVEF, the NYHA functional class and reduced hospital admission (Cohn and 

Tognoni, 2001). Furthermore, in the CHARM-alternative trial in HFrEF patients, candesartan, 

therapy reduced cardiovascular death and hospitalisation (Granger et al., 2003). In contrast, 

in HFpEF patients, candesartan only had moderate impact on reducing hospital readmission 

in the CHARM-preserved trial (Yusuf et al., 2003) whilst irbesartan treatment in the I-

PRESERVE trial did not improve mortality or hospitalisation rates (Massie et al., 2008). 

 

1.6.4. Mineralocorticoid receptor antagonists    

Aldosterone release following RAAS activation in HF promotes fluid retention which 

increases preload and cardiac work, promoting interstitial collagen deposition and fibrosis. 

Mineralocorticoid receptor antagonists (MRAs) work by directly blocking aldosterone activity 

in the kidneys and heart (Lainscak et al., 2015). In HFrEF patients, spironolactone treatment 

(RALES trial, Pitt et al., 1999) and eplerenone therapy (EPHESUS trial, Pitt et al., 2003) 

reduced mortality and improved symptoms. In the more recent EMPHASIS RCT trial, 

eplerenone combined with standard HF therapy reduced morbidity and hospitalisation 

(Zannad et al., 2011). In contrast, in the Aldo-DHF study in HFpEF patients, spironolactone 

did not improve exercise capacity, symptoms or quality of life despite evidence of improved 

diastolic function (Edelmann et al., 2013). Similar observations were made in the RAAM-PEF 

RCT following eplerenone treatment (Deswal et al., 2011). In further trials on HFpEF patients, 
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the OPTIMIZE-HF registry, aldosterone antagonism did not improve clinical outcome (Patel et 

al., 2013), and the large TOPCAT RCT, spironolactone did not significantly reduce mortality or 

hospitalisation (Pitt et al., 2014).  

 

1.6.5. Hydralazine and Isosorbide dinitrate   

The combined use of arterial vasodilator hydralazine and arteriolar venodilator isosorbide 

dinitrate aims to reduce systemic vascular resistance and thus afterload in HF (Loudon et al., 

2016). In the V-HeFT I trial, this drug combination significantly reduced mortality at 2 years 

and improved LV function in HFrEF (Cohn et al., 1986). The V-HeFT II trial also observed 

similar benefits (Cohn et al., 1991). Furthermore, in the African-American (A-HeFT) trial in 

HFrEF patients, hydralazine and isosorbide dinitrate therapy reduced all-cause mortality and 

hospitalisation at 3 years (Taylor et al., 2004). By contrast, in HFpEF patients, isosorbide 

mononitrate therapy in the NEAT-HF trial did not improve exercise capacity or quality of life 

(Redfield et al., 2015), and more recently, isosorbide dinitrate therapy with or without 

hydralazine did not reduce LV remodelling or improve exercise tolerance in HFpEF (Zamani et 

al., 2017). 

 

1.6.6. β-Blockers   

Sympathetic hyperactivity is a key compensatory feature of HF which becomes maladaptive 

chronically. β-Blockers counteract this excessive SNA (Triposkiadis et al., 2009). The CIBIS-II 

(1999), the MERIT-HF (1999), the COPERNICUS (2002) and the SENIORS (2005) are four 

cornerstone trials in HFrEF patients, which assessed the β-Blockers bisoprolol, metoprolol 

and carvedilol respectively. All four trials demonstrated significant reductions in mortality 
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and/or hospitalisation following drug treatment (CIBIS-II Investigators and Committees, 

1999; MERIT-HF Study Group, 1999; Packer et al., 2001; Flather et al., 2005). However, in 

HFpEF patients, carvedilol did not improve mortality in the J-DHF study (K. Yamamoto et al., 

2013), and nebivolol did not improve exercise capacity, symptoms or quality of life relative 

to placebo (Conraads et al., 2012).  

 

1.6.7. Cardiac glycosides   

Cardiac glycosides (e.g. digoxin) are organic compounds with positive inotropic effects. In the 

large clinical trial in HF patients (Digitalis Investigation Group trial), digoxin therapy reduced 

hospitalisation due to worsening HF, but all-cause mortality was unaltered (Digitalis 

Investigation Group, 1997). However, a later post-hoc analysis on this study revealed that 

mortality was reduced in patients with digoxin plasma levels at the lowest end of the 

therapeutic range, but not at the higher end (Vamos et al., 2015). Nonetheless, in HFpEF 

patients, digoxin treatment had no effect on all-cause mortality or hospitalisation (Ahmed et 

al., 2006). 

 

1.6.8. Neprilysin inhibitors   

Neprilysin is an innate enzyme which breaks down vasoactive substances such as atrial 

natriuretic peptide and brain natriuretic peptide (BNP) which are released in HF to reduce 

systemic vascular resistance and counteract neurohormonal over-activation (Selim et al., 

2017). Neprilysin inhibition therefore aims to prevent the breakdown of these vasodilators. 

However, neprilysin also degrades angiotensin 2 and thus inhibition of this enzyme holds the 

risk of increasing the levels of this vasoconstrictor. However, when 8442 HFrEF patients 
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received a combination therapy of neprilysin inhibition (sacubitril) and ARB (valsartan), 

referred to as LCZ696, this achieved an impressive 20% reduction in cardiovascular death or 

hospitalisation (PARADIGM-HF trial, McMurray et al., 2014). In contrast, in the PARAMOUNT 

trial on HFpEF patients, LCZ696 showed only a trend of improvement in NYHA functional 

class, but did significantly lower levels of the N-terminal prohormone of BNP (NT-proBNP; HF 

marker) (Solomon et al., 2012). 

 

1.6.9. Ivabradine   

Ivabradine, a selective inhibitor of the If current in the sinoatrial node (the pacemaker), 

works by reducing heart rate, but has a unique property in that the cardiac conduction 

system and contractility remain uninfluenced (Selim et al., 2017). In the SHIFT trial, 

ivabradine treatment in HFrEF patients with a resting heart rate of ≥70 beats per minute 

reduced cardiovascular-related deaths and hospitalisation (Swedberg et al., 2012). Regarding 

HFpEF, in a small study on 61 patients , ivabradine increased exercise capacity and improved 

the LV filling pressure (Kosmala et al., 2013), but in another short-term RCT, ivabradine 

significantly reduced submaximal exercise capacity thus exacerbating the HF symptom (Pal et 

al., 2015). 

 

To summarise, despite the wide array of treatments available for HFrEF, mortality remains 

high and to date, there are no established pharmacological treatments for HFpEF (Loudon et 

al., 2016). So far, treatment has been limited to lifestyle interventions such as weight loss 

and exercise, and symptom management with diuretics (Senni et al., 2017). It is therefore 

evident that an alternative therapeutic target is required for HF. In recent years, 
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disturbances in myocardial metabolism and energetics have attracted more attention and as 

these changes occur in both HFrEF and HFpEF, they may provide a novel and promising 

therapeutic target (Noordali et al., 2018). 

 

1.7. Cardiac metabolism in the healthy heart versus failing heart     

The cardiac muscle requires a constant supply of energy in the form of ATP, to maintain 

continuous contractile function and fuel ion channel activity (predominately those involved 

with Ca2+ handling), cycling around 6 kg of ATP per day [Figure 1.7] (Neubauer, 2007). ATP 

generated within the mitochondrial ETC is transported into the cytosol and stored as PCr 

following an enzyme reaction catalysed by creatine kinase (CK) (ATP + Creatine ⟷ ADP + 

PCr). PCr acts as an energy reserve which can be converted back into ATP upon demand in a 

reaction which takes place more rapidly than de novo ATP generation (Doenst et al., 2013). 

The high turnover of myocardial ATP is met through the metabolism of various metabolic 

substrates; in the post-absorptive state, the metabolism of free fatty acids (FA) accounts for 

approximately 70% of cardiac ATP production (discussed in sections 1.7.2 and 1.7.4), whilst 

20% is achieved through carbohydrate (primarily glucose) metabolism (discussed in section 

1.7.5) and the remaining by oxidation of ketones, lactate and specific amino acids (Bing et 

al., 1954; Lopaschuk et al., 1994).  
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The cardiac muscle has a unique characteristic of being able to switch substrate utilisation 

based on availability. For example, following exercise, lactate utilisation increases (Gertz et 

al., 1988), whereas after a carbohydrate-rich meal, metabolism can switch to an almost 

Figure 1.7. An overview of cardiac metabolism in the healthy heart 
 

Cardiac metabolism in the healthy heart involves the oxidation of fatty acids and glucose within the 
mitochondria, leading to the generation of high levels of ATP, essential for fuelling cardiac function and ion 
channel activity. 
 
ACC, acetyl-coenzyme A carboxylase; ADP, adenosine diphosphate; AMPK, 5' adenosine monophosphate-
activated protein kinase; ANT, adenine nucleotide translocase; ATP, adenosine triphosphate; CK, creatine 
kinase; CoA, coenzyme A; CPT, carnitine palmitoyltransferase; ETC, electron transport chain; FADH2, flavin 
adenine dinucleotide; FAT, fatty acid transporter; GLUT, glucose transporter; H+, hydrogen ion; MCD, malonyl-
coenzyme A decarboxylase; PCr, phosphocreatine; Pi, inorganic phosphate; PDH, pyruvate dehydrogenase; 
PDK, pyruvate dehydrogenase kinase; PDP, pyruvate dehydrogenase phosphatase; PPAR, peroxisome-
proliferator activated receptor; ROS, reactive oxygen species; TAG, triacylglycerol; TCA, tricarboxylic acid; UCP, 
uncoupled protein.  
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exclusive use of carbohydrates (Singh et al., 2014). Oxidation of both FAs and carbohydrates 

produce acetyl-coenzyme A (CoA) which enters the tricarboxylic acid cycle (TCA), generating 

electrons required to drive oxidative phosphorylation and thus ATP production within the 

mitochondria (discussed in section 1.7.7) (Lopaschuk et al., 2010). However, carbohydrate 

metabolism is more efficient with regards to ATP yield per oxygen atom consumed than FA 

metabolism (Faadiel Essop and Opie, 2004). 

 

1.7.1. Impaired cardiac energetics 

There is now a wide range of evidence from both experimental and clinical studies which 

demonstrate severe disturbances in cardiac metabolism and impaired energetic status 

during HF (Doenst et al., 2013). The PCr energy reserve levels were dramatically lower, 

relative to healthy controls, in explanted failing human hearts and in failing rat hearts 

(Neubauer et al., 1999). Similar results were obtained in a porcine pressure overload model 

of HF (Xiong et al., 2015) and in dogs with tachycardia-induced HF (Jameel et al., 2016). 

Myocardial PCr levels were also decreased by 35% in patients with LV hypertrophy and HF 

(Smith et al., 2006). Furthermore, the PCr/ATP ratio was reduced in patients with HF caused 

by dilated cardiomyopathy (DCM) and the degree of reduction correlated with the NYHA 

functional class and mortality (Neubauer et al., 1997). Similar decreases in the PCr/ATP ratio 

were described in the inherited condition hypertrophic cardiomyopathy (HCM), changes in 

energetics often preceding the onset of hypertrophy (de Roos et al., 1992). Importantly, 

substantial reductions in the PCr/ATP ratio were also demonstrated in patients with HFpEF 

(Phan et al., 2009b). Several mechanisms, such as oxidative stress and altered substrate 
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metabolism [Figure 1.8], have been identified which contribute to the energetic impairment 

during HF, as outlined below (section 1.7.1.1 to 1.7.1.5). 

 

1.7.1.1. Microvascular dysfunction 

Reduced oxygen delivery caused by microvascular dysfunction was reported to exacerbate 

impaired myocardial energetics during exercise (Levelt et al., 2015). Vascular dysfunction is 

well-defined in HFrEF and detrimental alterations in the microvasculature are now also 

observed in patients with HFpEF (Lee et al., 2016). 

 

1.7.1.2. Energy wasting mechanisms 

Cardiac remodelling such as cardiac enlargement results in greater energy expenditure, 

whereas hypertrophic growth requires glycolytic intermediates and other metabolic by-

products to be re-routed to support the increased protein synthesis (Tuomainen and Tavi, 

2017). Moreover, mechanical dyssynchrony, both intra-ventricular (Phan et al., 2009a) and 

inter-ventricular (Atherton et al., 1997) has been reported in many patients with HF and is 

considered an energy ‘wasting’ mechanism. 

 

1.7.1.3. Impaired energy transfer 

Energy transfer from the mitochondria to the site of utilisation within the cytosol is often 

impaired in HF as a direct result of changes in the CK system (Ingwal, 1984). These changes 

include a reduction in the Na+-creatine cotransporter levels and diminished cytosolic CK 

activity caused by oxidative stress (Ashrafian et al., 2007a; Ventura-Clapier et al., 2011). 
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1.7.1.4. Oxidative and nitrosative stress 

Excessive production of reactive oxygen species (ROS) is a prominent feature of HF. 

Elevations in ROS occur as a result of alterations in the mitochondrial ETC complexes, 

increased activity of cytosolic enzymes such as xanthine oxidase and nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase and uncoupling of nitric oxide synthase (NOS) 

(Tsutsui et al., 2011). This culminates in oxidative and nitrosative stress which leads to 

mitochondrial structural and functional damage, including mitochondrial deoxyribonucleic 

acid (DNA) damage. 

 

1.7.1.5. Disruptions in cardiac substrate utilisation 

The precise cause for the switch in substrate utilisation that occurs in HF has not been 

determined and is considered one of the most complex changes. However it also offers the 

most potential for pharmacological modulation (Doehner et al., 2014). Some have argued 

that these metabolic alterations are compensatory and protective whereas others propose 

that they are maladaptive (Doenst et al., 2013). Overall, the evidence suggests that in 

advanced HF, metabolism reverts back to a foetal metabolic profile with a downregulation of 

FA metabolism in spite of preserved cellular FA uptake and increased glucose uptake and 

glycolysis [see figure 1.8] (Razeghi et al., 2001). Nonetheless, a downregulation in glucose 

oxidation is also reported alongside the reduction in FA oxidation in the mitochondria. Such 

downregulations limit the ability of the cardiac muscle to generate ATP (Pascual and 

Coleman, 2016), and these changes are highlighted below (section 1.7.2 to 1.7.6)  
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1.7.2. Fatty acid metabolism in the healthy heart 

Free FAs derived from the bloodstream enter the cardiomyocytes through passive diffusion, 

or facilitated uptake by FA translocases (primarily CD36) and plasma membrane FA binding 

proteins [see Figure 1.7] (Lopaschuk et al., 2010). Within the cytosol, the free FAs are 

Figure 1.8. An overview of cardiac metabolism in the failing heart 
 

The failing heart is characterised by severe disturbances in cardiac metabolism, leading to a dramatic decrease 
in ATP production. The key disruptions include a decrease in fatty acid and glucose oxidation in parallel to an 
increase in glycolysis and ROS generation. 
 
ACC, acetyl-coenzyme A carboxylase; ADP, adenosine diphosphate; AMPK, 5' adenosine monophosphate-
activated protein kinase; ANT, adenine nucleotide translocase; ATP, adenosine triphosphate; CK, creatine 
kinase; CoA, coenzyme A; CPT, carnitine palmitoyltransferase; ETC, electron transport chain; FADH2, flavin 
adenine dinucleotide; FAT, fatty acid transporter; GLUT, glucose transporter; H+, hydrogen ion; MCD, malonyl-
coenzyme A decarboxylase; NO, nitric oxide; PCr, phosphocreatine; Pi, inorganic phosphate; PDH, pyruvate 
dehydrogenase; PDK, pyruvate dehydrogenase kinase; PDP, pyruvate dehydrogenase phosphatase; PPAR, 
peroxisome-proliferator activated receptor; ROS, reactive oxygen species; SNA, sympathetic nerve activity; 
TAG, triacylglycerol; TCA, tricarboxylic acid; UCP, uncoupled protein.  
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esterified into short or long chain fatty acyl-CoA depending on their original FA carbon chain 

length. The long chain fatty acyl-CoA can be further esterified into triacylglycerol (TAG) and 

stored as an additional source of free long chain FAs when uptake from the blood is reduced 

(Lopaschuk et al., 2010).  

 

Short chain fatty acyl-CoA enters the mitochondria by diffusion through the inner 

mitochondrial membrane whereas long chain fatty acyl-CoA must be shuttled across the 

mitochondrial membrane by entering the ‘carnitine shuttle’ (van der Vusse et al., 2000). The 

carnitine shuttle involves the conjugation of carnitine to the esterified long chain fatty acyl-

CoA by the carnitine palmitoyltransferase (CPT) 1 enzyme. This generates long chain acyl-

carnitine which is able to traverse the outer mitochondrial membrane. Consequently, CPT1 is 

the rate limiting enzyme for FA metabolism. The CPT2 enzyme, located on the inner 

mitochondrial membrane, cleaves the carnitine (which is transported back into the cytosol) 

thereby restoring the fatty acyl-CoA molecule which enters the mitochondrial matrix 

(Lopaschuk et al., 2010). Within the matrix, the long chain fatty acyl-CoA undergoes a series 

of recurring oxidation steps in the β-oxidation pathway, generating acetyl-CoA, nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). Acetyl-CoA then 

enters the TCA cycle. 

 

The transport of long chain fatty acyl-CoA into the mitochondria by CPT1 is a closely 

regulated process, the rate being dependent on energy demand. In the presence of excess 

energy, CPT1 activity can be potently inhibited by allosteric binding of the endogenous 

molecule malonyl-CoA (Foster et al., 2012). Malonyl-CoA is synthesised from acetyl-CoA by 
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acetyl-CoA carboxylase (ACC) and degraded by malonyl-CoA decarboxylase (MCD). The 

balance between the activities of these two enzymes determines the cytosolic concentration 

of malonyl-CoA and thus the extent of CPT1 inhibition (Lopaschuk et al., 2010; Foster et al., 

2012). For example, in the presence of low energy, the cellular energy sensor 5' adenosine 

monophosphate-activated protein kinase (AMPK) becomes activated and inhibits ACC which 

in turn reduces malonyl-CoA levels and thus CPT1 inhibition is relieved (Stanley et al., 2005).  

 

1.7.3. Fatty acid metabolism in the failing heart 

In HF, the dysregulation in FA metabolism appears to stem from reduced activity of FA 

metabolic regulator proteins, discussed in section 1.7.4, leading to a downregulation of the 

β-oxidation enzymes [see Figure 1.8] (Pellieux et al., 2006). Sack and colleagues (1996) were 

first to identify a downregulation in the β-oxidation pathway when assessed in LV biopsies 

from patients with terminal HF (>40% decrease) and rats with LV hypertrophy (>70% 

decrease). A decrease in FA oxidation and enzyme expression was also reported in rats with 

abdominal aortic constriction (AAC)-induced HF (Akki et al., 2008). Furthermore, reduced FA 

uptake and oxidation was observed in dogs with tachycardia-induced HF (Osorio et al., 2002) 

and rats with high salt diet-induced HF (Kato et al., 2010). Similar observations were made in 

patients with DCM and symptoms of HF (Neglia et al., 2007), with up to 70% decrease in FA 

oxidation reported in these patients (Yazaki et al., 1999). In addition, the expression and/or 

activity of key enzymes required for FA uptake and oxidation, such as CPT1, were 

downregulated in HF (Lionetti et al., 2005; de Brouwer et al., 2006; Pellieux et al., 2006). 

Moreover, Shibayama and co-workers (2015) recently demonstrated significant reductions in 

cardiac mitochondrial FA and carnitine levels in dogs with pacing-induced HF. Reductions in 
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myocardial carnitine levels were also reported clinically in patients with HCM and chronic HF 

(Regitz et al., 1990).  

 

However, not all studies have shown similar downregulations in FA metabolism, and it is 

suggested that the experimental procedure used for HF induction and/or the disease 

severity may determine the course of metabolic alteration (Doenst et al., 2013). For 

example, in rats with coronary artery ligation-induced HF, palmitate oxidation was 

unchanged despite the development of LV dysfunction (Remondino et al., 2000). 

Furthermore, in patients with congestive HF, mitochondrial FA uptake and oxidation was 

increased by approximately 40% despite no increase in coronary blood flow (Paolisso et al., 

1994).  

 

The TAG pool turnover and dynamics are also dysregulated in HF (O’Donnell et al., 2008; 

Chokshi et al., 2012). Given that the TAG pool is a vital source of FAs which serve as ligands 

for the peroxisome proliferator-activated receptor α (PPARα), an important regulator in FA 

metabolism (Haemmerle et al., 2011), dysregulated TAG turnover results in reduced PPARα 

signalling [see Figure 1.8] (Lahey et al., 2014). 

 

1.7.4. Fatty acid metabolic regulation in the healthy and failing heart   

The expression of proteins involved in FA metabolism, including CPT and those of the β-

oxidation pathway, is driven by regulatory proteins such as PPARα, β/δ and γ (Braissant et 

al., 1996): a family of transcription factors regulated by free FA levels and interaction with 

transcription co-factor PPAR-γ coactivator-1 (PGC-1) (Arumugam et al., 2016). PGC-1 itself is 
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a master regulator of mitochondrial biogenesis and energy metabolism. Interestingly, 

downregulation of both PPARα and PGC-1 were reported in mice with HF (Young et al., 

2001). A decrease in PPARα expression and activity was also observed in hearts from TAC 

mice (Barger et al., 2000). PPARα expression was also reduced in failing human hearts 

(Karbowska et al., 2003) and in mice with chronic angiotensin 2-stimulated HF (Pellieux et al., 

2006), the latter study also demonstrated decreases in messenger ribonucleic acid (mRNA) 

expression of FA metabolic enzymes such as CPT1. Notably, in a TAC model of HF, PGC-1β 

knock-out mice progressed more rapidly towards HF with severe mitochondrial dysfunction, 

diminished cardiac efficiency and elevated oxidative stress than wild-type littermates 

subjected to TAC (Riehle et al., 2011). Similar results were obtained in other studies on TAC 

mice deficient in PGC-1α (Arany et al., 2006; Lu et al., 2010). However, PPARα and PGC-1 

cardiac protein levels did not change compared to control hearts in dogs with tachycardia-

induced HF (Lionetti et al., 2005). 

 

1.7.5. Glucose metabolism in the healthy heart 

Glucose is taken up from the bloodstream into the cardiomyocytes by membrane bound 

glucose transporters; GLUT1 and GLUT4 [see Figure 1.7] (Doenst et al., 2013). Within the 

cytosol, glucose is first phosphorylated into glucose-6-phosphate (G6P) by hexokinase where 

it can be stored as glycogen, enter the pentose phosphate pathway which produces NADPH 

(essential for ROS detoxification) (Ussher et al., 2012), enter the hexosamine biosynthesis 

pathway (for increasing cellular biomass), or enter anaerobic glycolysis to generate pyruvate 

(Doenst et al., 2013). Pyruvate is transported into the mitochondria by pyruvate translocase, 

followed by decarboxylation via the rate limiting pyruvate dehydrogenase (PDH) complex 



Chapter 1 

36 
 

which generates acetyl-CoA (which is also the end-product of FA β-oxidation as described in 

section 1.7.2). PDH activity is negatively regulated by PDH kinase (PDK) and positively by PDH 

phosphatase (Kolobova et al., 2001), whilst it is allosterically inhibited by acetyl-CoA and 

NADH; its by-products (Stanley et al., 2005).  

 

Under induced hypoxic conditions or as a result of mitochondrial dysfunction, ATP 

production declines and thus the cytosolic ATP/adenosine diphosphate (ADP) ratio is 

reduced and this consequently activates glycolysis, which can generate smaller quantities of 

ATP (Maldonado and Lemasters, 2014). Hypoxia also inhibits degradation of the ubiquitous 

hypoxia-inducible factor 1α (HIF1α), leading to HIF1α accumulation, followed by 

translocation into the nucleus where the expression of PDK1 is upregulated alongside many 

other glycolytic enzymes (Lei et al., 2008).  

 

1.7.6. Glucose metabolism in the failing heart 

HF is highly correlated with insulin resistance and type 2 diabetes mellitus which is in part 

caused by the compensatory increase in SNA (Tenenbaum and Fisman, 2004; Ashrafian et al., 

2007a). Despite a reduction in insulin-stimulated glucose uptake, there is evidence that 

insulin-independent uptake mechanisms (e.g. GLUT1 upregulation or AMPK signalling) may 

compensate. Indeed many studies have suggested that in HF, both glucose uptake and 

glycolysis are in fact maintained or even increased (Tenenbaum and Fisman, 2004). However, 

interestingly, in rats with TAC-induced HF, the increase in glycolysis was not accompanied by 

an increase in flux through PDH thereby revealing the uncoupling of glycolysis from glucose 

oxidation [see Figure 1.8] (Sorokina et al., 2007). In addition, the decrease in glucose 
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oxidation was accompanied by an increase in compensatory anaplerosis (Sorokina et al., 

2007); a pathway involved in replenishing the TCA cycle intermediates which would have 

been used for biosynthesis as a result of hypertrophic growth in the failing hearts (Kolwicz et 

al., 2012). Therefore, the overall effect in that study, despite the availability of glucose, was 

impaired energy production from carbohydrate metabolism. Similar uncoupling was 

observed in TAC mice (Dai et al., 2012) and AAC rats (Seymour et al., 2015). A 66% decrease 

in cardiac glucose oxidation was also reported in TAC mice (Zhabyeyev et al., 2013) and in 

rats with pressure overload-induced HF (Doenst et al., 2010). Such results may be explained 

by the decreases in PDH expression and activity which were observed by Lei and co-workers 

(2004) in dogs with pacing-induced HF. A downregulation of PDH expression was also 

observed in rats with high salt diet-induced HF, and this downregulation included other 

metabolic proteins such as GLUT4 (Kato et al., 2010). 

   

Upregulation of glycolysis has also been attributed to the elevations in HIF1α, which occur 

secondary to hypoxia in HF (Holscher et al., 2012). The uncoupling of glycolysis-glucose 

oxidation in HF leads to increases in pyruvate to lactate and H+ ion conversion and thus 

cellular acidosis (Fillmore and Lopaschuk, 2013). This uncoupling can be further exacerbated 

by high plasma FA levels, but also by the fall in FA oxidation (discussed in section 1.7.3) due 

to the Randle cycle (Fillmore and Lopaschuk, 2013), which refers to the reciprocal 

relationship between cellular FA β-oxidation and glucose oxidation, such that inhibiting one 

increases the other (Randle et al., 1963). In this phenomenon, increased production of 

acetyl-CoA from β-oxidation can inhibit PDH activity and thus glucose metabolism. In 

contrast, an increase in acetyl-CoA from glucose metabolism can be converted into cytosolic 
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malonyl-CoA which inhibits CPT1 activity and therefore FA metabolism (Jaswal et al., 2011). 

However, despite all the evidence suggesting that glucose metabolism is impaired in HF, it 

should be noted that not all HF studies have demonstrated this. For example, Osorio and 

colleagues (2002) observed an increase in the rate of glucose oxidation in dogs with 

tachycardia-induced HF. 

 

1.7.7. The tricarboxylic acid cycle and oxidative phosphorylation in the healthy heart 

Oxidation of both FAs and glucose terminates in acetyl-CoA production which feeds into the 

TCA cycle, generating electron carriers NADH and FADH2 [see Figure 1.7] (Schwarz et al., 

2014). High energy electrons are donated from both NADH and FADH2 and transferred to 

electron acceptors in complex I to IV, which form the ETC within the inner mitochondrial 

membrane. This process drives the extrusion of protons (i.e. H+ ions) across the 

mitochondrial inner membrane to generate an electrochemical gradient, activating ATP 

synthase. ATP synthase is responsible for phosphorylation of ADP into ATP in a reaction 

accompanied by the oxidation of H+ ions into water, thereby coupling oxidation to 

phosphorylation (Doenst et al., 2013). Oxidative phosphorylation accounts for an astounding 

95% of ATP production within the myocardium (Beer et al., 2002).  

 

The ETC is a major site of premature electron leakage and subsequent binding to oxygen can 

often lead to ROS formation, which although signalling molecules in their own right, when 

elevated, culminate in oxidative stress which is deleterious to mitochondrial structure and 

function (Schwarz et al., 2014). Even in normal hearts, post-translational modification of ETC 

complex I and III contributes to increased ROS (i.e. superoxide) production (Holmstrom and 
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Finkel, 2014). However, counter-regulatory mechanisms of mitochondrial-generated ROS 

exist including uncoupling proteins (UCP) and adenine nucleotide translocase (ANT) – both of 

which dissipate the proton gradient across the inner mitochondrial membrane thereby 

balancing the charge at the intermembrane space (Akhmedov et al., 2015), and also ROS 

detoxifying enzymes such as mitochondrial superoxide dismutase and NADPH (Azzu and 

Brand, 2010; Circu and Aw, 2010). Furthermore, membrane phospholipid cardiolipin has an 

essential role in ensuring the organisation of the respiratory chain complexes into functional 

units termed respirasomes, enabling coordinated ETC activity (Szeto, 2014). Respirasome 

dissociation therefore causes increased ROS production and reduced ATP generation (Lee 

and Tian, 2015). 

 

1.7.8. Oxidative phosphorylation and the mitochondria in the failing heart 

During HF, oxidative phosphorylation is impaired and thus ATP generation is diminished [see 

Figure 1.8]. This occurs as a result of abnormal changes in mitochondrial structure and 

function (Fillmore and Lopaschuk, 2013; Pereira et al., 2014).  Bugger and colleagues (2010) 

observed detrimental changes in mitochondrial volume density and morphology in parallel 

to reduced expression of 53% of ETC proteins in TAC rats with HFrEF. ETC complex activity 

was also reduced in dogs with tachycardia-induced HF (Ide et al., 1999) and in LV biopsies 

from HF patients (Scheubel et al., 2002). The ETC complex organisation into respirasomes is 

also impaired in HF which contributes to electron leak and ROS formation; such dysfunction 

may be related to a reduced expression of cardiolipin and altered cardiolipin-respiratory 

complex interaction (Rosca and Hoppel, 2013; Szeto, 2014). Oxidative stress also results in 
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disruption to the EC coupling mechanism, by modulating the SERCA/PLB complex, thereby 

contributing to LV dysfunction in failing hearts (Akhmedov et al., 2015).  

 

In response to elevated ROS and oxidative stress, cardiomyocytes develop a defence 

mechanism, one of which involves compensatory increases in UCP expression, in particular 

UCP2 and UCP3 (Ruiz-Ramírez et al., 2016), which prevents activation of ROS-mediated pro-

apoptotic pathways (Deng et al., 2012). Unfortunately, increased UCP3 levels lead to 

increased heat generation rather than ATP generation, thereby rendering oxidative 

phosphorylation less efficient (Vettor et al., 2002). Furthermore, an increase in UCP3 has 

been associated with elevated free FA levels in the plasma of rats with chronically failing 

hearts (Murray et al., 2008) and in failing human hearts (Murray et al., 2004), which may be 

caused by the elevated FA levels stimulating PPARα signalling which in turn upregulates UCP 

expression (Akhmedov et al., 2015). UCP3 also interacts with other redox regulators such as 

thioredoxin 2 (Trx2) (Hirasaka et al., 2011). Knock-out of Trx2 in mice resulted in a gradual 

decline in LV function and death by HF 4 months on, whilst a downregulation of Trx2 was 

observed in patients with DCM (Huang et al., 2015). This effect may be associated with the 

upregulation of the thioredoxin-interacting protein (TXNIP) in HF, which is a natural inhibitor 

of Trx2 (Chong et al., 2014). Moreover, TXNIP is associated with inducing oxidative stress 

(Wang and Yoshioka, 2017) and was implicated in inhibiting glucose uptake and utilisation 

(Yu et al., 2010). Therefore, the changes in the expression and/or activity of these proteins 

can be useful markers of oxidative stress during ischaemia and HF. 
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The detrimental changes in mitochondrial structure, morphology and function discussed 

above are also in part due to the shifts in cardiac substrate metabolism themselves. To 

elaborate, the reduction in FA β-oxidation causes FA accumulation within the cytosol and 

mitochondria, which combined with the high levels of ROS causes lipid peroxide formation 

and lipotoxicity (Schrauwen et al., 2001; Ventura-Clapier et al., 2011). In parallel, the 

decrease in glucose oxidation which is associated with a build-up of lactate and H+ ions 

induces cellular acidosis (Münzel et al., 2015). In combination, the lipotoxicity and acidosis 

result in damage to the mitochondrial membrane and proteins (Dai et al., 2012). 

Furthermore, lipid peroxides may also trigger fibrotic and hypertrophic pathways (Siddiqi et 

al., 2013). Consequently, pharmacologically targeting the metabolic disturbances of HF has 

the potential to prevent the perturbation of mitochondrial function, biogenesis, and energy 

transfer and improve ATP production. 

 

1.8. Novel pharmacological agents for heart failure: metabolic modulators   

Correcting metabolic dysfunction and impaired energetics has received considerable 

attention as an alternative strategy for treating and managing HF. A range of metabolic 

modulating agents exist which target the different components of cardiac metabolism 

discussed in section 1.7 [Figure 1.9].  
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It has been proposed that inhibition of FA metabolism with a parallel increase in glucose 

metabolism may be the most beneficial approach (Doehner et al., 2014). This idea is based 

on evidence demonstrating that FA utilisation is associated with increased oxidative stress 

and thus cardiac damage (Schonfield and Wojtczak, 2007). In addition, because FA oxidation 

consumes more oxygen than glucose oxidation, a shift towards glucose metabolism would 

Figure 1.9. The target sites of metabolic modulators in the failing heart 
 

Metabolic modulating agents (blue text and arrows) aim to correct the metabolic disturbances that take place 
in the cardiomyocytes of failing hearts in order to improve ATP production and/or reduce ROS formation. 
Current strategies focus on reducing fatty acid oxidation and/or increasing glucose oxidation.  
 
ACC, acetyl-coenzyme A carboxylase; ADP, adenosine diphosphate; ANT, adenine nucleotide translocase; ATP, 
adenosine triphosphate; CK, creatine kinase; CoA, coenzyme A; CPT, carnitine palmitoyltransferase; ETC, 
electron transport chain; FADH2, flavin adenine dinucleotide; FAT, fatty acid transporter; GIK, Glucose-Insulin-
Potassium; GLUT, glucose transporter; H+, hydrogen ion; MCD, malonyl-coenzyme A decarboxylase; PCr, 
phosphocreatine; Pi, inorganic phosphate; PDH, pyruvate dehydrogenase; ROS, reactive oxygen species; SNA, 
sympathetic nerve activity; SS31, Szeto-Schiller peptide 31; TCA, tricarboxylic acid; UCP, uncoupled protein.  
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increase the efficiency of energy production by creating an oxygen sparing effect (Faadiel 

Essop and Opie, 2004). Discussed below are examples of renowned metabolic modulators. 

Of these only perhexiline, trimetazidine and ranolazine are currently used clinically. As 

perhexiline is the focus of this thesis and is a CPT1 inhibitor, this category is discussed last in 

section 1.8.7. 

 

1.8.1. Partial fatty acid oxidation inhibitors  

These pharmacological agents inhibit FA metabolism via CPT1-independent mechanisms. 

Trimetazidine and ranolazine are two well-investigated partial FA oxidation inhibitors used as 

anti-anginal agents (Chong et al., 2016) and work by inhibiting the 3-ketoacyl-CoA thiolase 

enzyme of the β-oxidation pathway (Kantor et al., 2000). In HFrEF patients, trimetazidine 

treatment enhanced LV function and improved NYHA functional class (Fragasso et al., 2006). 

In another clinical study in patients with idiopathic DCM and HFrEF, trimetazidine improved 

LVEF and in parallel, increased myocardial glucose oxidation (Tuunanen et al., 2008). In a 

meta-analysis conducted by Zhang and colleagues (2012) on 16 RCTs in patients with chronic 

HF, trimetazidine therapy increased LVEF, improved NYHA functional class, attenuated LV 

remodelling and reduced hospitalisation, despite no change in all-cause mortality. Although 

rare, a pitfall of trimetazidine therapy is the potential adverse effect in causing Parkinsonian 

symptoms (e.g. tremors and bradykinesia) (Martí Massó et al., 2005). 

 

Ranolazine had similar benefits such as improved LVEF in 70% of patients with HFrEF (Murray 

and Colombo, 2014) and enhancing LV function and ameliorating BNP levels in rats with 

chronic ischaemic HF (Feng et al., 2016). Importantly, in patients with HFpEF, 30-min 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mart%C3%AD%20Mass%C3%B3%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=16268443
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ranolazine infusion in the RALI-DHF study attenuated LVEDP, but had no effect on LV end-

systolic pressure or systemic vascular resistance (Maier et al., 2013). 

 

1.8.2. Malonyl-CoA decarboxylase inhibitors  

Malonyl-CoA, the natural inhibitor of CPT1, is converted into acetyl-CoA by the MCD enzyme. 

MCD inhibition thus increases natural CPT1 inhibition resulting in reduced FA oxidation and 

in parallel increased glucose oxidation through the Randle cycle (Fillmore and Lopaschuk, 

2013). In rats with cardiac dysfunction induced by MI, MCD inhibition via gene silencing 

improved LVEF, increased energy reserve (PCr/ATP ratio) and reduced lactic acidosis (Wu et 

al., 2014). In MCD knock-out mice with coronary artery ligation-induced HF, LVEF was 31% 

higher and ATP production greater than their wild-type littermates subjected to the same 

ligation procedure (Masoud et al., 2014). Currently, only pre-clinical data exists for the use of 

MCD inhibition in HF, but they, nonetheless highlight that CPT1 inhibition could be effective 

in HF. 

 

1.8.3. Glucose-Insulin-Potassium infusion  

Combined infusion of glucose, insulin and potassium (GIK) has been used as a therapeutic 

agent following MI (Fath-Ordoubadi and Beat, 1977). Its proposed mechanism of action 

involves increasing plasma glucose levels and glucose uptake whilst also reducing plasma 

free FAs and lipolysis, which improves overall cardiac energetics by decreasing oxygen 

consumption and ROS accumulation (Cave et al., 2000). However, in a large scale clinical trial 

(CREATE-ECLA) GIK infusion did not significantly reduce mortality in patients with acute AT-

segment elevation myocardial infarction (STEMI), this being consistent in patients with and 
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without HF (Mehta et al., 2005). Conversely, in patients with HFrEF caused by ischaemic 

cardiomyopathy, GIK therapy did improve LVEF and reduce BNP levels (Kalay et al., 2008).  

Nicolas-Robin and colleagues (2008) also observed an increase in LVEF following GIK infusion 

in patients with severe HF following brain death. 

 

1.8.4. Glucagon-like peptide-1 analogues  

Glucagon-like peptide-1 (GLP-1) is an innate hormone which enhances insulin secretion; GLP-

1 analogues (e.g. exenatide) mimic this function to improve glycaemic control (Gupta, 2013). 

In patients with severe HF, Sokos and colleagues (2006) demonstrated improvements in LVEF 

and quality of life following 5-week GLP-1 infusion. Furthermore, in a phase II clinical trial on 

patients with HFrEF and type 2 diabetes intravenous infusion of exenatide increased cardiac 

index (Nathanson et al., 2012). However, in non-diabetic patients with congestive HF, 

recombinant GLP-1 did not alter LVEF or cardiac index and hypoglycaemia was a common 

adverse effect (Halbirk et al., 2010). A meta-analysis also revealed that only 3 of 7 HF trials 

showed LVEF improvements in HF (Wroge and Williams, 2016). 

 

1.8.5. Dichloroacetate  

Dichloroacetate (DCA) is a pyruvate analogue and inhibitor of PDK, which is responsible for 

inhibitory phosphorylation of PDH (Fillmore and Lopaschuk, 2013). On this basis, DCA 

therapy aims to increase glucose oxidation which is downregulated in HF, and to reduce 

lactate accumulation and lactic acidosis by reducing pyruvate availability for this conversion 

and directing it towards the TCA cycle (Durkot et al., 1995). Accordingly, in rats with LV 

hypertrophy and failure induced by high salt diet, DCA treatment enhanced glucose uptake 
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which was accompanied by improvements in cardiac function and survival (Kato et al., 2010). 

The same group also showed that DCA reduced oxidative stress in cultured rat 

cardiomyocytes. Furthermore, in a phase II clinical trial, 30-min DCA infusion increased LV 

function whilst decreasing myocardial oxygen consumption in patients with congestive HF 

(Bersin et al., 1994). However, long-term use of DCA requires caution as it can cause 

peripheral neuropathy which limits its clinical use (Calcutt et al., 2009). 

 

1.8.6. Mitochondrial-targeted antioxidants 

Coenzyme Q10 (CoQ10) is an endogenous substance and a component of the mitochondrial 

ETC. CoQ10 also has an important role in oxidative phosphorylation, which is speculated to 

be involved in its ability to enhance ATP generation in HF, whilst its antioxidant and free 

radical scavenging properties may reduce ROS and oxidative stress (Oleck and Ventura, 

2016). Moreover, CoQ10 deficiency has been observed in HF; the severity of this deficiency 

strongly correlates with the severity of HF (Oleck and Ventura, 2016). Initial clinical studies in 

patients with HFrEF suggested improvements in LVEF and CO following CoQ10 

supplementation, but with minimal effects on mortality (Morisco et al., 1994; Munkholm et 

al., 1999). A meta-analysis conducted by Fotino and co-workers (2013) reported that CoQ10 

increased cardiac performance and improved NYHA functional class in HF, but concluded 

that the effects on mortality and survival remain unclear. In a more recent RCT (Q-SYMBIO), 

patients with moderate to severe HF treated with CoQ10 for 2 years had reduced mortality 

and hospitalisation compared to placebo (Mortensen et al., 2014). Nonetheless, it would 

appear that larger RCTs are necessary to determine the efficacy of CoQ10 in HF. 
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MitoQ and SS31 (a Szeto-Schiller peptide) are other antioxidants considered for treating HF, 

but in contrast to CoQ10, they accumulate selectively in the mitochondria due to their 

lipophilic nature and negative charge (Münzel et al., 2015). In spontaneously hypertensive 

rats with HF, MitoQ reduced cardiac hypertrophy and oxidative stress (Graham et al., 2009). 

Furthermore, MitoQ therapy in rats with doxorubicin-induced HF reduced ROS and oxidative 

stress (Chandran et al., 2009). Similarly, SS31 attenuated cardiac hypertrophy, fibrosis and 

diastolic dysfunction in mice with HF (Dai et al., 2011) and had similar effects in TAC mice, as 

well as abolishing mitochondrial oxidative damage (Dai et al., 2013). These protective effects 

were attributed to SS31’s ability to stabilise cardiolipin and facilitate the maintenance of 

mitochondrial respirasome organisation, thereby promoting oxidative phosphorylation 

(Szeto et al., 2014). Elamipretide is another selective mitochondrial-targeted antioxidant 

with similar cardiolipin stabilising properties as SS31 (Szeto et al., 2014). In dogs with 

microembolization-induced HF, elamipretide treatment increased LVEF and ATP synthesis 

whilst also reducing plasma BNP and ROS formation (Sabbah et al., 2016). However, only 

pre-clinical data currently exists for MitoQ, SS31 and elamipretide. 

 

1.8.7. Carnitine palmitoyltransferase 1 inhibitors  

This group of metabolic modulators are perhaps the most well-investigated and work by 

directly inhibiting CPT1, thus reducing FA transport and oxidation (Chong et al., 2016). 

Reducing FA mitochondrial levels may also reduce lipid peroxide-induced mitochondrial 

toxicity, although this may also result in tissue phospholipidosis (Ashrafian et al., 2007b).  

 



Chapter 1 

48 
 

Amiodarone and dronedarone are CPT1 inhibitors that are used as anti-arrhythmic agents. 

Amiodarone therapy increased LVEF and exercise tolerance in a small trial on patients with 

HFrEF (Hamer et al., 1989). However, retrospective analysis of the COMET trial revealed that 

amiodarone therapy in HF was associated with increasing the risk of death due to circulatory 

failure (Torp-Pederson et al., 2007). Dronedarone has faced similar safety concerns as in 

patients with severe HFrEF dronedarone treatment was associated with increased mortality 

compared to placebo (Køber et al., 2008).  

 

Etomoxir is an irreversible CPT1 inhibitor (Steggal et al., 2017). In rats with aortic 

constriction-induced HF, long-term etomoxir treatment increased contractile performance, 

reduced wall stress (Turcani and Rupp, 1997), increased LV function and prevented LV 

remodeling (Turcani and Rupp, 1999). Moreover, improved LVEF and central 

haemodynamics at rest and during exercise were observed in the first clinical trial using 

etomoxir therapy in 10 patients with chronic HFrEF (Schmidt-Schweda and Holubarsch, 

2000). However, etomoxir has since been withdrawn from clinical use due to severe 

hepatotoxicity occurring in some patients in the ERGO trial on moderate HF (Holubarsch et 

al., 2007). Oxfenicine is another irreversible CPT1 inhibitor, demonstrated to reduce LV 

remodelling, ameliorate haemodynamic alteration, and delay progression towards end-stage 

failure in dogs with pacing-induced HF (Lionetti et al., 2005). There are currently no clinical 

trials on the use of oxfenicine in patients with HF. 

 

Perhexiline is another potent reversible CPT1 inhibitor with well-documented anti-ischaemic 

and therapeutic properties (Horowitz et al., 2010; Steggal et al., 2017). Therefore, 
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perhexiline is one particular metabolic drug which has gained increasing attention for use as 

a novel agent in HF. An in depth discussion of perhexiline and its proposed mechanisms of 

action are explored below in section 1.9 to 1.11. 

 

1.9. Perhexiline: a history of an old drug    

Perhexiline (2-(2,2-dicyclohexylethyl)piperidine) is a synthetic amphiphilic drug developed in 

the late 1960s by Richardson-Merrell Pharmaceuticals [Figure 1.10].  
 

 

 

 

 

 

 

 

 

It was first prescribed clinically in the 1970s as an anti-anginal agent, its introduction to the 

UK taking place in 1975 (Ashrafian et al., 2007b). Early in vivo experiments in the open-chest 

and close-chest canine models revealed that perhexiline was capable of inducing systemic 

and coronary vasodilation and this response was a result of direct action on the vascular 

smooth muscle, independent of SNA (Hudak et al., 1970). Increased coronary flow following 

intravenous perhexiline infusion was also observed not only in the ischaemic canine 

myocardium (Klassen et al., 1976), but also in the normal heart of open-chest dogs (Ono et 

al., 1982). The latter study also observed an increase in LV mechanical efficiency following 

Figure 1.10. The chemical structure of perhexiline 
 

The chemical structure of perhexiline includes two saturated cyclohexane rings and one pyridine ring. 
Hydroxylation by the cytochrome P450 2D6 (CYP450 2D6) enzyme occurs on one or both cyclohexyl rings.
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perhexiline infusion, an effect which was not achieved by glyceryl trinitrate (GTN) – a 

coronary vasodilator and anti-anginal drug. Furthermore, in a right-heart perfusion canine 

model, LV work (blood pressure x CO) and the index of LV efficiency (change in LV 

work/change in myocardial oxygen consumption) was increased following intravenous 

perhexiline infusion (Cho et al., 1970). Based on such effects, perhexiline was judged to be a 

successful and valuable pharmacological agent for angina (Ashrafian et al., 2007b). 

Consistent with this, several clinical studies demonstrated perhexiline’s antianginal effects, 

including a reduction in incidence and severity of attack (Hirshleifer et al., 1969; de Oliveira 

and Amado, 1970; Winsor, 1970; Lyon et al., 1971; Burns-Cox et al., 1971; Bleifer et al., 1972; 

Brown et al., 1976; Horowitz et al., 1986). In addition, perhexiline had greater efficacy in 

treating angina when compared to β-blockers such as propranolol (Armstrong, 1973; 

Horowitz and Mashford, 1979) and oxprenolol (Pilcher, 1978), and was also effective in 

patients with angina who were non-responders to β-blocker therapy (White and Lowe, 1983) 

or other traditional anti-anginal drugs (Alcocer et al., 1973).  

 

Further interest in perhexiline was associated with its unique ability to produce 

improvements in cardiac function and coronary flow that were not accompanied by 

intolerable reductions in heart rate or blood pressure (Hudak et al., 1970; Ashrafian et al., 

2007b). Indeed, perhexiline was reported to have negative chronotropic effects in humans, 

only following exercise-induced tachycardia (Grupp et al., 1970; Winsor, 1970), but not at 

rest (Pepine et al., 1974). Perhexiline also increased SV and exercise tolerance in patients 

with coronary heart disease and angina (Pepine et al., 1973; Pepine et al., 1974). These 

clinical findings spurred an increase in the use of perhexiline, until it surfaced in the 1980s 
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that perhexiline therapy led to a series of adverse effects with potential for severe neuro- 

and hepatotoxicity (Shah et al., 1982) (outlined in section 1.10.1). The appearance of these 

severe side effects led to the rapid decline and eventual withdrawal of perhexiline from 

clinical use and perhexiline’s removal from the UK market in 1985. However, it was later 

identified that perhexiline-mediated toxicity stemmed from its ability to inhibit CPT1 

(discussed in section 1.9.1), a potentially useful property (Ashrafian et al., 2007b). 

 
 
1.9.1. Perhexiline is a carnitine palmitoyltransferase 1 inhibitor    

Observations made in early studies on dogs suggested that perhexiline may have metabolic 

modulating properties as it increased cardiac metabolic efficiency (Cho et al., 1970), reduced 

myocardial oxygen consumption (Klassen et al., 1970; Ono et al., 1982) and enhanced lactate 

uptake (Klassen et al., 1976). Similarly, Pepine and co-workers (1974) reported reduced 

coronary lactate extraction following perhexiline therapy, despite constant oxygen 

extraction in patients with coronary artery disease and angina. Such findings implied that 

perhexiline shifted cardiac metabolism towards carbohydrate utilisation and away from FA 

metabolism, thereby increasing metabolic efficiency (Kennedy et al., 1996; Faadiel Essop and 

Opie, 2004).  

 

In 1994, perhexiline’s property as a FA inhibitor was revealed as FA β-oxidation was inhibited 

in vitro and in vivo in mice and also in ex vivo cultured rat heart and hepatocyte preparations 

following perhexiline treatment (Deschamps et al., 1994). The latter study also showed that 

perhexiline concentrated within the mitochondria. Similarly, Jeffrey and colleagues (1995) 

reported an increase in lactate uptake with a concomitant reduction in FA oxidation in the 

isolated working rat heart. Following a hypothesis put forward by Professor John Horowitz 
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(Ashrafian et al., 2007b), it was finally determined in isolated rat cardiac and hepatic 

homogenates that perhexiline is a competitive reversible CPT1 (and CPT2) inhibitor (with an 

IC50 of 77 and 148 μmol/L respectively), with greater potency than amiodarone and able to 

induce a 35% decrease in FA utilisation (Kennedy et al., 1996). However, the CPT1 enzyme 

exists as three isoforms: hepatic isoform CPT1A, skeletal and cardiac muscle isoform CPT1B 

and brain isoform CPT1C (Bonnefont et al., 2004). Therefore, the potential for perhexiline to 

have non-cardiac specific effects existed and these were later found to be responsible for 

perhexiline-mediated toxicity. 

 

1.10. Perhexiline-mediated toxicity    

1.10.1 Neurotoxicity and hepatotoxicity of perhexiline 

Initial clinical studies had shown minor short-term adverse effects arising from perhexiline 

therapy including nausea, lethargy, headaches and insomnia (Shah et al., 1982). However, it 

was the emergence of individual patient case studies depicting severe neuro- and 

hepatotoxicity which culminated in perhexiline’s withdrawal from clinical use (Shah et al., 

1982). Evidence of neurotoxicity was first described as debilitating peripheral neuropathy in 

patients on long-term perhexiline treatment (Bourrat et al., 1975; Bousser et al., 1976; 

Nicolas et al., 1976; Bady et al., 1978; Laplane and Bousser, 1981; Goble and Horowitz, 

1984). Further symptoms included proximal myopathy (Tomlinson and Rosenthal, 1977), 

delayed motor nerve conduction velocity and paraesthesia (indicative of peripheral nerve 

damage) (Fraser et al., 1977; Fraser and Miller, 1978; Bouche et al., 1979), and also sensory 

neuropathy (Lorentz and Shortall, 1983). Morphological analysis using light microscopy on 

fibre preparations from different patients revealed neurogenic atrophy, severe loss of 
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myelinated fibres and evidence of Wallerian degeneration (Lhermitte et al., 1976; Said, 

1978) and this was experimentally replicated in mice (Fardeau et al., 1979). Moreover, 

Bouche and colleagues (1979) provided evidence that the neuropathy was related to lipid 

storage in the Schwann cells. Importantly, the symptoms of neurotoxicosis were improved or 

abolished on cessation of perhexiline treatment (Said, 1978; Bouche et al., 1979; Wijesekera 

et al., 1980; Gordon and Gordon, 1981).  

 

Several patient case studies also reported evidence of hepatotoxicity and detrimental 

changes to liver function and morphology following long-term perhexiline therapy (Igishu, 

1976; McDonald, 1977; Kopelman and Morgan, 1977; Long et al., 1980; Poupon et al., 1980; 

Horowitz et al., 1982). This toxicity included the development of liver cirrhosis (Bonnet et al., 

1978; Crinquette et al., 1981; Hamichi et al., 1982; Hay and Gwynne, 1983; Pieterse et al., 

1983; Robson and Wing, 1983), hepatitis (Beaugrand et al., 1977; Lenoir and Blanchon, 1978; 

Dawes and Moulder, 1982; Valmalle et al., 1989; Satz et al., 1991) and acute hepatic failure 

(Roche et al., 1979; Roberts et al., 1981).  

 

Moreover, many patients exhibited liver damage resembling alcohol-induced hepatitis 

(Paliard et al., 1978; Forbes et al., 1979; Pessayre et al., 1979). Further histological analyses 

revealed evidence of hepatic lesions (Beaugrand et al., 1978), liver parenchymal changes 

indicative of drug-induced hepatitis (Lageron, 1979), focal liver cell necrosis, micronodular 

cirrhosis, portal tract fibrosis and numerous inflammatory infiltrates/inflammation (Forbes et 

al., 1979; Morgan et al., 1984). More detailed histological analyses revealed abnormalities 

such as enlarged hepatocytes (Lewis et al., 1979) and increased hepatic phospholipid 
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content indicative of phospholipidosis (Pessayre et al., 1979). Alanine transaminase (ALT), 

routinely used clinically as a diagnostic measure of liver disease (Kim et al., 2008), was also 

markedly raised in several patients described in these case studies (McDonald et al., 1977; 

Lewis et al., 1979; Morgan et al., 1984). Indeed, Atkinson and co-workers (1980) observed a 

~46-fold increase in serum ALT levels in an angina patient put on perhexiline medication, 

serum levels returning to normal 6 weeks after discontinuing its use. Moreover, in an in vitro 

study on human liver cell lines, exposure to perhexiline maleate led to rapid and direct 

cellular toxicity within a few days (Le Gall et al., 1980). A further study on cultured 

hepatocytes demonstrated phospholipid accumulation following perhexiline treatment 

(Lageron et al., 1981).  

 

By August 1983, approximately 131 cases of neuropathy and 80 cases of hepatotoxicity had 

been reported within the UK alone (Shah, 2006). Other prevalent symptoms included 

marked weight loss (Myers and Ronthal, 1978; Pessayre et al., 1979), papilloedema (Atkinson 

et al., 1980), hypoglycaemia (Dally et al., 1977; Paliard et al., 1978) and renal failure (Paliard 

et al., 1978). Consequently, more detailed investigations were performed to determine the 

exact cause of perhexiline-mediated toxicity. 

 

1.10.2. Association of perhexiline toxicity with its pharmacokinetics and pharmacogenetics 

Historically important observations made by Singlas and colleagues (1978a and 1978b) 

revealed that patients who experienced severe neuro- and/or hepatotoxicity had 

significantly elevated perhexiline plasma levels compared to those who did not experience 

adverse effects. This led to the hypothesis that perhexiline toxicity was related to excessive 
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drug accumulation that could be attributed to its metabolism. To assess drug metabolism, 

these patients were given debrisoquine which was known to be hydroxylated by the hepatic 

enzyme cytochrome P450 2D6 (CYP2D6) (Shah et al., 1982; Shah et al., 1983). Using this 

substitute, it was established that patients with perhexiline-induced neuropathy (Shah et al., 

1982) and/or perhexiline-mediated liver injury (Morgan et al., 1984) had impaired 

debrisoquine metabolism, indicative of impaired CYP2D6 activity. In contrast, patients who 

did not experience toxicity had a normal debrisoquine hydroxylation ratio. Clearly, these 

experiments suggested that perhexiline metabolism is achieved via hydroxylation by 

CYP2D6.  

 

Subsequently, the heterogenic metabolism of perhexiline between different patient cohorts 

was found to be attributable to genetic polymorphisms of the CYP2D6 enzyme such that the 

population can be broadly divided into ‘poor metabolisers/hydroxylators (PM)’ and 

‘extensive metabolisers/hydroxylators’ (Cooper et al., 1984; Barclay et al., 2003), although 

intra-group variations do exist (Sørensen et al., 2003). Patients treated with perhexiline who 

were PMs were therefore more susceptible to attaining high drug plasma levels and thus 

adverse effects. Approximately 10% of US and European Caucasians harbour a CYP2D6 

mutation rendering them PMs (Evans et al., 1993). Moreover, metabolism of perhexiline by 

CYP2D6 may be saturable (Horowitz et al., 1981) raising the possibility that any patient is 

potentially at risk if the dose of perhexiline is too high.  

 

As discussed in section 1.9.1, later studies revealed that at high concentrations perhexiline 

produced a major reduction in FA β-oxidation in the cardiac and hepatic mitochondria 
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(Deschampes et al., 1994; Fromenty and Pessayre, 1995). Excessive inhibition of β-oxidation 

cannot be compensated by carbohydrate metabolism and thus is detrimental (Ashrafian et 

al., 2007b). Furthermore, Meier and colleagues (1986) demonstrated that perhexiline 

treatment in rats that were PMs led to systemic lipidosis. With the identification by Kennedy 

and colleagues (1996) that the inhibition of β-oxidation was achieved through CPT1 

targeting, and given that brain and liver isoforms of this enzyme existed, perhexiline-

mediated CPT1 inhibition was implicated in the observed adverse effects. This explained the 

phospholipidosis and FA accumulation observed in histological studies on patients with 

perhexiline-induced neurotoxicity (Bouche et al., 1979) and liver toxicity (Pessayre et al., 

1979; Lageron et al., 1981; Fromenty and Pessayre, 1995). Essentially, high plasma 

concentrations of perhexiline caused systemic CPT1 inhibition which was no longer cardiac-

specific, leading to lipidosis and thus neuro- and hepatotoxicity (Ashrafian et al., 2007b). 

 

1.10.3. The establishment of a therapeutic dose of perhexiline 

Following the revelation of how perhexiline causes severe adverse effects, it was recognised 

that perhexiline plasma levels would need to be carefully regulated and monitored if it were 

to be used for therapeutic reasons in patients, particularly in those categorised as PMs 

(Ashrafian et al., 2007b). Horowitz and colleagues (1986) adjusted the perhexiline dose over 

a 9 month period in a group of 19 patients with angina according to the clinical emergence of 

toxicity. The authors reported that patients who developed neurological and/or hepatic side 

effects had a perhexiline plasma concentration between 0.72 – 2.86 mg/L. Thereafter, in 

another group of similar patients, they adjusted the drug dose to maintain a steady 

concentration of <0.6 mg/L. With this dose adjustment, almost all patients showed 
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improvements in their symptoms of angina and this was not accompanied by any significant 

adverse effect. It was therefore concluded that providing perhexiline plasma levels were 

closely maintained between 0.15 – 0.6 mg/L (0.5 – 2.2 μM), the drug could be safely used 

clinically (Horowitz et al., 1986). This was supported by a series of clinical studies in patients 

with angina, as long-term treatment with therapeutic monitoring of perhexiline plasma 

levels reduced the severity and frequency of attack without incidence of severe toxicity 

(Pilcher et al., 1985; Cole et al., 1990; Horowitz et al., 1995). Indeed, a recent audit of 170 

patients who had been on perhexiline therapy for up to 50 months confirmed the absence of 

severe adverse effects (Phuong et al., 2016). In light of these findings, experimental and 

clinical investigations into the therapeutic potential of perhexiline have regained 

prominence. 

 

1.11. Experimental and clinical investigations of perhexiline     

Perhexiline has continued to demonstrate significant promise since the establishment of a 

therapeutic dosing regimen. Furthermore, as the early clinical studies on patients with 

angina demonstrated that perhexiline improved coronary flow, LV function and metabolic 

efficiency without causing symptomatic hypotension, it was again considered for therapeutic 

use in other conditions characterised by cardiac oxygen deficiency (e.g. ischaemic heart 

disease, aortic stenosis) or cardiac energy deficiency (e.g. HCM, HF) (Ashrafian et al., 2007b). 

 

1.11.1 The therapeutic efficacy of perhexiline 

In the isolated rat heart Langendorff model of low-flow ischaemia (95% flow reduction), the 

effective ex vivo dose of perhexiline was found to be 2 μM (equivalent to ~0.6 mg/L 
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therapeutic dose). In this study the authors observed a significant improvement in diastolic 

tension during 60 min ischaemia in hearts perfused pre-ischaemia with 2 μM, but not 0.5 μM 

perhexiline (Kennedy et al., 2000). However, neither perhexiline nor oxfenicine had any 

effect on systolic function (assessed as heart rate x developed tension) during ischaemia or 

on cardiac function during the 30 min reperfusion period. Nonetheless, perhexiline 

enhanced coronary flow under normoxic conditions as assessed by a reduction in perfusion 

pressure in the Langendorff isolated rat heart preparation and a reduction in perfusion 

tension during myography in isolated rat coronary artery vessels (Kennedy et al., 1999). In 

addition, Unger and colleagues (2005) also reported that although acute 60 min normoxic 

perfusion with 2 μM perhexiline had no effect on cardiac efficiency, longer transdermal pre-

treatment for 24 h induced a 29% increase in cardiac work and 30% increase in cardiac 

efficiency in the non-ischaemic working rat heart.  

 

This therapeutic efficacy was demonstrated clinically: in a small study on 15 elderly patients 

with severe inoperable aortic stenosis, which can often lead to HF, perhexiline therapy for 3 

months improved symptoms and NYHA functional class, when maintained within the 

therapeutic plasma range (Unger et al., 1997). Additionally, in a systematic review conducted 

on 26 RCTS which included 700 angina patients, perhexiline was revealed as extremely 

potent in improving symptoms when maintained within the therapeutic plasma range 

(Killalea and Krum, 2001). In contrast, 12 months perhexiline treatment did not improve 

myocardial deformation in a study on 36 patients with ischaemic LV dysfunction as a result 

of MI, despite drug dosing having been adjusted to maintain steady therapeutic plasma 
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levels (Bansal et al., 2010). The extent of metabolic impairment was not pre-determined in 

this cohort so the results are difficult to fully assess.  

 

On the other hand, in the more recent CASPER and HYPER clinical trials, which were run in 

parallel, perhexiline therapy was not protective against ischaemia/reperfusion injury in 

patients undergoing coronary artery bypass graft (CABG) surgery. To elaborate, in the 

CASPER trial, an RCT on 286 patients with ischaemic heart disease but normal LV function 

and no hypertrophy, pre-operative perhexiline treatment did not improve myocardial 

protection following CABG as cardiac index during reperfusion was not improved relative to 

the placebo group (Drury et al., 2015). The HYPER trial, which demonstrated similar results, 

was an RCT conducted on 112 with LV hypertrophy secondary to aortic stenosis, undergoing 

CABG (Senanayake et al., 2015). In the latter study, despite the presence of hypertrophy in 

these patients, a pathological state characterised by disturbed metabolism and a critical step 

to HF development (Berenji et al., 2005), myocardial injury (e.g. post-operative troponin 

release) was not attenuated following perhexiline therapy.  

 

In combination, these trials suggested that the use of perhexiline in cardiac surgery is 

limited. However, despite both trials utilising a dosing regimen apparently adequate to 

achieve therapeutic drug levels, 27% of patients in the CASPER trial in fact had plasma levels 

below the therapeutic range (<0.15 mg/L), whilst only 47% in the HYPER trial had plasma 

levels within the therapeutic range. Such studies demonstrate the difficulties in using 

perhexiline therapy due to inter-individual variations of drug metabolism. Given this 

limitation, it can be argued that studies should be performed to investigate the effect of 
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perhexiline in ischaemia/reperfusion in a setting in which perhexiline administration at an 

effective dose is ensured, such as in an experimental Langendorff model. 

 

In studies to date, perhexiline therapy has proved more successful in ischaemic conditions 

characterised by impaired cardiac energetics such as cardiomyopathy and more importantly 

HF (Steggal et al., 2017). For example, in mice with isoproterenol-induced irreversible HF, 

ATP depletion and oxidative stress culminated in cardiac dysfunction (i.e. decreased 

fractional shortening) which was attenuated following oral administration of perhexiline 

(Stapel et al., 2017). Furthermore, in a genetic knock-in mouse model of HCM, twice-daily 

intraperitoneal injection of perhexiline attenuated cardiac hypertrophy and remodelling, 

decreased mRNA expression of the fibrotic marker collagen type 1 and reduced oxidative 

stress, although the HCM hypertrophic phenotype was not completely reversed (Gehmlich et 

al., 2015). These results are consistent with the small clinical study on 46 patients with 

symptomatic non-obstructive HCM, in which perhexiline treatment corrected diastolic 

function (improved diastolic filling), improved exercise capacity (increased peak oxygen 

consumption), improved symptomatic status (reduced NYHA functional class) and increased 

the myocardial PCr/ATP ratio by 36% (Abozguia et al., 2010). Furthermore, in an RCT on 50 

patients with HFrEF secondary to DCM, short-term perhexiline treatment increased the 

PCr/ATP ratio by 30% and improved the NYHA functional class (17% reduction) despite no 

change in LVEF (Beadle et al., 2015).  

 

Perhexiline also provided symptomatic relief with minimal side effects in a study on 151 

patients with CHF and/or refractory angina and demonstrated that those with angina were 
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more likely to respond positively to treatment (Phan et al., 2009b). Moreover in a double-

blind RCT on 56 patients with HFrEF, Lee and colleagues (2005) reported a 10% improvement 

in LVEF, 21% reduction in NYHA functional class, 17% increase in peak oxygen consumption 

(important prognostic marker), and improved resting and peak stress myocardial function 

following 2 months perhexiline treatment. These therapeutic effects were accompanied by 

improvements in skeletal muscle energetics (PCr recovery post-exercise). Only one phase II 

clinical trial on patients with HFpEF undergoing perhexiline therapy has been completed 

(Singh et al., 2014) but the results are not yet disclosed.  

 

In view of the available evidence, perhexiline is currently widely used for the management 

and treatment of refractory and unstable angina in Australia and New Zealand and was 

recently awarded orphan drug status by the Food and Drug Administration. However, it is 

only available off licence in the UK, on a named patient and consultant cardiologist basis 

(Phan et al., 2009b). Importantly, in the context of this thesis, the precise mechanism of 

perhexiline-induced protection remains to be fully elucidated; many groups questioning the 

role of CPT1 inhibition in the observed therapeutic effects as discussed below (section 

1.11.2). 

 

1.11.2 Potential cardioprotective mechanisms of perhexiline 

To date, various proteins have been hypothesised to be involved in the cardioprotective 

mechanism(s) of perhexiline [Figure 1.11]   
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On the basis of early studies it was suggested that perhexiline modulated ion channel 

activity, and that this explained the observed vasodilatory effects (Hudak et al., 1973; 

Cappola, 2015). No studies seem to have been performed on the action of perhexiline on the 

Figure 1.11. The potential cardioprotective mechanisms of perhexiline 
 

An overview of the current mechanisms of action of perhexiline is shown. Early studies identified that 
perhexiline inhibited the activity of several ion channels. Various proteins have now been considered to be 
involved in the cardioprotective mechanism of perhexiline (in red text), many of which have a role in cardiac 
metabolism and energetic status. A greater emphasis has also been placed on the upregulation of glucose 
oxidation over the decrease in fatty acid oxidation, achieved through CPT1 inhibition. 
 
AMPK, 5' adenosine monophosphate-activated protein kinase; Ca2+, calcium ion; CPT, carnitine 
palmitoyltransferase; HERG, human ether-ago-go-related gene; K+, potassium ion; KLF14, Krüppel-like factor 
14, KLF14; mTORC1, mammalian target of rapamycin complex 1; Na+, sodium ion; NOX2, nicotinamide 
adenine dinucleotide phosphate oxidase 2; PGC-1α, peroxisome proliferator activated receptor-γ coactivator-
1α; PDH, pyruvate dehydrogenase; TXNIP, thioredoxin-interacting protein. 
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vascular smooth muscle. However, at high intracellular concentrations, perhexiline inhibited 

voltage-gated L-type Ca2+ ion channels in cultured chick embryo ventricular cells, and 

produced negative inotropic effects (Barry et al., 1985). In skinned muscle fibres from the 

rabbit psoas muscle, perhexiline increased troponin-C Ca2+ affinity thereby increasing 

contractility (Morano et al., 1989), but whether it has similar effects in cardiac muscle seems 

not to have been tested. Perhexiline also inhibited the fast Na+ ion channels in rat brain, rat 

heart and guinea pig atria preparations (Grima et al., 1988). Moreover, perhexiline inhibited 

the voltage-dependent Kv1.5 K+ ion channel in human embryonic kidneys and the ultra-rapid 

delayed rectifier (IKur) K+ ion channel in cultured human atrial myocytes (Rampe et al., 1995). 

In cultured cell lines, perhexiline also achieved voltage- and frequency-dependent inhibition 

of the human ether-ago-go-related gene (HERG) channel, which contributes to the heart’s 

electrical activity (Walker et al., 1999). However, perhexiline’s electrophysiological effects 

are minimal and unlikely to improve cardiac work and efficiency (Ashrafian et al., 2007b). 

 

Following the revelation that perhexiline inhibited CPT1B activity (Kennedy et al., 1996) this 

became the favoured mechanism of action. However, subsequent studies by Kennedy and 

colleagues (1999 and 2000) revealed that CPT1B inhibition may not be the therapeutic 

mechanism of perhexiline. The improvements in rat coronary artery flow following 

perhexiline treatment were not affected by addition of CPT1B inhibitor etomoxir (Kennedy et 

al., 1999), whilst the attenuation in diastolic tension in rat hearts subjected to low-flow 

ischaemia was not accompanied by a decrease in long chain acyl-carnitines (a product of 

CPT1 activity) (Kennedy et al., 2000). Moreover, Unger and co-workers (2005) reported 

improvements in cardiac work and efficiency in the absence of changes in palmitate FA 
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oxidation in the Langendorff rat heart model. It was therefore proposed that CPT1-

independent mechanisms of perhexiline may be more important (George et al., 2016), such 

as a shift towards carbohydrate metabolism. However, in a clinical study on HCM patients, 

Abozguia and co-workers (2010) reported decreases in both FA and glucose serum levels 

suggesting an increase in cellular uptake of both cardiac substrates. Nonetheless, in ex vivo 

H9c2 myocytes, perhexiline treatment promoted glucose uptake alone, and the authors 

suggested that this was mediated by an increase in GLUT4 recruitment to the plasma 

membrane (Nobuhara et al., 2013). 

 

The mechanisms were explored further in a metabolomics and proteomics study performed 

by Yin and colleagues (2013) which showed an increase in PDH complex activation in mice 

treated orally for 4 weeks with perhexiline, providing evidence that an upregulation of PDH 

and thus glucose oxidation may be a therapeutically relevant mechanism. These authors also 

reported an increase in lactate and amino acid uptake which would re-balance flux through 

the TCA cycle, and proton donation within the mitochondria which would serve to alter the 

intracellular redox environment. Furthermore, in a genetic HCM mouse model, 

metabolomics revealed that perhexiline-induced changes involved around 272 unique 

metabolites within the myocardium, including a reduction of those involved in FA β-

oxidation, changes in the glycolytic, glycerol, pentose phosphate and TCA pathway – all 

indicative of an upregulation of glucose oxidation (Gehmlich et al., 2015).  

 

Perhexiline was also shown to activate the Krüppel-like factor 14 (KLF14), a regulator of lipid 

metabolism, thereby reducing atherosclerotic lesion development in apolipoprotein E-
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deficient mice (Guo et al., 2015). Surprisingly, such results have not been demonstrated 

clinically as both Drury et al. (2015) and Beadle et al. (2015) reported no change in cardiac 

substrate utilisation in CABG and HFrEF patients respectively. However, Beadle and 

colleagues (2015) still observed improvements in myocardial energetics with perhexiline, 

suggesting that it may not only modulate cardiac substrate utilisation. In support of this, in 

LV biopsies taken from CABG patients, perhexiline administration was associated with a 

significant reduction in TXNIP expression in parallel to significant increases in AMPK and 

PGC-1α expression (Ngo et al., 2011). Moreover, superoxide formation by NADPH oxidase 2 

(NOX2) was reduced by 44% in intact neutrophils following 2 μM perhexiline pre-treatment 

and NOX2 activity was directly inhibited in pig valve interstitial cells and cardiac fibroblasts 

(Kennedy et al., 2006). Such results of NOX2 inhibition were reflected by Liberts and 

colleagues (2007) in patients with angina and by Gatto and colleagues (2013) in a cell-based 

assay. These studies therefore suggest the ability of perhexiline to attenuate oxidative stress 

by modulating redox pathways. This idea was supported by a study in patients with stable 

angina or acute coronary syndrome; perhexiline therapy for 3 days inhibited superoxide 

release from neutrophils in vitro (Willoughby et al., 2002). Furthermore, in an automated 

cell-based assay, perhexiline inhibited the activity of mammalian target of rapamycin 

complex 1 (mTORC1), a regulator of cellular metabolism and autophagy (Balgi et al., 2009). 

During ischaemia, mTOR activation was shown to upregulate HIF-1α which in turn increased 

PDK activity, thereby decreasing glucose metabolism (Cairns et al., 2011).  

 

Despite this wide array of clinical and experimental observations, the cardioprotective 

mechanisms of perhexiline are still not fully understood, thus requiring further investigation. 
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1.11.3. The existing challenges with perhexiline therapy   

It remains evident that the full therapeutic potential of perhexiline and its underlying 

mechanism of action have yet to be fully explored. It is also apparent that despite the 

establishment of a therapeutic drug range (Horowitz et al., 1986) and a validated protocol 

for loading perhexiline gradually in patients (Philpott et al., 2004), maintaining constant 

therapeutic perhexiline serum levels remains a problem. Such challenges were highlighted in 

clinical trials (Senanayake et al., 2015; Drury et al., 2015) which concluded that perhexiline 

may be more useful when therapy is prolonged, monitored and optimised, but limited in the 

setting of cardiac surgery when this is not feasible. Furthermore, whilst it is possible to 

deduce the patient populations most at risk to adverse effects e.g. by determining the 

metabolic ratio of perhexiline’s metabolite cis-hydroxy-perhexiline (OH-perhexiline) over 

perhexiline (the parent drug) (Sallustio et al., 2002), drug metabolism remains highly 

polymorphic and variable even within PMs (Chong et al., 2016). Moreover, extra caution is 

required when treating patients already faced with liver impairment of other origins and for 

those on additional medications which require CYP2D6 metabolism which could cause 

contraindication (Davies et al., 2004; Davies et al., 2006). In view of all these problems, Signal 

Pharma aimed to design and develop a perhexiline analogue which could retain the same 

therapeutic profile and efficacy without the metabolic liability related to CYP2D6 

metabolism. 

 

1.12. Fluoroperhexiline-1 (FPER-1): a novel derivative of perhexiline    

The chemical structure of perhexiline consists of a carbon chain –CH–CH2 backbone with two 

saturated cyclohexane rings and one pyridine ring [Figure 1.10 and 1.12] (Ashrafian et al., 
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2007b). To date, relatively few attempts to modify the structure of perhexiline have been 

made (Leclerc et al., 1982; Tassoni et al., 2007; Schou, 2010). Perhexiline hydroxylation by 

CYP2D6 can take place on one or both cyclohexyl rings and as such, modification of this part 

of the drug structure was trialled first by Signal Pharma and are now published (Tseng et al., 

2017).  

 

The concept of developing and synthesising a new analogue was based on altering the site of 

drug metabolism in the hopes that the absence of complex and variable pharmacokinetics 

would remove the current challenges faced with using perhexiline clinically. Cycloalkyl 

perhexiline analogues, in which the cyclohexyl rings were substituted with cycloalkyl rings, 

retained an almost identical pharmacokinetic and stability profile to perhexiline and proved 

disappointing (Tseng et al., 2017). Subsequently, the incorporation of fluorine atoms onto 

one or more of the cyclohexyl rings, generating a range of fluoroperhexiline (FPER) 

derivatives, was trialled.  

 

Of these FPER derivatives, 4,4-gem-difluoro-perhexiline or ‘FPER-1’ [Figure 1.12] was highly 

stable, with a great reduction in susceptibility to CYP2D6 metabolism, when tested in the 

presence of CYP2D6-expressing Bactosomes prepared from rat liver microsomes (Tseng et 

al., 2017). Importantly, in vitro assays demonstrated that FPER-1 remained potent at 

inhibiting mitochondrial CPT1 (IC50 = 45 μM) isolated from rats when compared to 

perhexiline (IC50 = 11 μM) (Tseng et al., 2017).  
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Moreover, perhexiline is known to accumulate selectively within the myocardium in vivo and 

this property was also replicated by FPER-1 following oral gavage in mice and rats as 

reported in our recent study (Tseng et al., 2017). In BALB/c mice oral gavage with 10 mg/kg 

perhexiline led to a 5.7-fold drug accumulation in the myocardium over plasma at 1 h, and 

4.8-fold at 8 h. FPER-1 at 10 mg/kg showed an even greater selectively for the myocardium, 

with a 10.7-fold accumulation at 1 h and 9.5-fold at 8 h. In addition, for the same oral dose, 

at 1 h FPER-1 was present at a plasma concentration ~3-fold greater than perhexiline (0.35 

mg/L vs 0.12 mg/L) and a myocardial concentration ~5.6-fold greater than perhexiline (3.73 

mg/L vs 0.66 mg/L). Similar results with regards to drug stability and distribution were also 

observed following 10 mg/kg oral gavage of perhexiline or FPER-1 in Sprague Dawley rats 

(Tseng et al., 2017).  

 

Thus, the available evidence suggests that FPER-1 is an optimal match as an orally 

bioavailable perhexiline analogue. What remains to be tested is whether FPER-1 retains the 

therapeutic efficacy of perhexiline and whether the mechanisms of action are the same. 

Figure 1.12. The chemical structure of FPER-1 compared to perhexiline 
 

FPER-1 contains the addition of two fluorine atoms to one cyclohexane ring, thus modifying its 
pharmacokinetics compared to perhexiline. 
 
FPER-1, fluoroperhexiline-1. 
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1.13. Summary 

As discussed above, increasing experimental and clinical evidence has demonstrated that 

impaired cardiac metabolism and energetics are key characteristics of both HFrEF and 

HFpEF. Consequently, metabolic modulators capable of correcting this metabolic disturbance 

have been highly considered as pharmacotherapeutic agents for this malignant disease. 

Perhexiline is one such metabolic drug, specifically a CPT1 and FA oxidation inhibitor, with a 

long history of potent efficacy in the treatment and management of angina. Despite 

perhexiline’s withdrawal from clinical use in the 1980s due to the emergence of severe 

neuro- and hepatotoxicity, the establishment of a therapeutic dose in 1986 and a clearer 

understanding of its pharmacokinetics and pharmacogenetics have brought perhexiline back 

to the forefront of cardiovascular research. Perhexiline has since been demonstrated to be a 

valuable agent in aortic stenosis, HCM and in HFrEF. However, the role of CPT1 inhibition in 

these effects is controversial and despite a wide range of proteins such as PDH and TXNIP 

being considered, the precise cardioprotective mechanism(s) have not been fully elucidated. 

Of greater importance, the clinical use of perhexiline remains challenging because of the 

requirement for individualised dosing and dose titration, resulting from the highly 

polymorphic and unpredictable CYP2D6 drug metabolism within the population, a 

characteristic which has limited the use of perhexiline. 

 

Consequently, Signal Pharma have designed and synthesised FPER-1, a perhexiline analogue, 

with a similar chemical structure but an altered site of CYP2D6 metabolism. So far, FPER-1 

has shown promise in vitro and in vivo in animal studies, demonstrating a stable and 

predictable metabolism without compromised drug potency. These findings suggest that 
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FPER-1 may be a useful replacement agent for use in a broader spectrum of patients. What 

remains to be defined is whether this new derivative retains the same therapeutic efficacy as 

its parent drug. 

 

1.14. Thesis aims  

With this background, the aims of the work in this PhD thesis were: 

 

1) To determine whether both perhexiline and FPER-1 can improve ex vivo cardiac 

haemodynamics pre- and post-ischaemia.  

2) To determine whether perhexiline and FPER-1 can delay the progression from LV 

hypertrophy to HF in vivo. 

3) To determine the cardioprotective molecular mechanism(s) of perhexiline and 

FPER-1 ex vivo and in vivo. 

 

To fulfil these aims, both perhexiline and FPER-1 were assessed ex vivo, in an isolated murine 

heart Langendorff model and in vivo, in an abdominal aortic constriction murine model of 

cardiac hypertrophy and HF. 
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2.1. Animals  

Male C57Bl/6 mice aged 8-10 weeks (25 – 30 g) were used for ex vivo experiments 

(Langendorff model; Chapter 3 and 4), whilst 6-8 week old male C57Bl/6 mice (18 – 23 g) 

were used for in vivo experiments (acute toxicity model; Chapter 5 and abdominal aortic 

constriction model; Chapter 6). Mice were supplied by Charles Rivers, housed 4-5 per cage, 

on a 12-12 h light-dark cycle with food and water available ad libitum. All animal procedures 

and experiments were conducted in accordance with the Animals Scientific Procedures Act 

(ASPA) 1986 following ethical approval.  

 

2.2. Chemicals and reagents 

All chemicals and reagents used in this thesis are presented within tables throughout the 

text or otherwise stated within text. 

 

2.3. Ex vivo Langendorff isolated perfusion of the mouse heart model 

2.3.1. Perfusate preparation  

For ex vivo Langendorff experiments, murine hearts were cannulated and perfused with 

either a standard Krebs-Henseleit buffer (KHB) (Tanno et al., 2003) or a high-fat KHB 

containing free fatty acid palmitate (Kennedy et al., 2000), prepared one day prior to 

experiment [Table 2.1]. The high-fat KHB buffer consisted of 3% bovine serum albumin (BSA) 

pre-conjugated to 1.2 mM palmitate as previously described (Belke et al., 1999) and was 

prepared as outlined in Figure 2.1. Briefly, BSA was dissolved in 250 ml of standard KHB 
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(without glucose and sodium bicarbonate (NaHCO3)) under constant stirring at 37 °C to form 

a concentrated 12% BSA solution. In parallel, palmitate was dissolved into a distilled 

water:ethanol solution (60:40 ratio) containing sodium carbonate (Na2CO3) (1:1.2 molar ratio 

of Na2CO3 to palmitate). Next, the palmitate solution was mixed at 100 °C until fully 

dissolved, with heating continued until all ethanol was evaporated and only the water 

volume remained. The dissolved palmitate was then quickly mixed with the 12% BSA 

solution at 37 °C to initiate conjugation. After thorough mixing, the BSA-palmitate conjugate 

was dialysed overnight, at room temperature, against 16 volumes of standard KHB (without 

glucose and NaHCO3) using a 10 kDa molecular weight cut-off Slide-A-lyzer dialysis flask 

(Thermo Scientific) under constant stirring. The following day, the dialysed conjugate was 

made up to 1 L KHB with the addition of glucose, NaHCO3, lactate and insulin.  

 

Once prepared, both standard and high-fat KHB were filtered through a glass microfiber 

membrane of pore size 1.6 µm (Whatman) using a vacuum pump (KNF Lab VP series) and 

stored at 4 °C until use.  

 

2.3.2. Preparation of perhexiline and fluoroperhexiline-1 

Perhexiline and fluoroperhexiline-1 (FPER-1) were supplied by Signal Pharma and stored at 4 

°C until use. Stock solutions were pre-prepared in dimethyl sulfoxide (DMSO; Sigma) and 

stored in aliquots at -20 °C. Drug aliquots were thawed on the day of use and diluted into the 

appropriate KHB at a final DMSO concentration of 0.2%. Perhexiline was used at 2 µM and 

FPER-1 at either 2 or 10 µM. 
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Table 2.1. Krebs-Henseleit buffers (KHB)                                                          

Standard KHB High-fat KHB Chemical Formula Concentration Company 
Sodium chloride NaCl 118.5 mM Sigma 

Sodium bicarbonate NaHCO3 25 mM Fisher Scientific 
Potassium chloride KCl 4.7 mM VWR International 
Magnesium sulfate MgSO4.7H2O 1.2 mM VWR International 

Potassium phosphate KH2PO4 1.2 mM VWR International 
Glucose C6H12O6 11 mM Fisher Scientific 

Calcium chloride CaCl2.2H2O 1.4 mM VWR International 
- Sodium L-lactate C3H5NaO3 1.1 mM Sigma 
- Sodium palmitate CH3(CH2)14COONa 1.2 mM Sigma 

- Bovine serum 
albumin - 0.45 M (3%) Europa 

Bioproducts 
- Insulin - 100 μU/ml Actrapid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. BSA-palmitate conjugation protocol 
 

A modified high-fat KHB was used to perfuse isolated murine hearts. A: A flowchart outlining the optimised 
protocol according to Belke et al. (1999), in which sodium palmitate was pre-conjugated to BSA to enable the 
fatty acid to dissolve in the KHB. B: Schematic of the BSA-palmitate conjugate dialysis set-up. 
 
BSA, bovine serum albumin; KHB, Krebs-Henseleit buffer; NaHCO

3
, sodium bicarbonate. 
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2.3.3. Langendorff set-up 

Terminal anaesthesia was induced in mice by intraperitoneally (i.p) injecting a 50:50 co-

administration of the anaesthetic sodium pentobarbital (300 mg/Kg; Euthatal) and the anti-

coagulant heparin (150 units; Wockhardt). Once unconscious, as assessed by instigation of 

the pedal reflex, a thoracotomy was performed to isolate the heart. The heart was quickly 

excised by the lungs to minimise cardiac damage and placed into ice-cold KHB to arrest 

beating. The heart was then cannulated via the aorta on a 21-gauge blunted needle and 

mounted onto the Langendorff apparatus within a 5 min window to preserve cardiac 

function [Figure 2.2a and 2.2b]. Once mounted, the heart was retrogradely perfused at a 

constant perfusion pressure using an STH pump controller (ADInstruments, Peristaltic pump; 

Gilson) at 80 mmHg with KHB, gassed with 95% O2/5% CO2 at a constant temperature of 37 

°C (Digital flow heater; Grant Instruments) and pH of 7.0. At the onset of perfusion the left 

ventricle chamber was carefully exposed and a polyvinyl-chloride (cling-film) balloon gently 

inserted and inflated with distilled water. This balloon was connected to a pressure 

transducer which measured the changes in left ventricular pressure (LVP). Pacing was also 

initiated by positioning a 25 µm tungsten wire (ADInstruments) onto the apex of the heart 

and switching on a pacing stimulator (6002 Stimulator; Harvard apparatus). 

 

To maintain consistent, physiological conditions, the following cardiac parameters – left 

ventricular developed pressure (LVDP), left ventricular end-diastolic pressure (LVEDP), 

coronary flow rate (CFR) and heart rate – were kept within specific inclusion criteria 

appropriate for murine hearts during the first 10 min of stabilisation as previously described 

(Sutherland et al., 2003) [Table 2.2]. All parameters were continuously monitored and 
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recorded throughout the experiments using Powerlab 4/35 (ADInstruments). The perfused 

heart was also immersed in KHB at 37 °C throughout each protocol. 

 

   Table 2.2. Inclusion criteria 

Cardiac Parameter Inclusion Criteria
Perfusion pressure 80 mmHg
Left ventricular developed pressure >50 mmHg
Left ventricular end-diastolic pressure 6-10 mmHg
Coronary flow rate 2-5 ml/min
Heart rate 500-600 bpm

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.2a. Simplified schematic of the Langendorff set-up 
 

The murine heart was immersed in a chamber filled with KHB at 37 °C and perfused with either a control or 
drug solution at 37 ˚C via the peristaltic pump. The peristaltic pump was switched off to establish global 
ischaemia, and switched on to commence reperfusion. A pressure transducer connected to a fluid-filled 
balloon, which was inserted into the left ventricle, recorded pressure changes throughout the experiment. The 
heart was continuously paced during perfusion. 
 
KHB, Krebs-Henseleit buffer; LV, left ventricle. 
Adapted from Sutherland et al. (2003). 
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2.3.4. Experimental protocols 

In all experimental protocols (A to E; [Figure 2.3]) hearts were stabilised for an initial 10 min, 

to allow cardiac parameters to be adjusted within inclusion criteria. When required, global 

no-flow ischaemia was established by manually switching off the peristaltic pump (Gilson); 

the pacing was turned off 2 min into ischaemia. Similarly, when required, reperfusion was 

commenced by manually switching the peristaltic pump back on; pacing was re-started 5 min 

into reperfusion. 

 

Protocol A: Assessing the effects of high-fat buffer on cardiac haemodynamics  

To determine the effects of high-fat buffer (BSA-palmitate in KHB) on cardiac function, 

hearts were perfused for 40 min in either standard or high-fat KHB and cardiac 

haemodynamics (LVP, LVDP, LVEDP and CFR) recorded throughout and compared.  

 

Protocol B: Assessing the effects of high-fat buffer on infarct size 

To assess the effect of high-fat buffer on infarct size, a separate batch of hearts were 

subjected to ischaemia/reperfusion as previously described (Tanno et al., 2003). Hearts were 

perfused for 40 min stabilisation in either standard or high-fat KHB, followed by 30 min 

global ischaemia and 120 min reperfusion in the same KHB as used for stabilisation. At the 

end of reperfusion hearts were stained with 1% triphenyltetrazolium chloride (TTC; Sigma) 

for subsequent measurement of infarct size (see section 2.4).  

 

Protocol C: Assessing the anti-ischaemic effects of perhexiline and FPER-1 

Hearts were stabilised for 10 min in control high-fat KHB then perfused for a further 30 min 

with either 1) control (high-fat KHB), 2) 2 µM perhexiline, 3) 2 µM FPER-1 or 4) 10 µM FPER-
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1. Hearts were then subjected to 30 min global ischaemia and 60 min reperfusion in control 

(high-fat KHB). Hypercontracture magnitude and time to hypercontracture were assessed at 

the onset of reperfusion (section 2.3.5). Coronary effluent was collected 5 min into 

reperfusion and stored at -80 ˚C for lactate biochemical analysis (see section 2.5). Cardiac 

haemodynamics (LVP, LVDP, LVEDP and CFR) were recorded throughout the 40 min 

stabilisation and 60 min reperfusion.  

 

Protocol D: Collection of cardiac samples for molecular analysis 1  

To assess potential molecular mechanisms of perhexiline and FPER-1, hearts were stabilised 

for 10 min in control (high-fat KHB) and then perfused for a further 30 min with either 1) 

control (high-fat KHB), 2) 2 µM perhexiline, 3) 2 µM FPER-1 or 4) 10 µM FPER-1. Hearts from 

each treatment group were then either snap-frozen in liquid nitrogen at the end of 40 min 

stabilisation (T1) or following 30 min global ischaemia (T2) and stored at -80 °C for Western 

blotting (see section 2.6). 

 

Protocol E: Collection of cardiac samples for molecular analysis 2  

To further determine molecular mechanisms of perhexiline and FPER-1, hearts were 

stabilised for 10 min in control high-fat KHB and then perfused for a further 60 min with 

either 1) control (high-fat KHB), 2) 2 µM perhexiline, 3) 2 µM FPER-1 or 4) 10 µM FPER-1. 

Following this extended 70 min stabilisation, hearts were snap-frozen in liquid nitrogen (T3) 

and stored at -80 °C for Western blotting (see section 2.6). 
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Figure 2.3. Langendorff experimental protocols 
 

Experimental protocols A to E implemented for ex vivo Langendorffs are shown. For details, refer to text in 
section 2.3.4. 
 
KHB, Krebs-Henseleit buffer; TTC, triphenyltetrazolium chloride.   
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2.3.5. Langendorff data acquisition 

The cardiac parameters (LVDP, LVEDP and CFR) recorded during stabilisation and/or 

reperfusion were collected and analysed post-experiment using Labchart Version 7 

(ADInstruments), by highlighting and selecting 5 sec of the recorded trace every 10 min for 

stabilisation and reperfusion [Figure 2.4]. Using the Labchart software, LVdP/dt, which 

describes the change in left ventricular pressure (LVP) over time, was also measured 

throughout stabilisation by selecting LVdP/dt max and LVdP/dt min on the Labchart data pad 

and highlighting the LVP trace from 9 to 10 min, 9 to 20 min, 9 to 30 min and 9 to 40 min 

[Figure 2.5]. The maximal rate of pressure increase; LVdP/dt max, is an indicator of cardiac 

contractility whilst the maximal rate of pressure reduction; LVdP/dt min, is an indicator of 

cardiac relaxation.  

 

The restoration of coronary flow and perfusion pressure at reperfusion were accompanied by 

a spike in LVP, known as hypercontracture. Hypercontracture magnitude and time to 

hypercontracture were extracted at the onset of reperfusion as shown in Figure 2.6. At the 

start of reperfusion, the maximal peak in LVP was taken as the hypercontracture, as 

previously described (Varnavas et al., 2011). This was achieved by selecting ‘maximum’ value 

on the Labchart data pad and highlighting the peak of the LVP trace, while time to 

hypercontracture was determined by calculating the difference (in seconds) between the 

time at reperfusion and the time of peak LVP (hypercontracture). Time points of reperfusion 

and peak LVP were identified by selecting ‘time’ on the Labchart data pad and highlighting 

the corresponding part of the LVP trace. 
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Figure 2.6. Hypercontracture analysis 
 

Hypercontracture magnitude was assessed by measuring the maximum peak in left ventricular pressure (LVP) 
at the onset of reperfusion and the time to hypercontracture assessed by measuring the length of time 
between restoration of perfusion and the peak in LVP, in hearts from Langendorff protocol C.  

Figure 2.5. Change in left ventricular pressure over time analysis 
 

The change in left ventricular pressure (LVP) over time (LVdP/dt) was assessed during stabilisation in hearts 
subjected to Langendorff protocol C, by selecting the desired part of the LVP trace and using the data analysis 
Labchart software. A: LVP from 9 to 10 min was selected to measure baseline LVdP/dt prior to the addition of 
perhexiline or FPER-1. B: LVP from 9 to 20 min was selected to measure change in pressure over the first 20 
min of stabilisation. This was also carried out from 9 to 30 min and 9 to 40 min. 
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2.4. Cardiac infarct size analysis 

To determine the effects of a high-fat buffer on cardiac cell death post-ischaemia, infarction 

analysis was conducted on hearts from Langendorff protocol B. 

 

2.4.1. Triphenyltetrazolium chloride staining 

TTC staining distinguishes between metabolically active, viable cells and metabolically 

inactive, non-viable cells. This differentiation is achieved as the white TTC powder is reduced 

into a red compound (1, 3, 5-triphenylformazan) by various dehydrogenase enzymes active 

only in living cells (Benedek et al., 2006). Therefore, viable tissue is stained red whereas non-

viable dead or ‘infarcted’ tissue is stained white [Figure 2.7]. Following 120 min reperfusion 

in control KHB, the heart was removed from the Langendorff apparatus, and gently perfused 

with 5 ml of freshly made 1% TTC in phosphate buffered saline (PBS; Sigma) at 37 °C. The TTC 

solution was manually infused at a rate of ~1 ml/min. Next, the heart was incubated for 10 

min at 37 °C in ~2 ml of 1% TTC. After incubation, the atria were dissected; the heart blot 

dried and stored at -20 °C for up to 1 week.  

 

2.4.2. Heart preparation for infarction analysis 

Hearts were prepared for infarction analysis as previously described (Tanno et al., 2003) 

[Figure 2.7]. Briefly, the frozen heart was fixed in ice-cold 2.5% glutaraldehyde (Merck) for 2 

min followed by embedding in 5% agarose (Bioline) in a vertical orientation, apex down, 

using a 27-gauge needle to hold in place whilst the agarose set. The needle was then 

removed and the agarose heart block sectioned into 0.7 mm thick slices using a Vibratome 

(Agar scientific), from the top of the ventricles to the apex. Immediately after being 
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sectioned, each heart slice was individually fixed in 10% formaldehyde (Merck) for 24 h 

overnight at room temperature. The following day, the formaldehyde solution was replaced 

with PBS and the heart incubated for 24 h overnight at 4 °C. The next day, heart slices were 

separated from the surrounding agarose and scanned between two glass plates using a 

CanoScan 5600F scanner (Canon). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.3. Image J infarction size analysis 

Scanned hearts were independently coded and blindly analysed by two independent 

investigators using Image J software as previously described (Tanno et al., 2003) [Figure 2.8]. 

Figure 2.7. Heart preparation for infarction size analysis 
 

A: An overview of the heart preparation required for infarct size analysis following Langendorff protocol B. 1. 
1% triphenyltetrazolium chloride (TTC) heart perfusion. 2. Embedding the heart into an agarose block. 3. 0.7 
mm heart sections made using a Vibratome B: A representative image of a scanned heart slice following 1% 
TTC staining, to be used for Image J infarction size analysis. 
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In brief, the saturation and brightness of each slice was manually altered using a red colour 

threshold selector on Image J to select the total area of the slice (area at risk), the infarcted 

area and the non-infarcted area of the slice. Percentage infarct size was defined as area of 

infarction over total area at risk. This was carried out for each heart section and an average 

calculated for each heart. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Image J infarction size analysis 
 

Image J software was used to blindly analyse heart slices obtained by sectioning hearts subjected to 
Langendorff protocol B on a Vibratome. A: Selection of total pixel area of heart section. B: Selection of 
infarcted pixel area. C: Selection of non-infarcted pixel area. D: Threshold colour window on Image J used for 
separating infarcted and non-infarcted areas of heart section by altering the saturation and brightness of the 
image followed by area selection and pixel measuring. E: Equation used for calculating percentage infarct size. 



Chapter 2 

87 
 

2.5. Biochemical analysis of lactate content  

To assess whether perhexiline or FPER-1 altered lactate release (a readout of glycolysis) post-

ischaemia, lactate content in effluent samples collected from Langendorff protocol C were 

colorimetrically determined using a BioVision kit (#K607-100), as previously described (Wu et 

al., 2013). 

 

2.5.1. Sample deproteinisation  

Frozen cardiac effluent samples were thawed on ice at room temperature then individually 

deproteinised using a commercial kit (BioVision; #K808-200). Deproteinisation was necessary 

to remove enzymes such as lactate dehydrogenase which would otherwise cause rapid 

lactate degradation. Briefly, effluent samples were mixed with ice-cold perchloric acid 

(supplied ready to use in the kit) in a 5:1 ratio, vortexed, and placed on ice for 5 min. Next, 

samples were centrifuged at 13 000 xg for 2 min at 4 °C before being transferred into fresh 

eppendorfs. Following deproteinisation, samples were neutralised by addition of 6.4 µl ice-

cold neutralisation buffer (supplied ready to use in kit) and vigorously vortexed, allowing the 

excess acid to precipitate. Samples were subsequently placed on ice for 5 min, centrifuged at 

13 000 xg for 2 min at 4 °C and the resulting neutralised effluent extracted. Neutralised 

cardiac effluent samples were then assayed for lactate content (section 2.5.2). 

 

2.5.2. Lactate colorimetric assay and analysis  

The BioVision lactate assay kit was used to determine the lactate content of each cardiac 

effluent sample, with all reagents kept on ice. For this particular kit, lactate detection 
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involves lactate (present in the tested samples) being oxidised by lactate oxidase (present in 

supplied enzyme mix) in the following enzymatic reaction: 

 

Lactate + oxygen → pyruvate + hydrogen peroxide 

 

The hydrogen peroxide product is detected by reacting and binding with a probe (supplied in 

kit) to generate a colour at an optical density of 570 nm. 

 

Lactate assay reagents were prepared and used as per the manufacturer’s guidelines. Briefly, 

to a 96-well plate, effluent samples were added in duplicates at a 1/20 dilution with lactate 

assay buffer. Lactate standards were freshly prepared and added in duplicates at: 0, 2, 4, 6, 8 

and 1 nmol/well. Next, a reaction mix was prepared, consisting of 46 μl lactate assay buffer, 

2 μl lactate enzyme mix and 2 μl lactate probe (provided in DMSO and warmed to room 

temperature), and added to each standard and sample. The plate was then covered in 

aluminium foil and incubated on a shaker for 30 min at room temperature. Following 

incubation, the absorbance was read at 570 nm using a colorimetric plate reader (KC4; 

Biotek). The absorbance values were then used to plot a lactate standard curve [Figure 2.9] 

and to calculate the lactate content of each effluent sample. 
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2.6. Western blot analysis of ex vivo drug mechanisms 

To investigate the molecular mechanism(s) of perhexiline-mediated protection and whether 

FPER-1 replicated these, the expression or phosphorylation of various proteins involved in 

cardiac function, cardiac metabolism and cell survival were assessed by Western blotting in 

whole mouse hearts. All antibodies (primary and secondary) used throughout this thesis are 

shown in Table 2.3. 

 

Figure 2.9. Lactate assay standard curve and calculation 
 

Cardiac effluent samples collected 5 min into reperfusion from Langendorff protocol C were subjected to a 
lactate assay. A: An example of the lactate standard curve generated from the colorimetric BioVision lactate 
assay kit. B: The equation used to determine the lactate concentration in cardiac effluent samples. 
 
OD, optical density. 
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Table 2.3. Primary and secondary antibodies (Ab)                                               
 

Protein 1° Ab dilution 1° Ab species; 
company 2° Ab dilution 2° Ab species; 

company 
Phospho-PLB  
Ser16 

1:5000 
5% milk 

Rabbit; 
Badrilla 

1:2000 
NO milk 

Goat; 
Cell signalling 

Phospho-PLB  
Thr17 

1:2000 
5% milk 

Rabbit; 
Badrilla 

1:2000 
NO milk 

Goat; 
Cell signalling 

Total PLB 1:20 000 
5% milk 

Mouse; 
Abcam 

1:10 000 
1% milk 

Goat; 
Dako 

CPT1B 1:1000 
5% milk 

Rabbit; 
Origene 

1:5000 
5% milk 

Goat; 
Cell signalling 

Phospho-PDH 
Ser232 

1:5000 
5% milk 

Rabbit; 
Milipore 

1:10 000 
1% milk 

Donkey; 
Amersham 

Phospho-PDH  
Ser293 

1:5000 
5% milk 

Rabbit; 
Abcam 

1:10 000 
1% milk 

Donkey; 
Amersham 

Phospho-PDH 
Ser300 

1:5000 
5% milk 

Rabbit; 
Millipore 

1:5000 
1% milk 

Donkey; 
Amersham 

Total PDH 1:5000 
5% BSA 

Rabbit; 
Cell signalling 

1:5000 
1% milk 

Donkey; 
Amersham 

Phospho-GSK3αβ 
Ser21/9 

1:1000 
5% BSA 

Rabbit; 
Cell signalling 

1:2000 
1% milk 

Donkey; 
Amersham 

Total GSK3αβ 1:2000 
3% milk 

Mouse; 
Milipore 

1:10 000 
1% milk 

Goat; 
Dako 

Phospho-Akt  
Ser473 

1:1000 
5% BSA 

Rabbit; 
Cell signalling 

1:5000 
1% milk 

Donkey; 
Amersham 

Total Akt 1:1000 
5% BSA 

Rabbit; 
Cell signalling 

1:1000 
1% milk 

Donkey; 
Amersham 

Phospho-ERK1/2 
Thr202/Tyr204 

1:1000 
5% BSA 

Rabbit; 
Cell signalling 

1:5000 
1% milk 

Donkey; 
Amersham 

Total ERK1/2 1:1000 
5% BSA 

Rabbit; 
Cell signalling 

1:1000 
1% milk 

Donkey; 
Amersham 

TXNIP 1:1000 
5% milk 

Rabbit; 
Abcam 

1:1000 
1% milk 

Donkey; 
Amersham 

UCP3 1:1000 
5% milk 

Rabbit; 
Abcam 

1:5000 
1% milk 

Donkey; 
Amersham 

ANT 1:1000 
5% milk 

Santa Cruz; 
Abcam 

1:5000 
1% milk 

Donkey; 
Amersham 

Actin 
(Loading control) 

1:2000 
0.5% milk 

Mouse; 
Sigma 

1:5000 
1% milk 

Goat; 
Dako 

 

 

 

 

Akt, protein kinase B; ANT, adenine nucleotide translocase; CPT1B, carnitine palmitoyltransferase 1B; ERK1/2, 
extracellular signal-regulated kinase 1/2; GSK3αβ, glycogen synthase kinase 3αβ; PDH, pyruvate 
dehydrogenase; PLB, phospholamban; TXNIP, thioredoxin-interacting protein; UCP3, uncoupling protein 3. 
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2.6.1. Cardiac lysate preparation and protein content determination 

Snap-frozen hearts collected from Langendorff protocols D and E were mechanically 

homogenised in liquid nitrogen using a pestle and mortar with the addition of 500 µl ice-cold 

homogenisation buffer, prepared freshly on the day [Table 2.4]. Cardiac homogenate was 

then collected and freeze-thawed twice by placing the sample into liquid nitrogen until 

frozen then removing and placing on ice until thawed, in order to facilitate protein 

extraction. After the final freeze-thaw, the homogenate was centrifuged at 13 000 rpm at 4 

°C for 15 min and the resulting supernatant extracted. The protein content of each 

supernatant was then analysed using a Bio-Rad Dc kit and freshly prepared BSA standards in 

homogenisation buffer (standard concentrations: 0, 0.2, 0.4, 0.6, 0.8, 1.0 mM). 

 
 
  Table 2.4. Western blot buffer components 
 

Buffer Buffer component Concentration Company 

Homogenisation 
buffer 

Tris-HCl 
pH 7.4 10 mM 

Trisma-base: 
Sigma 

HCl: VWR 
Sodium fluoride 5 mM Sigma 

Sodium orthovanadate 2 mM Sigma 
Protease inhibitor 1 Tablet Roche 

1x Resolving buffer 

Tris base 25 μM Sigma 
Glycine 192 μM Sigma 

Sodium dodecyl sulphate 0.1% Sigma 
Distilled water Made to 1 L / 

Wet transfer buffer 
(stored at 4 °C) 

Methanol 100 mM VWR 
Tris base 25 μM Sigma 
Glycine 192 μM Sigma 

Distilled water Made to 1 L / 
   
  HCl, hydrochloric acid. 

 

First, the cardiac lysate was diluted 1/20 in homogenisation buffer and 5 µl added in 

triplicates into a 96-well plate alongside 5 µl of each BSA standard also pipetted in triplicates. 
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Next, the Bio-Rad kit solutions were added to the cardiac lysates, starting with 25 µl working 

solution A (a 1:40 combination of reagent A and S) followed by 200 µl reagent B. Finally, the 

plate was covered in aluminium foil, placed on a shaker for 15 min at room temperature, and 

absorbance values read at 750 nm using a colorimetric plate reader (KC4; Biotek). The 

absorbance values for the BSA standards were used to produce a protein standard curve 

[Figure 2.10] and to calculate the protein content of each cardiac sample. The resulting 

values were used to prepare the cardiac samples in homogenisation buffer at a final 

concentration of 1.25 M with the addition of an equal volume of 2x laemmli buffer (Bio-Rad) 

containing 5% β-mercaptoethanol (Sigma) to reduce protein disulphide bonds, and stored at 

-20 °C for Western blotting (section 2.6.2)  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Protein assay standard curve and calculation 
 

Murine hearts collected from Langendorff protocol D and E were subjected to protein assay. A: An example of 
the protein standard curve generated using the Bio-Rad protein assay kit. B: Equation used to calculate volume 
of cardiac supernatant required to prepare 25 μg protein in 2x laemmli buffer for Western blotting.   
 
OD, optical density. 
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2.6.2. Western blotting and analysis  

In preparation for Western blotting, each cardiac lysate sample was boiled at 95 °C for 5 min 

to denature the proteins and centrifuged at 1000 rpm at 4 °C for 5 min. Twenty-five 

micrograms (in 20 µl) of cardiac protein were loaded per well onto either 10% (for all protein 

detection except phospholamban (PLB)) or 15% (for PLB detection) sodium dodecyl sulphate 

(SDS) polyacrylamide gels [Table 2.5], next to a protein ladder (Bio-Rad). Gels were prepared 

using the Bio-Rad gel casting system, 1.0 mm glass spacer plate and glass short plates (Bio-

Rad). First, the resolving gel components were mixed and pipetted into the gel casting plates 

and set using a thin layer of butan-1-ol (Sigma). Once the resolving gel had set, the butan-1-

ol was rinsed using distilled water and the stacking gel mixed and pipetted directly on top. 

Ten well combs (Bio-Rad) were then inserted into the stacking gel and allowed to set. Gels 

were either used immediately after setting or stored at 4 °C for up to 2 days, wrapped in 

damp paper towels and foil.  

 

Proteins were separated at 150 volts for up to 90 min in freshly made 1x resolving buffer 

[Table 2.4] in an electrophoresis tank (Mini-PROTEAN Tetra Cell; Bio-Rad). Following gel 

electrophoresis, proteins were wet transferred onto polyvinylidene fluoride (PVDF) 

membranes (Amersham) which were pre-activated by soaking in methanol (VWR) for 15 min. 

The wet transfer sandwich was prepared by placing the PVDF atop the gel, with a blotting 

paper (Bio-Rad) and fibre pad (Bio-Rad) on either side [Figure 2.11]. The sandwich was then 

held within a cassette and placed in a wet transfer tank (Mini Trans-Blot cell; Bio-Rad) where 

proteins were transferred at 100 volts for 90 min in ice-cold wet transfer buffer [Table 2.4]. 

Membranes were then blocked at room temperature for 2 h with 5% non-fat milk (Bio-
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Rad)/PBS 0.1% Tween (PBST), with the exception of membranes ran for PLB which were 

blocked for only 30 min under the same conditions.  

  

 

 

 

 

 

 

 

 

 

 
  Table 2.5. Stacking and resolving gel components 
 

Gel component
Concentration 

Company 
Stacking gel 10% 

Resolving gel
15% 

Resolving gel

Bis-Acrylamide 4.67% 10% 15% National 
diagnostics

Tris-HCl pH 6.8 13.97 μM - - Trisma-base: 
Sigma

HCl: VWRTris-HCl pH 8.8 - 2.65 μM

Sodium dodecyl 
sulphate 0.1% 0.1% Sigma

Tetramethylethyl-
enediamine 0.58 mM 1 mM Sigma

Ammonium 
persulfate 0.17% 0.1% Sigma

Distilled water / / / /
     

  HCl, hydrochloric acid. 

Figure 2.11. Simplified schematic of the Western blot wet transfer cassette set-up 
 

The PVDF membrane and electrophoresis gel were sandwiched between blotting paper and fibres pads for wet 
transfer at 100 volts.   
 
PVDF, polyvinylidine. 
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Blocked PVDF membranes were incubated with primary antibodies [Table 2.3] at 4 °C 

overnight on a shaker. The following day, membranes were washed with PBST 4x 15 min 

before incubation in the appropriate secondary antibody [Table 2.3], which was conjugated 

to the horseradish peroxidase (HRP) detection enzyme, for 1 h at room temperature. Next, 

membranes were washed 4x 15 min in PBST and finally, incubated in enhanced 

chemiluminescence solution (Thermo Fisher Scientific) for 3 min prior to developing. 

Western blots were subsequently developed on hyperfilm (Amersham) using the Compact x4 

processor (Xograph), scanned using the CanoScan 5600F (Conon) and analysed 

densitometrically on Adobe CS Photoshop. 

 

For loading control detection (actin) and where PVDF membranes were re-used, membranes 

were blocked in 5% non-fat milk/PBST for 1 h followed by incubation in 0.05% sodium azide 

(Sigma)/5% non-fat milk/PBST solution for 1 h, at room temperature. Sodium azide inhibits 

the HRP enzyme bound to the secondary antibody, thereby preventing chemiluminescence 

detection at previously probed sites. 

 

2.7. In vivo acute toxicity model: 1-week dosing study  

To identify the optimum route of administration and drug dose for in vivo studies, a series of 

1-week acute toxicity studies were conducted on 6-8 week old male C57Bl/6 mice [Figure 

2.12]. 
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2.7.1. Drug preparation  

Perhexiline and FPER-1 were supplied by Signal Pharma and stored at 4 °C until use. A drug 

suspension was first made by weighing and mixing the required amount of drug with Tween 

80 (Sigma) in a 1.5 ml centrifuge tube at room temperature. The drug-Tween 80 suspension 

was then gradually dissolved into 0.5% sodium carboxymethyl cellulose (NaCMC; 

Sigma)/distilled water solution to gain a final concentration of 0.1% Tween 80 followed by 

thorough vortexing. Prepared drug formulations were stored at 4 °C until use and freshly 

prepared every 2-3 days throughout the study to maintain drug stability. A vehicle solution 

of 0.5% NaCMC/0.1% Tween 80 in distilled water was also prepared and stored at 4 °C. The 

preparation protocol used was as per Tseng et al. (2017). 

 

2.7.2. Experimental design and treatment regimen 

C57Bl/6 mice were used in one of four protocols (A to D) listed below based on two key 

objectives. 

 

Objective 1: Assess the route of administration. 

Objective 2: Assess the optimum drug dose. 

 

Vehicle, perhexiline or FPER-1 were administered either by i.p injection (protocol A), or oral 

gavage (protocol B-D) for objective 1 whereas four separate drug doses (10, 20, 50 and 70 

mg/kg) were tested for objective 2. Vehicle or drug was administered according to mouse 

body weight (e.g. 250 μl vehicle/drug for a 25 g mouse) for i.p and gavage. 
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Protocol A (pilot study) 

A pilot study was conducted in mice subjected to abdominal aortic constriction, carried out 

by Dr James Clark at King’s College London as previously described (Boguslavskyi et al., 

2014). Mice were administered either 1) vehicle, 2) 30 mg/kg perhexiline, or 3) 30 mg/kg 

FPER-1 via daily i.p injection 1 week post-surgery, prior to the onset of hypertrophy, for an 

intended 4 weeks.  

 

Protocol B 

Mice were administered either 1) vehicle, 2) 10 mg/kg perhexiline, 3) 20 mg/kg perhexiline, 

4) 10 mg/kg FPER-1, or 5) 20 mg/kg FPER-1 via oral gavage once daily for 7 days. On day 8, 

organs were harvested (24 h post-feed) as detailed in section 2.7.3.  

 

Protocol C 

Mice were administered either 1) vehicle, 2) 50 mg/kg perhexiline or 3) 50 mg/kg FPER-1 via 

oral gavage twice daily for 7 days. Organs were then harvested on day 7 at either 1 or 8 h 

post-feed, or on day 8, 24 h post-feed (section 2.7.3). 

 

Protocol D 

Mice were administered either 1) 70 mg/kg perhexiline or 2) 70 mg/kg perhexiline via oral 

gavage once daily for 7 days. Organs were harvested on day 7 at either 1 or 8 h post-feed, or 

on day 8, 24 h post-feed (section 2.7.3). 

  



Chapter 2 

98 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi
gu

re
 2

.1
2.

 A
cu

te
 to

xi
cit

y 
st

ud
y 

ex
pe

rim
en

ta
l d

es
ig

n 
 Sc

he
m

at
ic 

ou
tli

ni
ng

 th
e 

ex
pe

rim
en

ta
l d

es
ig

n 
us

ed
 fo

r a
ss

es
sin

g 
th

e 
in

 v
iv

o 
ac

ut
e 

to
xic

ity
 o

f p
er

he
xil

in
e 

an
d 

FP
ER

-1
. I

n 
a 

pi
lo

t s
tu

dy
 o

n 
m

ice
 su

bj
ec

te
d 

to
 A

AC
, i

.p
 in

je
ct

io
n 

of
 v

eh
icl

e,
 3

0 
m

g/
kg

 p
er

he
xil

in
e 

or
 F

PE
R-

1 
on

ce
 d

ai
ly

 fo
r a

n 
in

te
nd

ed
 4

 w
ee

ks
 w

as
 co

nd
uc

te
d 

by
 D

r J
am

es
 C

la
rk

 a
t 

K
in

g’
s 

C
o

lle
ge

 L
o

n
d

o
n

. A
cu

te
 t

o
xi

ci
ty

 w
as

 t
h

en
 a

ss
es

se
d 

in
 m

ice
 o

ra
lly

 g
av

ag
ed

 w
ith

 v
eh

icl
e,

 1
0 

m
g/

kg
, 2

0 
m

g/
kg

 o
r 7

0 
m

g/
kg

 d
ru

g 
on

ce
 d

ai
ly

 a
nd

 in
 m

ice
 o

ra
lly

 g
av

ag
ed

 w
ith

 v
eh

icl
e 

or
 5

0 
m

g/
kg

 d
ru

g 
tw

ice
 d

ai
ly

.  
Af

te
r 1

 w
ee

k,
 

or
al

ly
 g

av
ag

ed
 m

ice
 w

er
e 

sa
cr

ifi
ce

d 
th

en
 p

la
sm

a 
an

d 
or

ga
ns

 h
ar

ve
st

ed
 fo

r p
ha

rm
ac

ok
in

et
ics

, b
io

ch
em

ica
l a

nd
 h

ist
ol

og
ica

l a
ss

es
sm

en
t. 

 AA
C,

 a
bd

om
in

al
 a

or
tic

 co
ns

tr
ict

io
n;

 i.
p,

 in
tr

ap
er

ito
ne

al
ly

. 

Fi
gu

re
 2

.1
2.

 A
cu

te
 to

xi
cit

y 
st

ud
y 

ex
pe

rim
en

ta
l d

es
ig

n



Chapter 2 

99 
 

2.7.3. Tissue and plasma harvest  

At the end of the 1-week dosing study, orally gavaged mice were sacrificed as described in 

section 2.3.2. A thoracotomy was carried out and the heart excised. The heart was then 

dissected from the lungs, quickly perfused with 1 ml cold standard KHB to remove all blood, 

blot dried, snap-frozen in liquid nitrogen and stored at -80 °C for future work. Next, a 1 ml 

syringe pre-coated in 0.5 M ethylenediaminetetraacetic acid (EDTA; VWR) was used to slowly 

collect blood from the thoracic cavity. EDTA was used to prevent coagulation and 

haemolysis. Collected blood was immediately centrifuged at 1000 xg for 10 min at room 

temperature and the plasma extracted and stored at -80 °C for drug pharmacokinetics 

(section 2.8) and biochemical alanine transaminase (ALT) (section 2.10) analysis. The right 

liver lobe was also isolated, rinsed in standard KHB, blot dried and fixed in 4% formaldehyde 

(Ferndale pharmaceuticals) for histopathology (section 2.9). Plasma was also collected from 

control non-gavaged mice (housed for 1 week), and subjected to ALT analysis. 

 

2.8. Drug pharmacokinetics analysis 

High performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) was 

used to assess drug pharmacokinetics in plasma collected from in vivo mice studies (acute 

toxicity model; section 2.7 and abdominal aortic constriction model; section 2.12). Plasma 

samples were prepared and analysed by Professor Benedetta Sallustio’s group at The Queen 

Elizabeth Hospital, Adelaide, Australia using a method adapted from Westley and co-workers 

(2015). 
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2.8.1. Sample preparation and separation 

Briefly, 150 µl of acetonitrile containing 1 mg/L internal standards, D11-perhexiline and D11-

hydroxy (OH)-perhexiline (TRC) was added to 50 µl of plasma sample. The sample was then 

mixed followed by centrifugation for 5 min at 16,000 xg. The supernatant was transferred 

into a fresh 1.5 ml centrifuge tube and mixed with 100 µl of 0.05% formic acid followed by 

transferring into HPLC vials. The Agilent 1100 series HPLC apparatus (Agilent Technologies) 

which consisted of a degasser, an injector and column oven was used to carry out HPLC 

analysis. Of the sample preparation, 25 μl was injected into a Luna Phenyl-hexyl HPLC 

column (5 µm; 2.1 mm x 50 mm; Phenomonex Inc) which was used to carry out 

chromatographic separation of the analytes at 50 °C. In this set up, the mobile phases 

consisted of solution A: 100% methanol (Scharlau), 2 mM ammonium acetate (VWR), 0.1% 

formic acid (Merck), and solution B: 100% water, 2 mM ammonium acetate, 0.1% formic 

acid. Initially, a gradient consisting of 60% solution A:40% solution B, pumped at 500 μl/min 

flow rate was used, and the percentage of solution A increased over 0.7 min to 90%. Using 

the 90% solution A, analytes were eluted between 0.7 and 2.8 min followed by returning the 

solution A to 60%. Total run time per sample equated to 3.5 min. 

 

2.8.2. Mass spectrometry 

Prior to assessment of drug concentrations, the pure perhexiline, OH-perhexiline and FPER-1 

were used to make plasma calibration standards and plasma quality controls, to validate the 

calibration curve generated. Control samples from vehicle-treated mice were also used to 

check for interferes. An API2000 mass spectrometer (AB SCIEX Pty LtD) was used to detect 

analytes by multiple reaction monitoring using positive ionization mode. The mass 
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spectrometer parameters set for perhexiline m/z 278.3 > 81.1, D11-perhexiline m/z 289.4 > 

83.2, OH-perhexiline m/z 294.3 > 81.1, D11-OH-perhexiline 305.3 > 81.2 and FPER-1 m/z 

314.1 > 294.4 are displayed in Table 2.6. The valco valve was placed in position to send the 

first 0 – 0.7 min of eluent to waste, the next 0.7 – 3.0 min of eluent to the mass 

spectrometer and the final 2.8 – 4 min to waste again. Assay validation was carried out as 

detailed in Westley et al. (2015). 

 
Table 2.6. Mass spectrometer parameters 
 

Compound 
Dwell 
time 
(ms) 

Declustering 
potential 

(V) 

Entrance 
potential 

(V) 

Collision 
entrance 

potential (V) 

Collision 
energies 

(V) 

Collision 
exit 

potential (V) 

Perhexiline 180 40 9 15 40 5 
Hydroxy (OH)-
perhexiline 420 25 20 16 47 0 

FPER-1 300 71 11.5 11.5 27 6 

 

2.9. Histological analysis of liver toxicity 

Histological staining was used to assess whether perhexiline and FPER-1 caused 

hepatotoxicity [Figure 2.13]. 

 

2.9.1. Sample dehydration and embedding  

Following fixation in 4% formaldehyde for up to 1 week, liver lobes were removed from the 

fixative and placed into histological cassettes then processed by dehydration in a series of 

ethanol dilutions (70%, 95% and 100%; VWR). Liver lobes were then placed into Histo-Clear 

solution (National diagnostics) and cleared, a process which replaces the dehydrant with a 

reagent that is miscible with the embedding medium. After processing, the liver lobes were 
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immersed in paraffin wax at 65 °C for 2 h, embedded into paraffin blocks and then allowed 

to cool until solid. 

 

2.9.2. Sample sectioning and rehydration  

Paraffin wax blocks were sectioned at 6 μm using a microtome (Bright Instruments) and 

placed into a tissue floatation water bath (Medizintechnik) at 37 °C before transferring onto 

microscope slides (Klinipath). Microscope slides were then placed into a mini-oven (CellPath) 

for 2 h at 60 °C to enhance tissue adhesion and remove excess paraffin. Lastly, the liver 

sections were rehydrated by immersing the slides into the clearing agent xylene and re-

hydrator alcohol. Liver sections were then ready for staining. 

 

2.9.3. Histological staining and analysis 

Liver sections were histologically stained with haematoxylin and eosin (H&E) to assess tissue 

integrity/damage, whilst Van Gieson staining was used to assess fibrosis following drug 

treatment. For both stains, in-house protocols were used which consisted of immersing the 

microscope slides in various solutions, followed by mounting in DPX (CellPath) [Table 2.6]. 

Stained sections were imaged under a bright-field microscope (Zeiss Axioscan.Z1) with a x20 

objective lens. Images were then randomly selected and qualitatively assessed for markers 

of necrosis, inflammation and fibrosis. 
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Figure 2.13. Histological analysis of liver toxicity 
 

Liver samples collected from in vivo mice experiments were histologically assessed for drug-induced liver 
toxicity using haematoxylin & eosin and Van Gieson staining. Histology was carried out using the protocol 
shown. 
 
etOH, ethanol. 
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   Table 2.7. Histological staining protocol  
 

Solution 
Immersion time for each stain 

Company 
Haematoxylin & eosin Van Gieson 

Water - 5 min / 
Celestine blue - 5 min Propath 
Water 2x 2 min 2x 2min / 
Haematoxylin Harris 4 min 4 min Propath 
Water 2 min 2 min / 
Acid Alcohol 30 sec 30 sec Propath 
Water 2 min 2 min / 
Scott’s tap water substitute 30 sec 30 sec Propath 
Water 2min 2 min / 
Van Gieson - 3 min Propath 
Eosin 1 min - Propath 
Water 2x 2 min - / 
Alcohol 4x 2 min 2x 3 min Propath 
Xylene 3x 2 min 3x 2 min Propath 

 

2.10. Biochemical analysis of liver toxicity: alanine transaminase content 

Alanine transaminase is routinely used clinically as a biomarker of liver health and 

hepatocellular injury (Kim et al., 2008). To assess ALT content, frozen plasma samples 

collected from in vivo experiments (section 2.7 and 2.12) were thawed at room temperature 

then subjected to an ALT activity assay using a colorimetric kit (Sigma; #MAK052). This assay 

involves ALT (present in the tested samples) catalysing the following reversible reaction: 

 

Alanine + α-ketoglutarate ↔ pyruvate + glutamate 

 

The pyruvate produced is detected by a subsequent reaction which turns an almost 

colourless probe into a colour at an optical density of 570 nm.  
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The ALT content is then determined based on the following principle: 

 

One milliunit of ALT = amount of enzyme that generates 1.0 μmole of pyruvate per min  

 

2.10.1. Alanine transaminase colorimetric assay and analysis  

The ALT assay kit reagents were prepared/reconstituted as per the manufacturer’s 

guidelines on the day of use. In brief, pyruvate standards were prepared at the following 

concentrations: 0, 0.2, 0.4, 0.6, 0.8 and 1 nmol/well and 20 μl added to a 96-well plate in 

duplicates. Twenty microlitres of undiluted plasma were then added in duplicates to the 

plate. A master reaction mix consisting of 86 μl ALT assay buffer, 2 μl ALT enzyme mix, 10 μl 

ice-cold ALT substrate and 2 μl fluorescent peroxidase substrate (provided in DMSO and 

warmed to room temperature) was then added to each well, and the plate covered in 

aluminium foil and incubated at room temperature on a shaker for 3 min. The plate was read 

at 570 nm using a colorimetric plate reader (KC4; Biotek) and the measured values taken as 

the ‘initial’ reading. The plate was then immediately incubated at 37 °C for 2 h and re-read at 

570 nm. This ‘final’ reading was the time point at which ALT activity began to plateau and 

was used to plot a standard curve with the difference between the ‘final’ and ‘initial’ reading 

of each plasma sample calculated and compared to the standard curve to determine the ALT 

content [Figure 2.14]. 
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2.11. Non-invasive in vivo imaging: echocardiography 

Using echocardiography in vivo imaging was conducted to measure cardiac dimensions and 

function at baseline and following abdominal aortic constriction in male C57Bl/6 mice (see 

section 2.12).  

 

Figure 2.14. Alanine transaminase assay standard curve and calculations 
 

Plasma samples collected from in vivo mice experiments were biochemically assessed for drug-induced liver 
toxicity by measuring ALT content. A: An example of the pyruvate standard curve generated using the 
colorimetric Sigma ALT assay kit. B: Equation used to calculate plasma ALT content.   
 
ALT, alanine transaminase; OD, optical density. 
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2.11.1. Echocardiography set-up  

Mice were first placed under general anaesthesia using an induction chamber (VetTech 

solutions Ltd) with 5% isoflurane/95% oxygen before being transferred to an anaesthetic 

nose cone, located on a platform heated to 37 °C, under 2% isoflurane/98% oxygen at a flow 

rate of 1 ml/min. Once under light sedation, all fur was removed from the chest and 

abdomen (in preparation for surgery) using a shaver (Contura trimmer; Wella) and hair 

removal cream (Veet) applied for ~30 sec before being gently wiped clear using a damp 

medical swab. Mice were immobilised onto the heated platform in the supine position, with 

each limb secured onto electrocardiography electrode pads to continuously monitor 

breathing pattern and heart rate. Warmed ultrasonic gel (37 °C; Henleys Medical) was 

applied onto the cardiac region of the closed-chest and transthoracic 2D echocardiographic 

imaging performed using Vevo 2100 (VisualSonics) and a 30-MHz linear signal transducer. 

Mice were continuously monitored during the 15 – 30 min procedure, ensuring a core body 

temperature of ~37 °C and heart rate of 400-500 bpm. 

 

2.11.2. Long and short axis imaging  

The mouse heart was visualised in the parasternal long-axis (LA) view and parasternal short-

axis (SA) view [Figure 2.15] first in bright (B) mode and then in movie/motion (M) mode. B-

mode was used to position the transducer at the correct angle of the heart at a 12.7 mm 

focus depth, at the level of the papillary muscle and to locate the areas of interest. The area 

of interest was then marked using a single scan line and the echocardiographic image 

transitioned into M-mode. From the M-mode, movement of the cardiac wall and chambers 

were visualised during end-diastole and end-systole and all measurements of cardiac 
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dimensions and function taken in this setting. To expand, in M-mode LA view the 

interventricular septal wall (IVS) thickness was measured at end-diastole and end-systole 

whilst in the M-mode SA view the left ventricular anterior wall (LVAW) thickness, the left 

ventricular posterior wall (LVPW) thickness and left ventricular internal diameter (LVID) at 

end-diastole and end-systole were measured. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15. Echocardiography imaging in long and short axis view 
 

Cardiac dimensions were measured in M-mode and then used by Vevo 2100 software to calculate cardiac 
function such as ejection fraction and fractional shortening. A: B-mode parasternal long-axis view of the left 
ventricle. B: M-mode image from parasternal long-axis view, with analysis traces in blue. C: B-mode short-axis 
view of right and left ventricle. D: M-mode image from short-axis view, with analysis traces in blue.  
 
IVS, interventricular septal wall; LA, left atria; LV, left ventricle; LVAW, left ventricular anterior wall, LVPW, left 
ventricular posterior wall; PM, papillary muscle; RA, right atria; RV, right ventricle. 
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2.11.3. Doppler flow measurements 

To measure aortic and mitral valve flow, colour Doppler imaging was used in the B-mode to 

visualise and position the sample volume over the correct location and then pulse-wave 

(PW) Doppler imaging in M-mode used to take readings at a 10˚ beam-to-flow angle [Figure 

2.16]. For the aortic valve, the sample volume was taken at the root of the aortic arch whilst 

mitral valve images were taken at the site of mitral valve opening. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. Echocardiography Doppler flow of aortic and mitral valve flow 
 

Aortic and mitral valve flow were first imaged using colour Doppler imaging, then readings taken using pulse-
wave Doppler. A: B-mode parasternal long-axis view of the left ventricle following colour Doppler detection of 
aortic valve flow. B: M-mode image of aortic valve flow in pulse-wave Doppler mode, with analysis traces in 
blue. C: B-mode parasternal long-axis view of the left ventricle following colour Doppler detection of mitral 
valve flow. D: M-mode image of mitral valve flow (with E and A wave) in pulse-wave Doppler mode, with 
analysis traces in blue. 
 
LA, left atria; LV, left ventricle; RA, right atria. 
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2.11.4. Analysis of cardiac dimensions, function and flow 

Analyses of all measurements taken from echocardiographic imaging were carried out using 

the cardiac package of the Vevo 2100 software. Mouse ID, treatment (if any) and 

echocardiography time points (baseline, week 1, 3 or 5) were coded independently to ensure 

blinding where possible during analysis. Using the software tracing tool, the cardiac 

dimensions in LA and SA view for both end-diastole and end-systole were determined by 

free-hand tracing of the left ventricle structural parameters (chamber size, wall thickness) of 

the M-mode images [Figure 2.15]. Cardiac function i.e. ejection fraction (EF) and fractional 

shortening (FS) and morphometric marker LV mass were calculated automatically by the 

Vevo software from the dimension measurements taken in the SA view (d: end-diastole, s: 

end-systole): 

 

%EF = ((LVIDd3 – LVIDs3)/LVIDd3) x 100 

%FS = ((LVIDd – LVIDs)/LVIDd) x 100 

LV mass = (IVSd + LVIDd + LVPWd)3 – (LVIDd)3  

 

Lastly, PW Doppler flow images of aortic and mitral valve flow from both LA and SA views 

were analysed by free-hand tracing of individual wave pulses [Figure 2.16]. From these 

traces the Vevo software automatically calculated the velocity time integral (VTI), peak 

velocity and peak flow gradient. A line was also drawn across the mitral E and A wave (from 

peak to base), and from this an E/A ratio (marker of diastolic function) was calculated by the 

Vevo software. 
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2.12. In vivo model of hypertrophy and failure: abdominal aortic constriction 

The well-established pressure overload model of abdominal aortic constriction (AAC) was 

used as previously described (Moyes et al., 2015) to induce LV hypertrophy and progression 

to heart failure (HF), and subsequently assess the effects of perhexiline and FPER-1 on 

delaying disease progression. 

 

2.12.1. Surgical abdominal aortic constriction  

Approximately 30 min prior to surgery, 6-8 week old C57Bl/6 mice were subcutaneously 

injected with the analgesic buprenorphine (3 ml/mg; Vetergesic). Mice were then 

anaesthetised with 5% isoflurane/95% oxygen at a flow rate of 1 ml/min in an induction 

chamber. Once under general anaesthesia, mice were transferred to a nose cone, restrained 

in supine position and the anaesthetic dose lowered to 3% isoflurane/97% oxygen to 

maintain a steady respiratory rate and breathing pattern. The respiratory rate and depth of 

sedation were continuously monitored throughout the surgery with the anaesthetic dose 

adjusted if required. As noted in section 2.11.1, the surgical site was pre-cleared of fur on 

the day of baseline echocardiographic measurements. Following confirmation of absent 

pedal reflex the operation site was cleaned using chlorhexidine gluconate (Hibitane) and AAC 

surgery commenced under sterile and aseptic conditions [Figure 2.17]. All surgical tools were 

sterilised in an autoclave at 121 °C prior to surgery.  

 

First, a linear midline incision was made in the abdomen, caudal to the ribcage. A second 

median incision was then made through the linea alba, between the rectus abdominus 

muscles to expose the abdominal cavity. Using a SZX10 Olympus microscope, organs within 
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the retroperitoneal space (i.e. the stomach, intestines, spleen and liver) were carefully 

dissected and retracted, and the abdominal aorta located at a position superior to the renal 

arteries. Exposed organs were kept moist throughout the procedure using sterile saline 

warmed to 37 °C (Aqupharm). Next, a pair of fine-nosed forceps was used for blunt 

dissection, to clean and expose the abdominal aorta, in between the celiac artery and 

superior mesenteric artery, by separating it from the surrounding adventitial adipose tissue. 

Suprarenal aortic constriction was then performed by passing an 8-0 non-absorbable nylon 

suture (Ethicon) under the abdominal aorta and using this to tie the aorta against a 27-gauge 

blunted needle to produce a 30% ligation. The needle was subsequently removed, the 8-0 

suture trimmed, all organs replaced into the abdominal cavity, the abdominal wall closed 

using a 6-0 absorbable vicryl suture (Ethicon) and the skin closed using 9 mm autoclips (Kent 

Scientific) and an Autoclip Applier (Kent Scientific). For sham-operated mice, an identical 

surgical procedure was conducted with the exception of AAC; instead the 8-0 suture was 

passed under the aorta and then pulled out. Following surgery, each mouse was given 0.5 ml 

glucose-saline (Aqupharm) subcutaneously, monitored regularly and provided post-

operative analgesia as often as required. Any mouse that experienced excessive blood loss 

due to internal organ bleeding/vessel rupture during surgery was perioperatively euthanised 

according to ASPA guidelines. 
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2.12.2. Experimental design and timescale 

One day prior to AAC surgery, echocardiography (section 2.11) was carried out to gain 

baseline cardiac dimensions and functional data. Following AAC, each mouse was kept for 5 

weeks with follow-up echocardiography measurements taken at week 1, 3 and 5 [Figure 

Figure 2.17. Abdominal aortic constriction surgery 
 

Panel A to D displays the AAC procedure step by step, with a 2D schematic on the left-hand side and real-time 
photo on the right-hand side. A: Organs are retracted to expose the suprarenal abdominal aorta. B: After 
dissecting the aorta, an 8.0 suture is passed underneath and an open knot made. C: A 27G needle is placed on 
top of the aorta and the suture tied securely. D: The needle is carefully removed and the suture trimmed. E: 
Labelled diagram of the abdominal aorta and the site of constriction. 
 
AA, abdominal aorta; AAC, abdominal aortic constriction; CA, celiac artery; G, Gauge; SMA, superior 
mesenteric artery.   
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2.18]. An autoclip removing forcep (Kent Scientific) was used to remove surgical staples from 

each AAC mouse at week 1 under general anaesthesia (2% isoflurane/98% oxygen), prior to 

echocardiography. 

 

In a preliminary set of experiments, mice were subjected to AAC and echocardiography 

without vehicle or drug treatment so as to establish the viability of the HF model, whereas 

sham-operated mice were treated with vehicle only. Following confirmation of hypertrophy 

and progression to HF induced by AAC, all AAC mice thereafter were randomly assigned to 

vehicle or drug, and treatment commenced at week 1 until the end of the study via once-

daily oral gavage of either 1) vehicle (0.5% NaCMC/0.1% Tween 80), 2) 70 mg/kg perhexiline 

or 3) 70 mg/kg FPER-1. The vehicle and drugs were prepared every 2-3 days as described in 

section 2.7.1. Mice that showed signs of illness (including >15% body weight loss, reduced 

mobility and rapid breathing) post-surgery or during the 5 week study were euthanised 

according to ASPA guidelines.  
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2.12.3. Tissue and plasma harvest  

Each mouse was sacrificed as described in section 2.3.2; the heart was excised, dissected 

from the lungs and quickly perfused with 1 ml cold standard KHB to remove all blood. The 

ventricles were then isolated, blot dried, snap-frozen in liquid nitrogen and stored at -80 °C 

for Western blotting (see section 2.6 and 2.15). Blood was collected using a 1 ml 0.5 M EDTA-

coated syringe from the thoracic cavity, centrifuged at 1000 xg for 10 min then plasma 

extracted and stored at -80 °C for drug pharmacokinetics analysis (see section 2.8), 

biochemical ALT analysis (see section 2.10) and brain natriuretic peptide (BNP) analysis (see 

section 2.13). Following blood collection, the right liver lobe was isolated, rinsed in standard 

KHB and fixed in 4% formaldehyde for histopathology (see section 2.9).  

 

2.13. Biochemical analysis of cardiac failure: brain natriuretic peptide release 

To further assess the extent of HF in AAC mice (section 2.12), circulating plasma levels of the 

clinical biochemical marker of HF, BNP, was quantified using an enzyme immunoassay (EIA) 

kit (Phoenix pharmaceuticals, #EK-011-23). The BNP EIA works on the basic principle of 

enzyme competition as outlined below:  

 

 
 
 

 

 

 

The intensity of yellow colour generated is detected at an optical density of 450 nm and is 

inversely proportional to the amount of BNP peptide in the tested sample. 

SA-HRP  2° Ab coated 
immunoplate 1° Ab 

BNP peptide 
(In standard solution 
or plasma samples) 

 
Biotinylated peptide 

 Colour TMB 
substrate 
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2.13.1. Brain natriuretic peptide colorimetric assay and analysis  

The BNP assay reagents and accompanying immunoplate were brought to room 

temperature prior to opening and then prepared/reconstituted as described in the kit 

protocol on the day of experiment. Briefly, peptide standards of 0.01, 0.1, 1, 10 and 100 

ng/ml were prepared, and to the 96-well immunoplate 50 µl of the prepared peptide 

standards were added in duplicates, along with two wells left blank for the 0 ng/ml standard 

and an additional two wells loaded with 50 µl 1x assay buffer alone to calculate total binding. 

Plasma samples from each mouse were thawed on ice then loaded in duplicates at a 1/2 

dilution (25 µl plasma sample:25 µl assay buffer). Twenty-five microlitres of rehydrated 

primary antibody and 25 µl of biotinylated peptide were then added to each well except the 

two blanks and the plate sealed with acetate plate sealer (APS) and placed on an orbital 

shaker at 350 rpm for 2 h at room temperature. Next, the contents of the wells were 

discarded and the plate washed 4x with assay buffer and 12 µl of Streptavidin-horseradish 

peroxidase (SA-HRP) added into each well. The plate was then resealed with APS and 

incubated for 1 h at room temperature, shaking at 350 rpm. The contents of the plate was 

discarded and washed 4x again followed by the addition of 100 µl tetramethylbenzidine 

(TMB) substrate solution to each well, resealed with APS, covered in aluminium foil and 

incubated for 1 h at room temperature, shaking at 350 rpm. The reaction was terminated by 

addition of 100 µl 2N hydrochloric acid and the immunoplate immediately read at 450 nm 

using a colorimetric plate reader (KC4; Biotek). A sigmoidal standard curve was then 

generated on a semi-log scale [Figure 2.19] and the equation of the curve determined. The 

concentration of BNP peptide in the sample was then extrapolated from the curve using this 

equation and multiplied by the dilution factor used. 
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2.14. Western blot analysis of in vivo drug mechanisms 

To determine the molecular mechanism(s) of perhexiline and FPER-1 in the in vivo AAC 

model, the expression and/or phosphorylation of proteins involved in cardiac function, 

cardiac metabolism and cell survival were assessed by Western blotting in harvested mouse 

ventricles (section 2.12.3). All antibodies (primary and secondary) used are shown in Table 

2.3. Ventricle lysate preparation, protein assay and Western blotting were conducted as 

outlined in section 2.6, with frozen ventricles homogenised in 300 µl homogenisation buffer. 

Figure 2.19. Brain natriuretic peptide assay standard curve and calculations 
 

Plasma samples collected from in vivo sham-operated and abdominal aortic constricted vehicle-treated mice 
were biochemically assessed for BNP levels, a marker of heart failure. A: An example of the BNP sigmoidal 
standard curve generated using the colorimetric Phoenix pharmaceuticals BNP assay kit. B: Equation used to 
calculate plasma BNP concentration.   
 
BNP, brain natriuretic peptide; OD, optical density. 
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3.1. Introduction 

Perhexiline is an anti-ischaemic agent (Ashraf ian et al., 2007b), originally used clinically for 

treating angina due its ability to successfully reduce incidence of angina, severity of attack 

and improve cardiac function (Horowitz et al., 1896; Cole et al., 1990). Following the 

discovery that perhexiline inhibited carnitine palmitoyltransferase 1B (CPT1B), and thus was 

a metabolic modulator (Kennedy et al., 1996), this mechanism was implicated in 

perhexiline’s anti-ischaemic effects. 

 

Based on this metabolic-modulating property, perhexiline was expected to be therapeutic in 

cardiovascular disorders characterised by low oxygen or ischaemia and metabolic 

disturbances such as aortic stenosis (Unger et al., 1997), cardiomyopathy (Abozguia et al., 

2010; Beadle et al., 2015) and heart failure (HF) (Lee et al., 2005; Phan et al., 2009b). As 

discussed in Chapter 1 (section 1.7) HF involves detrimental changes in cardiac metabolism, 

including a shift away from glucose metabolism towards the less efficient fatty acid (FA) 

metabolism, uncoupling of glycolysis from glucose oxidation (Sorokina et al., 2007; Dai et al., 

2012) and oxidative stress (Tsutsui et al., 2011). In combination, these metabolic changes 

lead to impaired adenosine triphosphate (ATP) production and decreased cardiac efficiency 

and function (Loudon et al., 2016). Furthermore, FA overload within the cardiomyocyte 

cytosol and mitochondria is a common feature of cardiovascular diseases associated with 

low oxygen levels and/or ischaemia because such conditions lead to downregulation of the 
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β-oxidation pathway enzymes involved in FA metabolism (Sack et al., 1996; Pellieux et al., 

2006). When investigated in such settings, perhexiline improved symptoms, exercise 

capacity and/or cardiac function, and increased cardiac energetics in patients with 

hypertrophic cardiomyopathy (HCM) (Abozguia et al., 2010) or HF (Lee et al., 2005). 

 

Unfortunately perhexiline’s beneficial effects have been overshadowed by its associated 

neuro- and hepatotoxicity, which ultimately led to its withdrawal from use in the 1980s 

(Shah et al., 1982). Perhexiline-induced toxicity resulted from high plasma levels in patients 

who were poor metabolisers of the drug; this caused excessive, sustained CPT1 inhibition 

and thus systemic phospholipidosis (discussed in Chapter 1, section 1.10.2) (Morgan et al., 

1984; Barclay et al., 2003). Following these findings, it was established that perhexiline 

plasma levels should be maintained between 0.5 – 2.2 μM to avoid toxicity (Horowitz et al., 

1986).  

 

Nonetheless, constant monitoring of perhexiline plasma levels in patients remains clinically 

unattractive. As such, Signal Pharma have designed, developed and synthesised a novel 

perhexiline analogue, fluoroperhexiline-1 (FPER-1), which does not have the unfavourable 

metabolic liability of perhexiline (Tseng et al., 2017). However, FPER-1 has yet to be tested 

for therapeutic efficacy and it remains to be elucidated whether FPER-1 can retain/replicate 

perhexiline’s therapeutic effects. Furthermore the effective dose of FPER-1 needs to be 

determined. The Langendorff model has been used previously to investigate the 

cardioprotective potential of perhexiline; 2 μM perhexiline was identified as the effective 

dose (Kennedy et al., 1999; Kennedy et al., 2000; Unger et al., 2005). Therefore, the main 
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objective of the work in this chapter was to evaluate FPER-1 and compare it to the parent 

drug perhexiline, using the well-established ex vivo isolated murine heart model.  

 

Aims: 

1. To determine whether perhexiline and FPER-1 can improve cardiac haemodynamics in 

hearts perfused with a high-fat buffer pre- and post-ischaemia. 

2. To determine whether FPER-1 can replicate the observed protective effects of perhexiline 

and, if so, establish to what extent. 

 

3.2. Methodology 

An expanded methodology is presented in Chapter 2, sections 2.3 and 2.4, with Langendorff 

protocols A, B and C outlined in Figure 2.3.  

 

In brief, male C57Bl/6 mice (25 – 30 g) were placed under terminal anaesthesia, hearts 

rapidly isolated, mounted onto the Langendorff system, and retrogradely perfused with 

either standard Krebs-Henseleit buffer (KHB) (Tanno et al., 2003) or a high-fat KHB consisting 

of bovine serum albumin (BSA) pre-conjugated to 1.2 mM palmitate (Belke et al., 1999), 

depending on the protocol. In protocol A and C, the following haemodynamics: left 

ventricular developed pressure (LVDP), left ventricular end-diastolic pressure (LVEDP), the 

maximum rate of left ventricular pressure (LVP) increase and reduction over time (LVdP/dt 

max and min; calculated from LVP) and coronary flow rate (CFR), were measured during 

stabilisation and/or reperfusion by inserting a water-filled balloon into the left ventricle.  
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Protocol A: To determine the effects of a high-fat buffer on cardiac function hearts were 

perfused with either standard or high-fat KHB for 40 min stabilisation. 

 

Protocol B: To assess the effects of a high-fat buffer on infarct size a separate batch of hearts 

were stabilised for 40 min with either standard or high-fat KHB, followed by 30 min global 

ischaemia, 120 min reperfusion and 1% triphenyltetrazolium chloride (TTC) staining (section 

2.4). 

 

Protocol C: To investigate whether perhexiline or FPER-1 improved function post-ischaemia, 

hearts were stabilised for 10 min in control high-fat KHB, followed by 30 min perfusion with 

either 1) control (high-fat KHB), 2) 2 µM perhexiline, 3) 2 µM FPER-1 or 4) 10 µM FPER-1. 

Hearts were then subjected to 30 min global ischaemia and 60 min reperfusion.  

 

3.2.1. Statistical analysis 

All data in this chapter are expressed as means ±standard error of the mean (SEM). Two-way 

analysis of variance (ANOVA) with Bonferroni post-hoc test was used to compare the effects 

of standard KHB on normoxic cardiac function over time (LVDP, LVEDP, LVdP/dt and CFR) 

and to the effect of high-fat KHB on the same parameters over time. An unpaired t-test was 

used to compare the effect of standard KHB and high-fat KHB on infarct size. Two-way 

ANOVA with Bonferroni post-hoc test was also used to compare the effects of drug 

treatment (2 μM perhexiline, 2 or 10 μM FPER-1) versus the control (high-fat KHB) on pre-

ischaemic cardiac function over time and a one-way ANOVA with Bonferroni post-hoc test 

used to compare the effect of each treatment versus control on function post-ischaemia. 

Graphpad Prism version 6.0 was used to carry out all analysis. p<0.05 was considered 

statistically significant. Number of mice used is indicated in the figure legends. 
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3.3. Results  

3.3.1. Effects of high-fat KHB on cardiac function during stabilisation, compared to 

standard KHB 

Using standard KHB to perfuse the hearts, LVDP significantly decreased over time (1.4-fold at 

40 min; p<0.0001) whilst there was no significant effect on LVEDP (p>0.99) [Figure 3.1A+B]. 

CFR also significantly decreased relative to the initial reading in standard KHB-perfused 

hearts during stabilisation (1.4-fold at 40 min; p<0.0001) [Figure 3.1C]. Perfusion with high-

fat KHB did not significantly alter any parameter tested in comparison to standard KHB 

perfusion (p=0.21, 0.78 and 0.45 respectively) [Figure 3.1].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Effects of high-fat KHB on cardiac function during stabilisation, compared to standard KHB 
 

A: Left ventricular developed pressure (LVDP), B: Left ventricular end-diastolic pressure (LVEDP) & C: Coronary 
flow rate (CFR) from mouse hearts perfused for 40 min with either standard KHB or high-fat KHB. Data are 
presented as mean ±SEM; n = 5-6 mice. ####p<0.0001 Standard KHB vs Baseline (Two-way ANOVA followed by 
Bonferroni post-hoc test). 
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3.3.2. Effects of high-fat KHB on infarct size following ischaemia/reperfusion compared to 

standard KHB  

Hearts perfused with high-fat KHB demonstrated a significantly lower infarct size following 

ischaemia/reperfusion compared to those perfused with standard KHB (49.8 ±1.3% versus 

13.6 ±3.6%; p<0.001) [Figure 3.2].  

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3. Effects of perhexiline and FPER-1 on cardiac function pre-ischaemia 

Pre-ischaemia, perfusion with high-fat KHB alone (control solution) led to a significant 

decrease in LVDP (1.2-fold at 40 min; p<0.05), LVEDP (1.7-fold at 40 min; p<0.0001) and CFR 

(1.5-fold at 40 min; p<0.0001) over time when compared to the initial reading. By contrast, 

neither LVDP nor CFR changed when 2 μM perhexiline or FPER-1 (2 or 10 μM) were used 

during the 40 min stabilisation relative to control (p=0.97) [Figure 3.3A+C]. However, LVEDP 

Figure 3.2. Effects of high-fat KHB on infarct size following ischaemia/reperfusion, compared to standard 
KHB 
 

A: Representative heart slices & B: Percentage infarct size from mouse hearts perfused for 40 min with either 
standard KHB or high-fat KHB, which had been subjected to ischaemia/reperfusion. Data are presented as 
mean ±SEM; n = 4-5 mice. ***p<0.001 vs Standard KHB (Unpaired t-test).  
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significantly increased following perfusion with 10 µM FPER-1 (1.1-fold increase at 40 min; 

p<0.0001) compared to control (1.6-fold decrease at 40 min), whereas no change was 

observed with 2 μM perhexiline or 2 μM FPER-1 (p>0.99 for both) [Figure 3.3B].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.4. Effects of perhexiline and FPER-1 on contractility and relaxation pre-ischaemia 

In control (high-fat KHB) perfused hearts, LVdP/dt max (marker of cardiac contractility) was 

significantly increased at 40 min stabilisation (1.6-fold; p<0.05) [Figure 3.4A]. Perfusion with 

either 2 μM perhexiline or 10 μM FPER-1 further increased LVdP/dt max relative to the 

control (3.1-fold; p<0.001 and 2.3-fold; p<0.01 respectively); any effect achieved with 2 μM 

Figure 3.3. Effects of perhexiline and FPER-1 on cardiac function pre-ischaemia 
 

A: Left ventricular developed pressure (LVDP), B: Left ventricular end-diastolic pressure (LVEDP) & C: Coronary 
flow rate (CFR) from mouse hearts perfused for 30 min with either control (high-fat KHB), 2 μM perhexiline, 2 
μM FPER-1 or 10 μM FPER-1. Data are presented as mean ±SEM; n = 12-19 mice. #p<0.05 Control (high-fat 
KHB) vs Baseline; ###p<0.001 Control (high-fat KHB) vs Baseline; ####p<0.0001 Control (high-fat KHB) vs 
Baseline; ****p<0.0001 vs Control (high-fat KHB) (Two-way ANOVA followed by Bonferroni post-hoc test).  
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FPER-1 perfusion was not significant (2.2-fold increase; p=0.15). In control (high-fat KHB) 

perfused hearts, LVdP/dt min (marker of cardiac relaxation) did not change during 

stabilisation [Figure 3.4B]. In contrast, during 2 μM perhexiline or 10 μM FPER-1 perfusion 

LVdP/dt min significantly increased relative to the control (5.3-fold; p<0.0001 and 3.8-fold; 

p<0.001), whilst a trend of an increase was present with 2 μM FPER-1 perfusion (2.9-fold; 

p=0.09). 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.5. Effects of perhexiline and FPER-1 on cardiac function post-ischaemia 

Following ischaemia, both 2 and 10 µM FPER-1 significantly improved LVDP (mean of 29 ±1.3 

mmHg and 29 ±2.1 mmHg post-ischaemia respectively; p<0.01 for both) relative to the 

control (mean of 21.6 ±0.7 mmHg post-ischaemia) but it was unchanged by 2 μM perhexiline 

Figure 3.4. Effects of perhexiline and FPER-1 on cardiac contractility and relaxation pre-ischaemia 
 

A: Maximum rate of left ventricular pressure increase (LVdP/dt max) & B: Maximum rate of left ventricular 
pressure reduction (LVdP/dt min) from mouse hearts perfused for 30 min with either control (high-fat KHB), 2 
μM perhexiline, 2 μM FPER-1 or 10 μM FPER-1. Data are presented as mean ±SEM; n = 12-19 mice. #p<0.05 
Control (high-fat KHB) vs Baseline; **p<0.01, ***p<0.001 (high-fat KHB); ****p<0.0001 vs Control (high-fat 
KHB) (Two-way ANOVA followed by Bonferroni post-hoc test). 
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perfusion (p>0.99) [Figure 3.5A]. In contrast, LVEDP was improved with 2 μM perhexiline 

perfusion (mean of 33.5 ±3.1 mmHg post-ischaemia; p<0.001) relative to the control (mean 

of 55.4 ±3.8 mmHg post-ischaemia) and a similar improvement was also achieved with 2 µM 

FPER-1 (mean of 40.8 ±3.4 mmHg post-ischaemia; p<0.05) and 10 µM FPER-1 (mean of 24.9 

±2.3 mmHg post-ischaemia; p<0.001) perfusion [Figure 3.5B]. Furthermore, CFR was 

improved by perfusion with 2 μM perhexiline (mean of 1.7 ±0.1 ml/min post-ischaemia; 

p<0.001), 2 µM FPER-1 (mean of 1.8 ±0.1 ml/min post-ischaemia; p<0.01) and 10 µM FPER-1 

(mean of 1.7 ±0.1 ml/min post-ischaemia; p<0.001) relative to the control (mean of 1.2 ±0.1 

ml/min post-ischaemia) [Figure 3.5C].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Effects of perhexiline and FPER-1 on cardiac function post-ischaemia 
 

A: Left ventricular developed pressure (LVDP), B: Left ventricular end-diastolic pressure (LVEDP) & C: Coronary 
flow rate (CFR) from mouse hearts perfused for 30 min pre-ischaemia with either control (high-fat KHB), 2 μM 
perhexiline, 2 μM FPER-1 or 10 μM FPER-1, which had been subjected to ischaemia/reperfusion (all hearts 
reperfused in control high-fat KHB). Data are presented as mean ±SEM; n = 9-10 mice. *p<0.05 vs Control 
(high-fat KHB); **p<0.01 vs Control (high-fat KHB); ***p<0.001 vs Control (high-fat KHB) (One-way ANOVA 
followed by Bonferroni post-hoc test). 
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3.3.6. Effects of perhexiline and FPER-1 on hypercontracture post-ischaemia 

Post-ischaemia, hypercontracture magnitude (Chapter 2, section 2.3.5) was significantly 

reduced by both 2 μM perhexiline (31% decrease) and 10 µM FPER-1 (33.9% decrease) 

relative to the control (p<0.05 for both groups) but unchanged by 2 µM FPER-1 (p=0.83) 

[Figure 3.6A]. In contrast, the time to hypercontracture was not altered by drug treatment 

relative to the control (p=0.77) [Figure 3.6C].  

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Discussion 

Disturbances in FA metabolism, and FA overload within the cardiomyocytes are well-

characterised features of many cardiovascular diseases and related to the metabolic 

Figure 3.6. Effects of perhexiline and FPER-1 on hypercontracture post-ischaemia 
 

A: Magnitude of hypercontracture at reperfusion, B: Representative hypercontracture traces & C: Time to 
hypercontracture from mouse hearts perfused for 30 min pre-ischaemia with either control (high-fat KHB), 2 
μM perhexiline, 2 μM FPER-1 or 10 μM FPER-1, which had been subjected to ischaemia/reperfusion (all hearts 
reperfused in control high-fat KHB). Data are presented as mean ±SEM; n = 9-10 mice. *p<0.05 vs Control (high-
fat KHB) (One-way ANOVA followed by Bonferroni post-hoc test). 
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alterations that occur during ischaemia (Fillmore et al., 2014). In the present study, the 

primary aim was to evaluate whether the metabolic agents perhexiline and FPER-1 could 

improve cardiac function/haemodynamics during high-fat perfusion and following an 

ischaemic stress in the ex vivo Langendorff model. However, it was first essential to identify 

the effect of a high-fat buffer on cardiac function under normoxic conditions, and whether 

the high fat would alter normal function even in the absence of an ischaemic insult. As such, 

isolated murine hearts were perfused with a modified KHB that contained 1.2 mM palmitate 

(Kennedy et al., 2000) and compared to a standard KHB (Tanno et al., 2003). In the present 

study, the change in function (i.e. slight decrease in LVDP and CFR) observed during 

stabilisation following standard KHB perfusion corresponded to the standard KHB results 

from other studies (Gao et al., 2013; Baumgardt et al., 2016). 

 

The concentration of 1.2 mM palmitate has been reported in plasma from patients following 

ischaemic events i.e. post-myocardial infarction (Allison et al., 1969; Mueller and Ayres, 

1978). Furthermore, Kuzmicic and colleagues (2014) reported that high palmitate promoted 

mitochondrial fission in cultured rat cardiomyocytes and decreased oxygen consumption 

rate. However, the present results demonstrated that perfusion with a high-fat buffer (1.2 

mM palmitate) did not reduce cardiac function (LVDP or LVEDP) relative to perfusion with a 

standard buffer, during normoxia. These results resemble those of Gmeiner et al. (1975) who 

observed no change in cardiac function in isolated rat hearts exposed to 0.4 mM palmitate. 

Furthermore, in the present study, CFR was similar between hearts perfused with either 

standard KHB or high-fat KHB. Nonetheless, it is possible that although function remained 

relatively unchanged following high-fat perfusion, cardiac mechanical efficiency was 



Chapter 3 

131 
 

reduced. High fat levels can dramatically decrease mechanical efficiency, as demonstrated in 

vivo in pigs, in which intralipid and heparin (fat activator) infusion increased myocardial 

oxygen consumption by 48% compared to glucose infusion for the same level of cardiac work 

done (Korvald et al., 2000). However, under normoxic conditions, sufficient oxygen levels 

exist to maintain cardiac function despite the increased oxygen consumption. Therefore 

ischaemic conditions/an ischaemic event, in which oxygen levels become insufficient and 

limited, may be required for a decrease in mechanical efficiency to transpire into reduced 

function. 

 

Aasum and colleagues (2003) demonstrated, in a working mouse heart model, that high-fat 

KHB (1.2 mM palmitate) perfusion was associated with decreased cardiac efficiency and 

function during reperfusion, post-ischaemia. Thus, the assessment was made in the present 

study of whether perfusion with a high-fat buffer would increase cell death (assessed by 

infarction size) following ischaemia/reperfusion, relative to perfusion with a standard KHB. 

Interestingly, the high-fat KHB significantly reduced infarct size following 

ischaemia/reperfusion relative to standard KHB. Previous studies showed that 0.5 mM 

palmitate induced apoptosis in neonatal rat cardiomyocytes (Sparagna et al., 2000), adult rat 

cardiomyocytes (Spillman et al., 2015) and in H9c2 cells (Wei et al., 2013). However, the 

present results cannot be directly compared with these in vitro studies given that the 

perfusate used in the present study contained another metabolic substrate: 11 mM glucose. 

In closer similarity with the present study, Löster and Punzel (1998) demonstrated that, 

following 20 min no-flow ischaemia, rat hearts that were perfused with both glucose and 

high fat (1.2 mM palmitate) had improved LV function at reperfusion relative to hearts  
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perfused with glucose and low fat (0.4 mM palmitate). Therefore, it is reasonable to argue 

that the presence of two metabolic substrates (glucose and high fat) provided the isolated 

heart with a greater energy source prior to ischaemia, thereby protecting against cell death 

during reperfusion, and explaining why infarct size was reduced. 

 

Having assessed the effects of high-fat KHB on cardiac function during normoxia and infarct 

size following ischaemia/reperfusion, the protective potential of perhexiline and its novel 

derivative FPER-1 were investigated. Both drugs were prepared in DMSO (final concentration 

of 0.2% in KHB) and the same percentage of DMSO was added to the control (high-fat KHB) 

solution to ensure that any observed effects were solely due to drug perfusion and not 

DMSO. This precaution was important as DMSO was reported to have cardioprotective 

properties by reducing post-ischaemic LV dysfunction in rat hearts subjected to global 

ischaemia/reperfusion (Dmitriev et al., 2012). In that study DMSO was administered 

intraperitoneally to rats for 3 days prior to Langendorff experimentation. DMSO pre-

treatment in cardiomyocytes subjected to hydrogen peroxide-induced injury was also 

demonstrated to be cytoprotective by reducing oxidative damage and apoptotic rate (Man 

et al., 2014).   

 

With these measures in place, the drug concentration used in the present study was based 

on work by Kennedy and colleagues (2000), who investigated the anti-ischaemic properties 

of perhexiline in a low-flow rat heart Langendorff model. They evaluated 0.5 and 2 µM 

perhexiline, doses which fall at either end of the established therapeutic range in patients 

(0.5 – 2.2 µM) (Horowitz et al., 1986). Their results revealed that perfusion with 2 µM 
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perhexiline was effective at improving LV function during ischaemia, but 0.5 µM perhexiline 

had no effect. Therefore, in the present study 2 μM perhexiline was used for assessing 

cardiac function/haemodynamics in the murine Langendorff model. To investigate the 

effects of FPER-1, and whether it would replicate perhexiline’s beneficial effects, FPER-1 was 

initially used at 2 µM. Signal Pharma found that FPER-1 is 25% less potent than perhexiline in 

inhibiting CPT1B activity, as the IC50 for FPER-1 was 4-fold higher than the IC50 for perhexiline 

(Tseng et al., 2017). However, when mice were orally treated with 10 mg/kg perhexiline or 

FPER-1, FPER-1 accumulated approximately 5½ times greater in the myocardium when 

compared to perhexiline at 1 h post-treatment (3726.8 ng/ml with FPER-1 versus 664.5 

ng/ml with perhexiline). Therefore the effects of 10 μM FPER-1, a dose 5-fold greater than 

the effective dose of 2 µM perhexiline, were also tested. 

 

The results during stabilisation revealed that 2 µM perhexiline did not alter cardiac 

haemodynamics (LVDP, LVEDP or CFR) in hearts perfused with a high-fat KHB. These results 

were not surprising as the 40 min stabilisation period was under normoxic conditions and 

previous work by Unger and colleagues (2005) revealed that short-term perfusion with 2 µM 

perhexiline had no effect on cardiac efficiency in the non-ischaemic working rat heart. The 2 

µM FPER-1 dose also had no effect on cardiac function during normoxia whilst the higher 10 

µM dose had no effect on LVDP or CFR, suggesting that perhexiline and FPER-1 are very 

similar in normoxia. However, in hearts perfused with 10 µM FPER-1, LVEDP initially 

increased and then was maintained around ~10 mmHg during stabilisation. These findings 

suggest that, at a higher dose, FPER-1 has the unfavourable effect of increasing LVEDP pre-

ischaemia, an effect which was not observed with control and was not induced by the 
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therapeutic dose of perhexiline or the lower dose of FPER-1. It is important to note that, as 

discussed above, the present data showed that perfusion with high-fat buffer did not impair 

cardiac function or coronary flow pre-ischaemia. Therefore, rather than the pre-ischaemic 

data suggesting a lack of protection, these results showed that perhexiline and FPER-1 did 

not enhance normal cardiac function. 

 

During stabilisation markers of cardiac contractility (LVdP/dt max) and relaxation (LVdP/dt 

min) were also assessed. Previous studies have shown that palmitate impairs excitation-

contraction coupling in cultured mouse ventricular myocytes (Haim et al., 2009) and impairs 

contractility in cultured rat cardiomyocytes (Spillman et al., 2015). The present results 

demonstrated that 2 μM perhexiline was effective in enhancing contractility and, although 

not replicated by the corresponding dose of FPER-1, these effects were achieved with 10 μM 

FPER-1. More importantly, both 2 μM perhexiline and 10 μM FPER-1 were extremely 

effective in enhancing cardiac relaxation during stabilisation. This suggests that these 

metabolic agents have a greater influence on the diastolic function of the heart and have 

significant lusitropic effects. However, for both contractility and relaxation there were clear 

dose-dependent effects between 2 and 10 μM FPER-1 showing that a higher dose of FPER-1 

is essential to replicate perhexiline’s beneficial effects. These findings corroborate other 

studies that showed perhexiline can enhance muscle contractility in the rabbit psoas muscle 

(Morano et al., 1989) and contractile function of dog hearts in an open-chest model (Ono et 

al., 1982).  
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Interestingly, the detrimental effects of 1.2 mM palmitate perfusion in a working rat heart 

Langendorff model were associated with distorted Ca2+ handling which coincided with the 

detrimental effects of palmitate on contractile function (Steigen et al., 1994). Moreover, 

Morano et al. (1989) demonstrated that perhexiline enhanced contractility by sensitising the 

muscle fibres for Ca2+ binding thus increasing the Ca2+ responsiveness of the contractile 

apparatus. These results may explain the ability of perhexiline and its derivative to enhance 

the Ca2+-regulated functions of cardiac contractility and relaxation in the present study. 

 

In contrast to the present findings, several studies have suggested perhexiline to be a 

negative inotropic agent. A study in cultured chick embryo ventricular cells demonstrated 

that 0.83 μM perhexiline was required for 50% inhibition of contractile amplitude (Barry et 

al., 1985). Another study showed that 10 μM perhexiline had both negative chronotropic and 

inotropic effects on isolated guinea pig atria when tested using myography (Pérez et al., 

1982). However, both of these studies were conducted on isolated cardiac cells or dissected 

cardiac tissue rather than whole heart muscle, which may alter the normal physiological 

muscular response to drug stimulation.  

 

Having assessed the effects of perhexiline and FPER-1 during normoxia in the presence of 

high-fat, the effects of these agents were assessed following an ischaemic insult, by using a 

well-established Langendorff protocol (Tanno et al., 2003) in which the hearts were 

subjected to global no-flow ischaemia and reperfusion. Global ischaemia causes detrimental 

effects on cardiac function in reperfused hearts (Apstein et al., 1977). The present post-

ischaemic data revealed that both perhexiline and FPER-1 improved cardiac haemodynamics 
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following ischaemia, when perfused pre-ischaemia with high-fat buffer. High-fat buffer alone 

(1.2 mM palmitate) was found to suppress the recovery of cardiac function in a working rat 

heart Langendorff model of hypothermic arrest (Mjøs et al., 1991). Moreover, 1.2 mM 

palmitate increased ischaemic and reperfusion damage (contracture magnitude, creatine 

phosphokinase release), including a 25% reduction in LVDP recovery, and increased diastolic 

pressure in isolated rabbit hearts (Pasini et al., 1991). Therefore, it was anticipated that high 

fat in combination with ischaemia would lead to deleterious effects on heart function during 

reperfusion. LVEDP, which describes the pressure at the end of cardiac relaxation/diastole, is 

highlighted as an important marker of ventricular performance and as a diagnostic measure 

for identifying patients with increased risk for developing late symptoms of HF (Mielniczuk et 

al., 2007). Indeed, that study showed that a high LVEDP (>30 mmHg) correlated with a higher 

risk of death or of HF. Consistent with this, LVEDP was impaired post-ischaemia in the 

present study in the high-fat group and these effects were abrogated by both 2 μM 

perhexiline and 10 μM FPER-1. Perfusion with 2 μM FPER-1 also improved LVEDP with a clear 

dose-dependent effect. The present results therefore support those of Kennedy and 

colleagues (2000) in that 2 μM perhexiline attenuated the increase in diastolic tension during 

ischaemia in a low-flow ischaemia rat heart model. In contrast, their study did not show any 

protective effects of perhexiline on diastolic function during reperfusion. However, it is 

important to note that the ischaemic insult (of 95% flow reduction and continued pacing) 

used in their model was not as extensive as the 100% global ischaemia and no pacing used in 

the present study. Similar to the results presented here, perhexiline did improve LV diastolic 

function in patients with HCM (Abozguia et al., 2010). In addition, the present results 

complement other studies that showcased the ability of FA oxidation inhibitors such as 
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etomoxir (Lopaschuk et al., 1990) and oxfenicine (Ikizler et al., 2003) to improve LV function 

post-ischaemia. The present results now demonstrate that the FA oxidation inhibitor FPER-1 

has a similar ability, like perhexiline, to improve LV function post-ischaemia. 

 

Interestingly, LVDP, which describes the pressure generated between systole and diastole, 

was only improved post-ischaemia by FPER-1 and not perhexiline, with both derivative 

concentrations (2 and 10 μM) having similar efficacy. This data suggests that unlike 

perhexiline, FPER-1 may have the capacity to improve systolic function thereby improving 

LVDP. Unfortunately, measuring systolic function (as a product of heart rate and developed 

pressure) was not possible in the present model given that hearts were paced at a constant 

rate. However, it may be noted that Kennedy and colleagues (2000) did measure systolic 

function (as a product of heart rate and developed tension) and observed no improvement 

with 0.5 or 2 μM perhexiline during low-flow ischaemia or reperfusion. 

 

In parallel with ventricular function, the present study also assessed coronary flow post-

ischaemia. CFR was improved by 2 μM perhexiline and both doses of FPER-1 with near 

identical efficacy. Perhexiline was previously classed as a vasodilating agent (Barry et al., 

1985) and observed to have beneficial vasodilator properties in Langendorff-perfused rat 

hearts and coronary artery ligated rat hearts (Kennedy et al., 1999). The present findings also 

corroborate those of Ono and colleagues (1982) who demonstrated in an open-chest canine 

model that intravenous administration of perhexiline increased coronary flow, in addition to 

reducing aortic and systemic blood pressure. Furthermore, Klassen and colleagues (1976) 

observed improvements in coronary diastolic pressure and preserved endocardial flow in the 
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ischaemic canine myocardium when perhexiline was given intravenously. In some contrast, 

in a small study on patients with coronary heart disease, perhexiline administration during 

tachycardia-induced angina did not alter coronary sinus blow flow (Pepine et al., 1974), but 

this might be explained if the coronary vessels capacity to dilate was compromised by 

ischaemic heart disease. Herein, the present results clearly demonstrate that FPER-1 can 

have beneficial effects on coronary flow suggesting it has vasodilating properties similar to 

perhexiline. 

 

In addition to cardiac function assessment, the effects of perhexiline and FPER-1 on post-

ischaemic hypercontracture magnitude were evaluated. Hypercontracture is a well-

established marker of ischaemic injury and myocardial cell death and is exacerbated by 

reoxygenation that takes place at reperfusion (Ruiz-Meana and García-Dorado, 2009). It 

describes the abrupt and excessive shortening of myocytes, which leads to sarcolemmal 

rupture and apoptosis and is highly correlated with the extent of ATP depletion prior to 

reperfusion (Ruiz-Meana et al., 1995). Moreover, hypercontracture is associated with 

causing elevated LVEDP following an ischaemic event, when assessed in isolated feline 

hearts (Schaff et al., 1981). The present results provided the promising novel finding that 2 

μM perhexiline reduced hypercontracture magnitude post-ischaemia and this was replicated 

by 10 μM FPER-1. These findings reflect the effects of FA oxidation inhibitor trimetazidine, 

which reduced hypercontracture size following ischaemia in rat cardiomyocytes (Ruiz-Meana 

et al., 1996) and in ventricular myocytes from rabbits subjected to pressure overload 

(Dedkova et al., 2013). Delaying the time to hypercontracture development is also 

considered protective by allowing the cardiomyocytes more time to readjust pH, ion and ATP 
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levels following ischaemia, which subsequently reduces the probability for cell shortening 

and cell death (Inserte et al., 2008). However, neither perhexiline nor FPER-1 increased the 

time to hypercontracture during reperfusion. 

 
 

3.4.1. Study limitations 

In the present study 1.2 mM palmitate (high fat) was used to perfuse mouse hearts and 

assess haemodynamics, with and without drug perfusion. Despite using a well-established 

protocol of BSA-palmitate pre-conjugation (Belke et al., 1999) to prepare the high-fat buffer, 

it is possible that not all the weighed palmitate was successfully conjugated and dissolved in 

the KHB. As such, on reflection, it would have been useful to measure the final palmitate 

concentration for each batch of BSA-palmitate KHB made and this could have been assessed 

spectrophotometrically using a free FA quantification commercial kit. However, the use of 

suitable percentage of BSA (3%) for conjugation should avoid this problem and Oliveira and 

co-workers (2015) have demonstrated that conjugation of 0.5 mM palmitate to 1% BSA led 

to only 0.02 mM of unbound palmitate. Moreover, given that BSA contains Ca2+ binding sites, 

the level of free Ca2+  ions present in the high-fat KHB buffer may have been reduced which 

could have had an impact on cardiac function. Therefore, in future it would be useful to 

measure the levels of free Ca2+ in the KHB buffer throughout the experimental protocol. 

 

Another limitation of the present study was that a model of global ischaemia was used as 

opposed to low-flow ischaemia in order to subject hearts to a more severe ischaemic 

stressor. This in turn meant that cardiac function during ischaemia itself could not be 

recorded. It would have been interesting to investigate whether FPER-1 can also protect 

diastolic function during ischaemia as Kennedy and colleagues (2000) observed with 2 μM 
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perhexiline. Moreover, in order to assess whether perhexiline and/or FPER-1 provided 

protection against ischaemia, post-ischaemic function was measured in reperfused hearts. It 

is well known that restoration of blood flow after an ischaemic insult results in another form 

of myocardial injury; reperfusion injury, which takes place in parallel to ischaemic injury 

(Kalogeris et al., 2012). It is therefore inevitable that the post-ischaemic data included the 

effects of reperfusion injury on cardiac function, which may have detracted from the 

potential anti-ischaemic effects of perhexiline and FPER-1. It should be noted that a clinical 

trial on patients with ischaemic heart disease undergoing coronary artery bypass graft 

(CABG) surgery revealed that 3-day pre-operative treatment with perhexiline did not protect 

against reperfusion injury (Drury et al., 2015). Similar observations were made in patients 

with LV hypertrophy given perhexiline for a minimum of 5 days pre-surgery (Senanayake et 

al., 2015). However, these ischaemia/reperfusion injury trials were conducted on patients 

with diseased hearts and thus already compromised cardiac function whereas in the present 

study, healthy mice were subjected to ischaemia/reperfusion. Additionally, as outlined in 

Chapter 1, section 1.11.1 a therapeutic dose of perhexiline was not maintained in all 

patients. As such, the post-ischaemic data for LVEDP and CFR obtained in the present study 

are still promising for both perhexiline and FPER-1, despite the presence of reperfusion 

injury. Nonetheless, it is recognised that these agents, in particular the novel derivative 

FPER-1, should be investigated during ischaemia alone. 

 

3.4.2. Future considerations 

As discussed above (section 3.4.1), the Langendorff model implemented in the present study 

involved global no-flow ischaemia. Therefore to complement these data it would be 
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beneficial to assess the effects of perhexiline on the same parameters (LVDP, LVEDP and 

CFR) but using low-flow ischaemia, and determine whether the effects are replicated by 

FPER-1. This would aid in identifying the anti-ischaemic properties of both agents. Markers of 

systolic function i.e. the rate pressure product which is equivalent to heart rate multiplied by 

the systolic pressure (Herr et al., 2015), would also be useful to measure in the Langendorff-

perfused hearts.  

 

Furthermore, the present results showed that high-fat buffer perfusion reduced infarct size. 

Therefore it was not possible to use infarction to measure cell death/injury. Perhexiline has 

already been demonstrated to reduce infarct size in open-chest canine models (Daniell et al., 

1977; Ono et al., 1982) and this was in the absence of high fat. As such, it would be useful to 

perfuse mouse hearts with perhexiline or FPER-1 in standard KHB, and investigate the effects 

on infarct size in the absence of high fat. Furthermore, additional markers of muscle cell 

death could also be tested such as creatine kinase and lactate dehydrogenase release 

(Brancaccio et al., 2010). 

 

Importantly the present study showed that 10 μM FPER-1 successfully replicated both the 

normoxic and post-ischaemic effects of perhexiline. However, for completeness it would be 

imperative to assess a range of FPER-1 concentrations, as due to time constraints it was only 

possible to test one additional dose alongside 2 μM, the established working dose of 

perhexiline. It is possible that an FPER-1 concentration between 2 – 10 μM may still provide 

the beneficial effects observed with 10 μM. When tested in vitro Signal Pharma 

demonstrated that FPER-1 inhibits CPT1B activity with 25% less potency than perhexiline 
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(Tseng et al., 2017). It can therefore be speculated that perhaps a 4-fold higher dose of FPER-

1 (8 μM) may be sufficient to replicate perhexiline’s beneficial effects on function. Assessing 

different concentrations of FPER-1 in the Langendorff model would also be important for 

identifying a range of effective doses for FPER-1. Lastly, it would also be useful to use 

prolonged perhexiline/FPER-1 therapy in mice in vivo followed by heart isolation and 

functional assessment on the Langendorff system in a similar manner as to Unger and 

colleagues (2005), to determine whether the results following prolonged treatment reflect 

that of the acute treatment used in the studies described in this chapter. 

 

3.4.3. Conclusion 

Using isolated mouse hearts in the Langendorff global ischaemia/reperfusion model, the 

present data demonstrate that 2 μM perhexiline improves LV function and flow post-

ischaemia in hearts perfused with high-fat KHB, thus protecting the hearts from ischaemic 

injury, corroborating published studies. The present results also show that, whilst perhexiline 

had no normoxic effects on cardiac function even during high fat perfusion, it had both 

positive inotropic and lusitropic effects during pre-ischaemia. More importantly, the results 

of this study provide the novel findings that FPER-1, a newly developed analogue of 

perhexiline, also has positive inotropic and lusitropic properties and provides protection to 

LV function and coronary flow following ischaemia. Therefore, despite the altered chemical 

structure, FPER-1 has promising beneficial effects that replicate its parent drug perhexiline. 

In the present study 10 μM FPER-1, a concentration 5-fold higher than the effective dose of 

perhexiline, had similar therapeutic efficacy, however, whether a lower dose would also 

achieve such effects requires investigation. 
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4.1. Introduction  

The results of Chapter 3 demonstrated that 2 μM perhexiline enhanced markers of cardiac 

contractility and relaxation during normoxia and improved cardiac functional recovery 

(pressure and flow) post-ischaemia. These beneficial effects were replicated by 10 μM of the 

novel derivative fluoroperhexiline-1 (FPER-1). 

 

As indicated in Chapter 1 (section 1.9.1) perhexiline was first described as a metabolic 

modulator when it was shown to decrease myocardial lactate extraction in coronary artery 

disease patients (Pepine et al., 1974). In 1996, perhexiline was then revealed to be an 

inhibitor of carnitine palmitoyltransferase 1B (CPT1B) (Kennedy et al., 1996). Initially, this 

mechanism was believed to underlie the therapeutic effects of perhexiline, by CPT1B 

inhibition resulting in a shift from FA metabolism towards the more efficient, oxygen sparing, 

glucose metabolism (Faadiel Essop and Opie, 2004). However, later studies in the isolated rat 

heart revealed that perhexiline-induced protection occurred despite a lack of change in FA 

oxidation or CPT1B activity (Kennedy et al., 2000; Unger et al., 2005). Similar results were 

obtained in patients with dilated cardiomyopathy; short-term perhexiline treatment 

improved cardiac energetics without altering substrate utilisation (Beadle et al., 2015). These 

studies led to speculations that, although perhexiline inhibits CPT1B, other mechanisms are 

primarily involved in rendering protection, in particular an increase in glucose oxidation. 

Experimental murine studies have supported this, demonstrating that perhexiline increases 
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pyruvate dehydrogenase (PDH) activity (Yin et al., 2013) and upregulates the carbohydrate 

pathway (Gehmlich et al., 2015). As described in Chapter 1 (section 1.11.2), modulation of 

other metabolic proteins have also been reported, including reduced thioredoxin-interacting 

protein (TXNIP) expression (Ngo et al., 2011). Nonetheless, the exact cardioprotective 

mechanism of perhexiline is not fully elucidated and it remains unknown whether the 

molecular targets are restricted to metabolic pathways.  

 

Therefore, the aim of the work in this chapter was to gain insights into the potential 

mechanism(s) underlying the protection induced by acute perhexiline and FPER-1 treatment 

in the isolated mouse heart, by investigating the expression/phosphorylation of multiple 

signalling pathways. The secondary aim was to discern whether the perhexiline- and FPER-1-

mediated protection were due to activation/inhibition of the same or different proteins. 

 

Aims: 

1. To investigate the molecular mechanism(s) underlying perhexiline- and FPER-1-induced 

protection ex vivo. 

2. To determine whether FPER-1 targets the same molecular pathways as perhexiline and if 

so, to what extent. 

 

4.2. Methodology 

A detailed methodology is presented in Chapter 2, with section 2.3 outlining the Langendorff 

protocols (C, D and E; Figure 2.3) and section 2.5 and 2.6 describing the molecular analysis. 

In brief, isolated hearts from male C57Bl/6 mice (25 – 30 g) were retrogradely perfused on 



Chapter 4 

146 
 

the Langendorff system and, following 10 min stabilisation, were perfused with either 1) 

control (high-fat Krebs-Henseleit buffer (KHB)), 2) 2 μM perhexiline, 3) 2 μM FPER-1 or 4) 10 

μM FPER-1 for 30 min in protocol C and D, or for 60 min in protocol E, under normoxic 

conditions.  

 

Protocol C: Following stabilisation, hearts were subjected to 30 min global ischaemia and 60 

min reperfusion. Coronary effluent was collected at 5 min reperfusion and colorimetrically 

assayed for lactate content (section 2.5). 

 

Protocol D: Hearts were snap-frozen in liquid nitrogen either straight after the 40 min 

stabilisation (T1; “pre-ischaemia”) or following 30 min global ischaemia (T2; “ischaemia”) for 

Western blotting. 

 

Protocol E: Hearts were snap-frozen in liquid nitrogen immediately after the extended 70 

min stabilisation for Western blotting (T3; “extended normoxia”). 

 

Collected hearts were then prepared for Western blotting and subjected to a Western 

blotting protocol which included gel electrophoresis, wet transfer, membrane incubation 

with the desired antibodies and developing (detailed in section 2.6). Developed hyperfilms 

were scanned and densitometrically analysed on Adobe CS Photoshop. 

 

4.2.1. Statistical analysis 

All data within this chapter are expressed as means ±standard error of the mean (SEM). The 

effect of each treatment (2 μM perhexiline, 2 or 10 μM FPER-1) on protein expression or 

phosphorylation and on lactate content were compared to control (high-fat KHB) using a 
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one-way analysis of variance (ANOVA) with Bonferroni post-hoc test. Graphpad Prism 

version 6.0 was used for all analysis. p<0.05 was considered statistically significant. Number 

of mice used is indicated in the figure legends. 

 

4.3. Results  

4.3.1. Effects of perhexiline and FPER-1 on PLB phosphorylation 

As discussed in Chapter 1 (section 1.3.2), phospholamban (PLB) is involved in the highly 

energetic processes of cardiac contractility and relaxation (Kranias and Hajjar, 2012). PLB 

phosphorylation at Ser16 and/or Thr17 reduces its activity which increases Ca2+ cycling, thus 

increasing inotropy and lusitropy (Colyer, 1998).  

 

PLB can be present as a pentamer or dissociated into different sized monomers (Kirchberger 

and Antonetz, 1982). By using blocking peptides specially supplied by Professor John Colyer 

(of Badrilla), raised against the phosphorylated PLB antibodies at Ser16 [Figure 4.1A] and 

Thr17 [Figure 4.1B], the molecular weight of PLB was approximately 12 kDa in the cardiac 

samples as the bands present at this weight, for PLB phosphorylated at Ser16 (p-PLBSer16) and 

Thr17 (p-PLBThr17), were absent when the membranes were probed with the antibody and 

corresponding blocking peptide together.  
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Pre-ischaemia, PLB phosphorylation at Ser16 was significantly increased by 2 μM perhexiline 

(3.5-fold; p<0.01), 2 μM FPER-1 (3.0-fold; p<0.05) and 10 μM FPER-1 (3.1-fold; p<0.05) 

compared to the control [Figure 4.2A+B]. Concomitantly, PLB phosphorylation at Thr17 was 

significantly increased pre-ischaemia but only by 2 μM perhexiline (2.8-fold; p<0.05) and 10 

μM FPER-1 (2.9-fold; p<0.01) relative to the control, whilst any effect of 2 μM FPER-1 

treatment was not significant (1.6-fold increase; p>0.99) [Figure 4.2A+C]. In contrast, in 

ischaemia, p-PLBSer16 and p-PLBThr17 were not altered in any of the treatment groups (p=0.99 

for both sites) [Figure 4.2D-F]. 

Figure 4.1. Identification of phosphorylated PLB molecular weight in Western blot 
 

A: Two membranes containing identical cardiac samples probed with phosphorylated PLB Ser16 (p-PLBSer16) 
primary antibody with blocking peptide (left-hand side) and without blocking peptide (right-hand side). B: Two 
membranes containing identical cardiac samples probed with phosphorylated PLB Thr17 (p-PLBThr17) primary 
antibody with blocking peptide (left-hand side) and without blocking peptide (right-hand side).  
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Figure 4.2. Effects of perhexiline and FPER-1 on PLB phosphorylation following pre-ischaemic perfusion (T1), 
and after subsequent ischaemia (T2) 
 

Hearts were perfused for 30 min pre-ischaemia with either 1) control (high-fat KHB), 2) 2 μM perhexiline, 3) 2 
μM FPER-1 or 4) 10 μM FPER-1. A: Representative Western blots for phosphorylated PLB Ser16, Thr17, total 
PLB and loading control actin at T1. B: Normalised mean phosphorylated PLBSer16 over total PLB at T1. C: 
Normalised mean phosphorylated PLBThr17 over total PLB at T1. D: Representative Western blots for 
phosphorylated PLB Ser16, Thr17, total PLB and loading control actin at T2. E: Normalised mean 
phosphorylated PLBSer16 over total PLB at T2. F: Normalised mean phosphorylated PLBThr17 over total PLB at T2. 
Data are presented as mean ±SEM; n = 6-8 mice. *p<0.05 vs Control (high-fat KHB); **p<0.01 vs Control (high-
fat KHB) (One-way ANOVA followed by Bonferroni post-hoc test). 
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4.3.2. Effects of perhexiline and FPER-1 on CPT1B expression  

To investigate whether the perhexiline- and FPER-1-induced protection involved changes in 

cardiac FA metabolism, the expression of the rate-limiting enzyme CPT1B (discussed in 

Chapter 1, section 1.7.2) was assessed. 

 

Pre-ischaemia, CPT1B expression was not significantly changed by 2 μM perhexiline or FPER-

1 (2 or 10 μM) relative to the control (p=0.81) [Figure 4.3A+B]. In contrast, in ischaemia, 

CPT1B expression was significantly reduced in hearts perfused with 10 μM FPER-1 (2.5-fold, 

p<0.05). However, any effect of 2 μM perhexiline treatment was not significant (1.6-fold 

decrease, p=0.42) and 2 μM FPER-1 perfusion had no effect (p>0.99) [Figure 4.2C+D]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Effects of perhexiline and FPER-1 on CPT1B expression following pre-ischaemic perfusion (T1), 
and after subsequent ischaemia (T2) 
 

Hearts were perfused for 30 min pre-ischaemia with either 1) control (high-fat KHB), 2) 2 μM perhexiline, 3) 2 
μM FPER-1 or 4) 10 μM FPER-1. A: Representative Western blots for total CPT1B and loading control actin at 
T1. B: Normalised mean CPT1B over actin at T1. C: Representative Western blots for total CPT1B and loading 
control actin at T2. D: Normalised mean CPT1B over actin at T2. Data are presented as mean ±SEM; n = 6-8 
mice. *p<0.05 vs Control (high-fat KHB) (One-way ANOVA followed by Bonferroni post-hoc test). 
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4.3.3. Effects of perhexiline and FPER-1 on PDH phosphorylation  

To determine whether the perhexiline- and FPER-1-induced protection were associated with 

changes in glucose metabolism, the activity of the rate limiting enzyme PDH (discussed in 

Chapter 1, section 1.7.5) was assessed by measuring phosphorylation at Ser232 (p-PDHSer232), 

Ser293 (p-PDHSer293) and Ser300 (p-PDHSer300). Dephosphorylation indicates increased 

activity. 

 

Consistent with the CPT1B data, pre-ischaemia, there was no significant change in PDH 

phosphorylation at any of the three sites, in hearts perfused with 2 μM perhexiline or FPER-1 

(2 or 10 μM) relative to the control (p=0.79, 0.97 and 0.98 respectively) [Figure 4.4A-D]. In 

ischaemia, there was also no significant change in p-PDHSer232 following perfusion with 2 μM 

perhexiline (p=0.77) or either concentration of FPER-1 (p>0.99 for both) relative to the 

control [Figure 4.4E+F]. In contrast, p-PDHSer293 was significantly reduced by 2 μM perhexiline 

(2.3-fold, p<0.05) and 10 μM FPER-1 (2.6-fold, p<0.01) relative to the control [Figure 

4.4E+G]. A similar effect was observed with 2 μM FPER-1, but this was not significant (1.8-

fold decrease; p=0.06). Phosphorylation of PDH at Ser300 was significantly reduced by 2 μM 

FPER-1 (2.5-fold; p<0.01) and 10 μM FPER-1 perfusion (2.3-fold; p<0.05), but any effect of 2 

μM perhexiline was not significant (1.6-fold decrease; p=0.17) [Figure 4.4E+H]. 

 

  



Chapter 4 

152 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Effects of perhexiline and FPER-1 on PDH phosphorylation following pre-ischaemic perfusion (T1), 
and after subsequent ischaemia (T2) 
 

Hearts were perfused for 30 min pre-ischaemia with either 1) control (high-fat KHB), 2) 2 μM perhexiline, 3) 2 
μM FPER-1 or 4) 10 μM FPER-1. A: Representative Western blots for phosphorylated PDH Ser232, Ser293, 
Ser300, total PDH and loading control actin at T1. B: Normalised mean phosphorylated PDHSer232 over total PDH 
at T1. C: Normalised mean phosphorylated PDHSer293 over total PDH at T1. D: Normalised mean phosphorylated 
PDHSer300 over total PDH at T1. E: Representative Western blots for phosphorylated PDH Ser232, Ser293, 
Ser300, total PDH and loading control actin at T2. F: Normalised mean phosphorylated PDHSer232 over total PDH 
at T2. G: Normalised mean phosphorylated PDHSer293 over total PDH at T2. H: Normalised mean 
phosphorylated PDHSer300 over total PDH at T2. Data are presented as mean ±SEM; n = 6-8 mice. *p<0.05 vs 
Control (high-fat KHB); **p<0.01 vs Control (high-fat KHB) (One-way ANOVA followed by Bonferroni post-hoc 
test). 
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Based on the lack of PDH dephosphorylation pre-ischaemia, these results suggested that 

perhexiline and FPER-1 only activate PDH when metabolism is disrupted, such as during 

ischaemia. Since Patel and Olson (1984) showed a significant decrease in PDH activity in rat 

hearts subjected to 95% low-flow ischaemia and Vary and Randle (1984) observed a reduced 

concentration of active PDH in rat hearts submitted to global ischaemia, it was likely that 

perhexiline and FPER-1 upregulated glucose metabolism during ischaemia, thereby 

correcting the metabolic impairment.  

 

As 30 min pre-ischaemic perfusion with perhexiline or FPER-1 was sufficient to cause effects 

in ischaemia it was possible that 30 min perfusion was not sufficient to cause effects in 

normoxia. Consequently, in an additional set of experiments the drug perfusion time in 

normoxia was doubled from 30 to 60 min and PDH phosphorylation assessed.  

 

Following extended normoxic perfusion, PDH phosphorylation at Ser232, 293 and 300 were 

unchanged by any treatment compared to the controls (p=0.79, 0.95 and 0.99 respectively) 

[Figure 4.5]. 
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4.3.4. Effects of perhexiline and FPER-1 on GSK3αβ phosphorylation  

Following the observation that perhexiline or FPER-1 treatment supposedly increased PDH 

activity, the activity of glycogen synthase kinase 3 (GSK3), a protein upstream of PDH, was 

assessed. GSK3 inhibits glycogen synthesis through glycogen synthase phosphorylation (Embi 

et al., 1980), is involved with negative feedback regulation of insulin signalling (Liberman and 

Eldar-Finkelman, 2005) and forms part of the cardioprotective ‘Reperfusion Injury Salvage 

Kinase (RISK)’ pathway (Hausenloy and Yellon, 2007). Phosphorylation at Ser21/9 and 

subsequent inactivation of GSK3αβ is cardioprotective against ischaemia/reperfusion injury 

by preventing apoptosis and necrosis (Juhaszova et al., 2004).  

Figure 4.5. Effects of perhexiline and FPER-1 on PDH phosphorylation following extended normoxic perfusion 
(T3) 
 

Hearts were perfused for an extended 60 min with either 1) control (high-fat KHB), 2) 2 μM perhexiline, 3) 2 
μM FPER-1 or 4) 10 μM FPER-1. A: Representative Western blots for phosphorylated PDH Ser232, Ser293, 
Ser300, total PDH and loading control actin at T3. B: Normalised mean phosphorylated PDHSer232 over total PDH 
at T3. C: Normalised mean phosphorylated PDHSer293 over total PDH at T3. D: Normalised mean phosphorylated 
PDHSer300 over total PDH at T3. Data are presented as mean ±SEM; n = 4 mice. 
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Pre-ischaemia, phosphorylation of GSK3αβ at Ser21/9 (p-GSK3αβSer21/9) was not altered by 2 

μM perhexiline or FPER-1 (2 or 10 μM) perfusion relative to the control (p=0.87) [Figure 

4.6A+B]. However, in ischaemia, p-GSK3αβSer21/9 was significantly increased by 2 μM 

perhexiline (2.1-fold; p<0.05) and 10 μM FPER-1 (2.3-fold; p<0.05), when compared to the 

control; any effect of 2 μM FPER-1 was not significant (1.7-fold increase, p=0.38) [Figure 

4.6C+D]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4.3.5. Effects of perhexiline and FPER-1 on Akt and ERK1/2 phosphorylation 

Assuming that GSK3αβ activity was decreased in ischaemia following perhexiline or FPER-1 

perfusion, the upstream proteins of GSK3 were of interest. GSK3αβ is regulated by several 

proteins including protein kinase C and p70S6 kinase (Beurel et al., 2015) as well as members 

Figure 4.6. Effects of perhexiline and FPER-1 on GSK3αβ phosphorylation following pre-ischaemic perfusion 
(T1) and after subsequent ischaemia (T2) 
 

Hearts were perfused for 30 min pre-ischaemia with either 1) control (high-fat), 2) 2 μM perhexiline, 3) 2 μM 
FPER-1 or 4) 10 μM FPER-1. A: Representative Western blots for phosphorylated GSK3αβ Ser21/9, total 
GSK3αβ and loading control actin at T1. B: Normalised mean phosphorylated GSK3αβ

Ser21/9 over total GSK3αβ 
at T1. C: Representative Western blots for phosphorylated GSK3αβ Ser21/9, total GSK3αβ and loading control 
actin at T2. D: Normalised mean phosphorylated GSK3αβ

Ser21/9 over total GSK3αβ at T2. Data are presented as 
mean ±SEM; n = 7-10 mice. *p<0.05 vs Control (high-fat KHB) (One-way ANOVA followed by Bonferroni post-
hoc test). 
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of the cardioprotective RISK pathway: protein kinase B (Akt) and extracellular signal-

regulated kinase 1/2 (ERK1/2) (Hausenloy and Yellon, 2007). Phosphorylation of Akt at 

Ser473 (p-AktSer473) and ERK1/2 at Thr202/Tyr204 (p-ERK1/2Thr202/Tyr204) leads to their 

activation and in turn, phosphorylation and inhibition of GSK3αβ (Miura and Miki, 2009).  

 

Pre-ischaemia, Akt phosphorylation at Ser473 was not altered by perfusion with 2 μM 

perhexiline or FPER-1 (2 or 10 μM) (p=0.58) [Figure 4.7A+B]. In ischaemia, any effect of 2 μM 

perhexiline (1.4-fold increase, p=0.52) or 10 μM FPER-1 (1.2-fold increase; p>0.99) was not 

significant, and 2 μM FPER-1 had no effect (p>0.99) relative to the control [Figure 4.7C+D]. 

Similarly, p-AktSer473 was not changed by any treatment following the extended 70 min 

normoxic perfusion in comparison to the control (p=0.52) [Figure 4.7E+F].  
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Figure 4.7. Effects of perhexiline and FPER-1 on Akt phosphorylation following pre-ischaemic perfusion (T1), 
after subsequent ischaemia (T2) and following extended normoxic perfusion (T3) 
 

Hearts were perfused for 30 min pre-ischaemia or for an extended 60 min normoxia with either 1) control 
(high-fat KHB), 2) 2 μM perhexiline, 3) 2 μM FPER-1 or 4) 10 μM FPER-1. A: Representative Western blots for 
phosphorylated Akt Ser473, total Akt and loading control actin at T1. B: Normalised mean phosphorylated 
AktSer473 over total Akt at T1. C: Representative Western blots for phosphorylated Akt Ser473, total Akt and 
loading control actin at T2. D: Normalised mean phosphorylated AktSer473 over total Akt at T2. E: Representative 
Western blots for phosphorylated Akt Ser473, total Akt and loading control actin at T3. F: Normalised mean 
phosphorylated AktSer473 over total Akt at T3. Data are presented as mean ±SEM; n = 6-8 mice. 
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There was also no significant effect on p-ERK1/2Thr202/Tyr204 with 2 μM perhexiline or FPER-1 

(2 or 10 μM), pre-ischaemia or during ischaemia compared to the controls (p=0.9 and 0.99 

respectively) [Figure 4.8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

4.3.6. Effects of perhexiline and FPER-1 on TXNIP, UCP3 and ANT expression 

The expression of thioredoxin-interacting protein (TXNIP), a metabolic regulator and a redox-

sensitive protein (Tsutsui et al., 2011), was also assessed. TXNIP expression was not altered 

Figure 4.8. Effects of perhexiline and FPER-1 on ERK1/2 phosphorylation following pre-ischaemic perfusion 
(T1), and after subsequent ischaemia (T2)  
 

Hearts were perfused for 30 min pre-ischaemia with either 1) control (high-fat KHB), 2) 2 μM perhexiline, 3) 2 
μM FPER-1 or 4) 10 μM FPER-1. A: Representative Western blots for phosphorylated ERK1/2 Thr202/Tyr204, 
total ERK1/2 and loading control actin at T1. B: Normalised mean phosphorylated ERK1/2Thr202/Tyr204 over total 
ERK1/2 at T1. C: Representative Western blots for phosphorylated ERK1/2 Thr202/Tyr204, total ERK1/2 and 
loading control actin at T2. D: Normalised mean phosphorylated ERK1/2Thr202/Tyr204 over total ERK1/2 at T2. 
Data are presented as mean ±SEM; n = 7-10 mice. 
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by any of the drug treatments pre-ischaemia or during ischaemia relative to the controls 

(p=0.26 and 0.94 respectively) [Figure 4.9].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similarly, expression of the mitochondrial uncoupling proteins UCP3 and adenine nucleotide 

translocase (ANT), which are involved in the response to oxidative stress (Tsutsui et al., 

2011), were not changed by 2 μM perhexiline or FPER-1 (2 or 10 μM) perfusion pre-

ischaemia (p=0.96 and 0.75 respectively) [Figure 4.10A-D] or in ischaemia (p=0.99 and 0.96 

respectively) relative to the controls [Figure 4.10E-H]. 

 

 

Figure 4.9. Effects of perhexiline and FPER-1 on TXNIP expression following pre-ischaemic perfusion (T1), 
and after subsequent ischaemia (T2) 
 

Hearts were perfused for 30 min pre-ischaemia with either 1) control (high-fat KHB), 2) 2 μM perhexiline, 3) 2 
μM FPER-1 or 4) 10 μM FPER-1. A: Representative Western blots for total TXNIP and loading control actin at 
T1. B: Normalised mean TXNIP over actin at T1. C: Representative Western blots for total TXNIP and loading 
control actin at T2. D: Normalised mean TXNIP over actin at T2. Data are presented as mean ±SEM; n = 6-8 
mice. 
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Figure 4.10. Effects of perhexiline and FPER-1 on UCP3 and ANT expression following pre-ischaemic 
perfusion (T1), and after subsequent ischaemia (T2) 
 

Hearts were perfused for 30 min pre-ischaemia with either 1) control (high-fat KHB), 2) 2 μM perhexiline, 3) 2 
μM FPER-1 or 4) 10 μM FPER-1. A: Representative Western blots for total UCP3 and loading control actin at 
T1. B: Normalised mean UCP3 over actin at T1. C:  Representative Western blots for total ANT and loading 
control actin at T1. D: Normalised mean ANT over actin at T1. E: Representative Western blots for total UCP3 
and loading control actin at T2. F: Normalised mean UCP3 over actin at T2. G:  Representative Western blots 
for total ANT and loading control actin at T2. H: Normalised mean ANT over actin at T2. Data are presented as 
mean ±SEM; n = 6-8 mice.  
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4.3.7. Effects of perhexiline and FPER-1 on lactate release post-ischaemia 

Finally, post-ischaemic lactate release in coronary effluent was not altered by pre-ischaemic 

perfusion of 2 μM perhexiline or FPER-1 (2 or 10 μM) relative to the control (p>0.99) [Figure 

4.11]. 

 

 

 

 

 

 

 

 

4.4. Discussion 

Perhexiline is a known CPT1B inhibitor (Kennedy et al., 1996), however, it is now believed 

that this mechanism may not underlie its therapeutic effects (George et al., 2016), and 

additional proteins may instead be involved in perhexiline-mediated protection (Balgi et al., 

2009; Gatto et al., 2013; Ngo et al., 2011). As such, the main aim of the studies described in 

this chapter was to gain insights into the mechanism(s) behind the perhexiline-induced 

protection observed in Chapter 3 by assessing metabolic and pro-survival proteins. The 

secondary aim was to assess whether the novel derivative FPER-1 targets the same proteins. 

 

4.4.1. Effects of perhexiline and FPER-1 on the cardiac contractility-relaxation pathway 

The results of Chapter 3 (section 3.3.4) provided evidence that 2 μM perhexiline and 10 μM 

FPER-1 enhance cardiac contractility and relaxation during normoxia in the isolated heart. 

Figure 4.11. Effects of perhexiline and FPER-1 on lactate release post-ischaemia 
 

Lactate content in coronary effluent collected at 5 min reperfusion, from hearts perfused for 30 min pre-
ischaemia with either control (high-fat KHB), 2 μM perhexiline, 2 μM FPER-1 or 10 μM FPER-1, which had 
been subjected to ischaemia/reperfusion (hearts reperfused in control high-fat KHB). Data are presented as 
mean ±SEM; n = 3 mice.  
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The results of the present chapter provide novel evidence that both perhexiline and FPER-1 

decrease PLB activity, judged by increased phosphorylation, during normoxic high-fat 

perfusion. This is consistent with evidence that high-fat increases PLB activity, as 

demonstrated in isolated rat ventricular myocytes (Relling et al., 2006). The level of 

phosphorylation observed in the present study at Ser16 was similar in all three treatment 

groups, but a clear dose-dependent effect was present with the two concentrations of FPER-

1 for phosphorylation at Thr17. A previous study in rat hearts subjected to 

ischaemia/reperfusion revealed that an increase in p-PLBThr17 played a greater role in post-

ischaemic mechanical recovery than p-PLBSer16 (Said et al., 2003). The authors used 

transgenic mice to replace either the Ser16 or Thr17 site with an alanine residue and found 

that mutant mice with Thr17 replaced showed substantially impaired post-ischaemic 

contractile and relaxation recovery, whereas contractile recovery was only marginally 

depressed and relaxation recovery unchanged with Ser16 replaced. The increased 

phosphorylation at Thr17 in the present study mirrored the increases in the markers of 

cardiac contractility and relaxation in Chapter 3 (section 3.3.4). Taken together these data 

suggest that PLB phosphorylation at Thr17 plays a greater role in enhancing cardiac 

contractility/relaxation during normoxic perfusion with perhexiline or FPER-1.   

 

The present results also demonstrated that PLB phosphorylation during ischaemia was not 

altered at either site with perhexiline or FPER-1 relative to the control and thus not involved 

with the drug-induced protection observed post-ischaemia in Chapter 3. However, it should 

be noted that PLB phosphorylation at both residues was increased in Langendorff-perfused 

rat hearts when assessed at the end of global ischaemia (Mattiazzi et al., 2004) and this 
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increase was greater and more sustained in paced hearts (Mundiña-Weilenmann et al., 

2003). Therefore if PLB phosphorylation were increased by ischaemia in the control group of 

the present study, any changes in phosphorylation induced by perhexiline or FPER-1 may 

have been masked and difficult to separate from the ischaemia-induced changes.  

 

4.4.2. Effects of perhexiline and FPER-1 on fatty acid metabolism 

The results of Chapter 3 (section 3.3.5 and 3.3.6) also demonstrated that perhexiline and 

FPER-1 improved cardiac function post-ischaemia. As perhexiline is a CPT1B inhibitor, an 

obvious question was whether these effects were associated with CPT1B modulation.  

 

To date, studies have shown somewhat surprisingly, that CPT1 may not be a key mechanism 

for perhexiline-induced anti-ischaemic protection. Kennedy and colleagues (2000) 

demonstrated that despite improvements in diastolic function, perhexiline-treated rat hearts 

subjected to low-flow ischaemia had no change in long chain acyl-carnitine levels (the 

product of CPT1 activity) whilst Unger and colleagues (2005) observed no change in 

palmitate oxidation following perhexiline pre-treatment in the working rat heart model, 

even though cardiac mechanical efficiency was improved. However, neither of these studies 

investigated the effect of perhexiline on CPT1 expression. In the present study, CPT1B 

expression was not significantly altered by perhexiline or FPER-1 at 2 μM in hearts subjected 

to ischaemia, but was reduced by 10 μM FPER-1. Recent work from Signal Pharma 

demonstrated using an in vitro spectrophotometric assay that FPER-1 at four times the 

concentration of perhexiline was required to inhibit rat CPT1 activity by 50% (Tseng et al., 

2017). These findings may explain why the effects on CPT1B expression were more 
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pronounced with 10 μM FPER-1, as a 5-fold greater dose than perhexiline was used. 

Irrespective, the present results suggest that FPER-1 at a concentration that produced similar 

improvements in cardiac function post-ischaemia to 2 μM perhexiline had the additional 

effect of decreasing CPT1B expression.  

 

4.4.3. Effects of perhexiline and FPER-1 on glucose metabolism 

In light of the CPT1B results it is reasonable to hypothesise that the anti-ischaemic effects 

observed with perhexiline and FPER-1 were, at least in part, due to the upregulation of 

glucose metabolism (i.e. PDH activation) rather than CPT1 inhibition. Targeting these two 

metabolic pathways together would allow myocardial energetics and thus efficiency to be 

improved to a greater extent.  

 

As expected, in normoxia, PDH phosphorylation was not altered with either perhexiline or 

FPER-1, mirroring the lack of change in cardiac function under this condition, despite the 

presence of high fat (Chapter 3, section 3.3.3). However, in ischaemia all three treatment 

groups elicited significant decreases in PDH phosphorylation (indicative of PDH activation), 

suggesting improved glycolysis-glucose oxidation coupling and glucose metabolism during 

ischaemia. These results are consistent with those of Yin and co-workers (2013) who were 

the first to show through proteomics and immunoblotting that perhexiline given orally, 

induced PDH activation in the mouse heart. The present results extended these findings by 

providing evidence that under ischaemic conditions, PDH Ser293 and Ser300 are the target 

isoforms for these metabolic agents. In addition, the present results confirmed that at both 

doses, FPER-1 works in a similar manner to perhexiline.   
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The increased PDH activity during ischaemia provides insights into the mechanisms behind 

the post-ischaemic protection observed to some extent in all three treatment groups in the 

functional data of Chapter 3. These data also agree with studies on other FA oxidation 

inhibitors such as oxfenicine (Higgins et al., 1980) and trimetazidine (Kantor et al., 2000), 

which increased PDH activation during ischaemic conditions in the isolated rat heart. In 

addition, PDH activation (by dichloroacetate) protected against ischaemia/reperfusion injury 

in Langendorff mouse hearts (Ussher et al., 2012). Further complementing the present data, 

Gehmlich et al. (2015) observed changes in the glycolytic, glycerol and pentose pathways 

when mice with hypertrophic cardiomyopathy were injected with perhexiline, indicating 

increased glucose utilisation and thus carbohydrate metabolism. Therefore, in combination, 

the present results and those of previous studies suggest that perhexiline’s anti-ischaemic 

properties are in part mediated by the oxygen sparing effect of upregulated glucose 

metabolism. Importantly, the present results indicate that this is replicated by FPER-1.  

 

Finally, the present results showed no change in PDH phosphorylation status with any of the 

treatments during the extended normoxic perfusion (70 min). These data confirm that, in the 

present model, perhexiline and FPER-1 only upregulated PDH in the presence of ischaemia 

and metabolic dysfunction, but not under normoxic, albeit high fat, conditions. Nonetheless, 

it is important to note that Yin and colleagues (2013) did observe an increase in PDH 

activation in healthy non-ischaemic mice following 4-week oral perhexiline treatment. This 

suggests that chronic drug exposure may be required to activate PDH in the absence of an 

ischaemic insult; even rat cardiomyocytes exposed to 2 μM perhexiline for 48 h had no 

change in glucose oxidation (Unger et al., 2005). However, the absence of drug-induced PDH 
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activation in normoxia in the present study may also be due to the 1.2 mM palmitate FA 

concentration used. High fat levels can antagonise PDH activity through the Randle cycle as 

discussed in Chapter 1 (section 1.7.6). Furthermore, in Langendorff rat hearts perfused with 

only 0.5 mM palmitate, PDH was mostly inactivated during both normoxia and ischaemia 

(Veitch et al., 1995). In support of this concept, ranolazine increased PDH activity in 

normoxic rat hearts perfused for 30 min with 0.4 or 0.8 mM palmitate but not with 1.2 mM 

palmitate (Clarke et al., 1996). With this in mind, it would be interesting to see whether 

perhexiline and FPER-1 can upregulate PDH in hearts perfused with a palmitate 

concentration lower than 1.2 mM.  

 

Regarding GSK3αβ, whilst there was no change in pre-ischaemic phosphorylation, both 

perhexiline and FPER-1 increased GSK3αβ phosphorylation at Ser21/9 in ischaemia, 

suggestive of GSK3αβ inactivation. It may be that this ischaemic inhibition contributed to the 

metabolic mechanisms by which perhexiline and FPER-1 induced the anti-ischaemic effects 

on LV function described in Chapter 3 (section 3.3.5 and 3.3.6). In support of this, in working 

rat hearts subjected to global ischaemia, perfusion with GSK3 inhibitor SB-216763 improved 

post-ischaemic LV function and this was associated with a decrease in glycolysis and H+ ion 

production but an increase in glucose oxidation (Omar et al., 2010). The results of that study 

therefore suggested that GSK3αβ inhibition during ischaemia improves glycolysis-glucose 

oxidation coupling, which is normally dysregulated during low oxygen conditions. Moreover, 

in the present study, the fact that perhexiline and FPER-1 inhibited GSK3αβ in ischaemia 

alone complements the finding that these drugs also activated PDH in ischaemia only. It may 

be that GSK3αβ is involved in PDH regulation as suggested by Hoshi and colleagues (1996) 
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who showed that GSK3 activity led to PDH phosphorylation and inactivation both in vitro and 

in hippocampal cultures, resulting in mitochondrial dysfunction. Similarly, Keung and 

colleagues (2013) showed that oxfenicine also inhibited GSK3 activity in hearts from obese 

mice whilst also increasing PDH activity. 

 

4.4.4. Effects of perhexiline and FPER-1 on proteins upstream of GSK3αβ  

The activity of GSK3αβ is inhibited via phosphorylation at Ser21/9 by Akt and ERK1/2 (Beurel 

et al., 2015), with this inhibition demonstrated as cardioprotective in ischaemia (Hausenloy 

and Yellon, 2007). Moreover, Akt and/or ERK1/2 activation is implicated as a possible 

cardioprotective mechanism of the metabolic drug HO-3089, a poly (ADP-ribose) polymerase 

(PARP) inhibitor (Kovacs et al., 2009). Following 25 min global ischaemia in isolated rat 

Langendorff hearts, HO-3089 improved cardiac recovery and energetic status, reduced 

oxidative damage and these changes were accompanied by an upregulation of Akt and 

ERK1/2 and downregulation of GSK3 (Kovacs et al., 2009). This study suggests that Akt and 

ERK activation may have a role in improving cardiac metabolism.  

 

In the present study Akt phosphorylation was not changed during normoxia, even when drug 

perfusion was extended from 30 to 60 min, whilst the changes observed with 2 μM 

perhexiline and 10 μM FPER-1 during ischaemia were not statistically significant. By contrast, 

Andreadou and co-workers (2013) found that ranolazine induced Akt activation-GSK 

inhibition in rabbit hearts submitted to 30 min global ischaemia and this was associated with 

reduced infarct size. On the other hand, Ileana and colleagues (2017) observed no change in 

Akt phosphorylation in ranolazine-treated skeletal muscle cells exposed to oxidative stress. 
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These studies suggest that the model used may influence which pathways are upregulated 

by metabolic agents. In the global ischaemia model used in the present study, activation of 

Akt does not appear to be a key mechanism of perhexiline- or FPER-1-induced GSK3αβ 

inhibition although it may play a minor role given the non-significant increase in Akt 

phosphorylation in ischaemia complemented that of GSK3αβ inhibition and PDH activation 

achieved during ischaemia. 

 

The activity of ERK1/2, involved in cell survival and proliferation (Hausenloy and Yellon, 

2007), and the subsequent inhibition of GSK3 has been identified as cardioprotective during 

ischaemia in isolated Langendorff rat hearts (Lin et al., 2011) and isolated Langendorff 

mouse hearts (Kabir et al., 2015). Grassian and colleagues (2011) also demonstrated in 

extracellular matrix attached cells that ERK is involved in regulating and promoting PDH flux. 

However, in the present study, perhexiline or FPER-1 did not alter ERK1/2 phosphorylation 

during normoxia or in ischaemia. These results contrast with the findings that trimetazidine 

upregulates ERK1/2 activity during normoxia in mice in vivo (Z. Liu et al., 2016) and that 

ranolazine activates ERK1/2 in isolated rabbit hearts subjected to ischaemic injury (Efentakis 

et al., 2016). Conversely, ranolazine did not upregulate ERK1/2 in healthy rat hearts (Fu et 

al., 2013). The present findings thereby suggest that like Akt, ERK1/2 is not a key molecular 

target of perhexiline or FPER-1.  

 

4.4.5. Effects of perhexiline and FPER-1 on redox-sensitive proteins 

Cardiac metabolism and reactive oxygen species (ROS) production are interrelated processes 

that take place within the mitochondria. As discussed in Chapter 1 (section 1.7.8), TXNIP is 
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involved in decreasing glucose metabolism and increasing oxidative stress (Wang and 

Yoshioka, 2017). As such, downregulation of TXNIP is considered therapeutic in 

cardiovascular diseases characterised by ischaemia. Furthermore, perhexiline itself 

decreased TXNIP expression in ischaemia/reperfusion LV biopsies from patients undergoing 

coronary artery bypass surgery (Ngo et al., 2011). However, in the present study, perhexiline 

did not alter TXNIP expression in normoxic or ischaemic hearts and neither did FPER-1. Other 

proteins involved in regulating oxidative stress alone in the settings of dysregulated cardiac 

metabolism, are the uncoupling proteins UCP3 and ANT (Loudon et al., 2016), however it is 

unclear whether they are protective or harmful during ischaemia (Murray et al., 2008). 

Herein, neither perhexiline nor FPER-1 altered UCP3 or ANT expression during normoxia or in 

ischaemia relative to that seen in control hearts under the same conditions. Therefore this 

suggests that, as with TXNIP, these redox-sensitive proteins are not involved in the anti-

ischaemic mechanisms of perhexiline or FPER-1 ex vivo. 

 

However, it should be acknowledged that due to the study design it was not possible to 

determine the effects of ischaemia alone on protein expression. Thus, it is possible that 

there was no change in TXNIP, UCP3 or ANT expression during ischaemia for the drugs to 

modulate. The evidence in the literature on these three proteins is actually confused. To 

expand, Yoshioka and colleagues (2012) demonstrated that TXNIP deletion in mice improved 

post-ischaemic cardiac function, but induced mitochondrial impairment and PDH 

inactivation. TXNIP deletion in fact increased oxidative phosphorylation uncoupling and 

decreased glycolysis-glucose oxidation coupling. Regarding UCP3, in left ventricles from rat 

hearts subjected to global ischaemia, mitochondrial UCP3 levels were considerably increased 
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(Safari et al., 2014) whereas UCP3 expression was unchanged in ischaemic pig hearts 

(McFalls et al., 2006). Concerning ANT, mitochondrial expression was surprisingly decreased 

after only 5 min of global ischaemia in the isolated rat heart (Duan and Karmazyn, 1989) and 

reduced by 20% compared to the control value in another similar study (Asimakis and Conti, 

1984). This reduction in ANT expression (and activity) during low-flow ischaemia was 

correlated to reduced oxidative phosphorylation (Lochner et al., 1981). Thus, in light of the 

literature it is difficult to deduce how TXNIP, UCP3 or ANT may have been affected by 

ischaemia in the present study. Nevertheless, it can be argued that neither perhexiline, nor 

FPER-1 altered their levels, relative to control, during ischaemia. 

 

4.4.6 Effects of perhexiline and FPER-1 on lactate release  

Lactate levels are elevated in the heart during ischaemia due to an increase in anaerobic 

glycolysis, and this was associated with PDH inactivation when measured in the isolated rat 

heart (Patel and Olson, 1984), thus suggesting glycolysis-glucose oxidation uncoupling. 

Clarke and co-workers (1993) also observed significant elevations in lactate release in guinea 

pig hearts subjected to low-flow ischaemia, accompanied by reduced tissue adenosine 

triphosphate (ATP) content. This raised the possibility that a decrease in lactate content with 

perhexiline or FPER-1 treatment would indicate improved glycolysis-glucose oxidation 

coupling, complementing the increase in PDH activity. However, pre-ischaemic perhexiline or 

FPER-1 perfusion did not alter lactate content in the post-ischaemic cardiac effluent samples, 

relative to the control. These results corroborate those of Kennedy and colleagues (2000) 

who observed no change in perfusate lactate release during ischaemia or reperfusion in rat 

hearts treated with 2 μM perhexiline or 0.5 mM oxfenicine. Interestingly, perhexiline did 
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inhibit lactate release from rat hearts during normal flow (Kennedy et al., 2000) and a 

perhexiline-induced increase in lactate utilisation was identified in the normoxic working rat 

heart model (Jeffrey et al., 1995). These studies suggest that perhexiline alters lactate 

release/utilisation in normoxia, a condition that was not assessed in the present study. 

Conversely ranolazine did reduce lactate release during low-flow ischaemia in the guinea pig 

heart (Clarke et al., 1993) and trimetazidine treatment supressed lactate plasma levels 

during cardiac ischaemia in the anaesthetised rat (Kara et al., 2006). This suggests that there 

may be mechanistic differences between these FA oxidation inhibitors and perhexiline/FPER-

1. 

 

4.4.7. Study limitations 

To assess the molecular mechanism(s) of perhexiline and FPER-1, Western blotting was used 

in the present study. This technique allows protein detection, without directly assessing 

activation, and thus can only indicate phosphorylation status from which changes in 

activation can be suggested. Therefore, it will be important in future studies, where possible, 

to use colorimetric or fluorometric assays which directly measure protein activity to fully 

interpret the present data. Importantly, as discussed in section 4.4.5, the effect of ischaemia 

alone on protein expression/phosphorylation was not measured therefore making it difficult 

to fully interpret the effects of drug treatment under this condition, but this could be 

resolved by carrying out gel electrophoresis with a mix of normoxic and ischaemic samples. 

Moreover, the n values used in the studies described in this chapter were based on power 

calculations from previous molecular work. In light of the trends observed with CPT1B, PDH 
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and Akt, retrospective power calculations revealed that group sizes of 9 to 15 would be 

required to fully interpret these results. 

 

Furthermore, although lactate content was not changed in the effluent samples from treated 

hearts, the number of samples used was low at only three per group. In addition, lactate was 

only measured post-ischaemia at one time point. As indicated above, lactate content may 

have been altered by the drugs during normoxia as previously observed (Kennedy et al., 

2000), and lactate content may have been reduced post-ischaemia relative to normoxic 

levels by the drugs used. In future studies, it would be helpful to take several samples for 

lactate assay at different time points pre- and post-ischaemia. It would also be useful to 

consider lactate levels within the cardiac tissue itself. Lastly, although key metabolic proteins 

such as PDH were investigated, it cannot be confirmed that changes in these proteins were 

associated with increases in cardiac energetics and ATP production as these parameters 

were not directly assessed. 

 

4.4.8. Future considerations 

With regards to the points discussed in section 4.4.7, it would be important to consider using 

activity assays i.e. for PDH and GSK3αβ to further validate the findings of this chapter. The 

use of metabolomic and proteomic screening on Langendorff cardiac samples perfused with 

perhexiline or FPER-1 would also be useful to further identify proteins and metabolites, in a 

less biased fashion, which are altered in this model and may be connected to the changes 

observed in the present study. It would also be useful to assess the effect of pre-ischaemic 

drug treatment on the expression/phosphorylation of the discussed proteins post-ischaemia 
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(during reperfusion), as previous studies have demonstrated changes in these proteins at 

this timepoint (Hausenloy and Yellon, 2007; Ngo et al., 2011; Liu et al., 2014). Additionally, 

measuring palmitate and glucose oxidation and/or uptake would be useful to fully determine 

the metabolic effects of these drugs. 

 

Importantly, a direct assessment of ATP production and/or mitochondrial respiration would 

be necessary to confirm that the drug-induced protection and protein changes observed 

were associated with improvements in cardiac energetics. Such assessments can be carried 

out by measuring ATP production either with colorimetric assay kits or bioluminescent 

assays following mitochondria isolation (Drew and Leeuwenburgh, 2003). Furthermore, 

energy sensing proteins such as 5' adenosine monophosphate-activated protein kinase 

(AMPK) would be useful markers of cardiac energetic status and can easily be assessed by 

Western blotting (Hardie et al., 2012). Another approach would be to measure oxygen 

consumption rate (OCR) as a marker of mitochondrial respiration (and thus ATP production) 

in cultured mouse cardiomyocytes treated with perhexiline or FPER-1 in combination with 

the highly sensitive Seahorse technique. The Seahorse assay was previously used to measure 

mitochondrial bioenergetics in rat cardiomyocytes following in vivo treatment with 

ranolazine or trimetazidine (Fang et al., 2012). In addition, the use of cultured 

cardiomyocytes would allow for various doses of the novel drug FPER-1 to be tested as well 

as various drug incubation times.  
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Lastly, it would be important to consider the effects of these drugs following chronic 

treatment either ex vivo or in vivo to allow comparison with the results obtained in the 

isolated heart model reported here, in which drug treatment was acute. 

 

4.4.9. Conclusion 

The aim of the studies described in this chapter was to identify possible mechanisms behind 

the protective effects induced in mouse hearts by perhexiline and its analogue FPER-1. 

Herein novel evidence is provided that both agents upregulate the cardiac contractility-

relaxation pathway by increasing PLB phosphorylation. This would be expected to decrease 

PLB inhibition over the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) pump involved in 

Ca2+ cycling. Whether this effect was direct or secondary to increases in cardiac energetics 

remains to be elucidated. Novel evidence is also provided that perhexiline increases glucose 

metabolism by upregulating PDH activity through dephosphorylation of Ser293 and Ser300. 

These effects were complemented by a decrease in GSK3αβ activity as judged by Ser21/9 

phosphorylation, a change that has been shown to inhibit PDH activity in neuronal cells. 

Importantly, these proteins were similarly targeted by FPER-1, the 10 μM dose having a 

greater effect on GSK3αβ, mirroring the functional results of Chapter 3. The present data 

also indicated that the pro-survival pathways Akt and ERK1/2, and the redox-sensitive 

proteins TXNIP, UCP3 and ANT, are not targets of perhexiline or FPER-1 in this model.  

 

Taken together, these results confirm the potential of both perhexiline and FPER-1 to correct 

metabolic dysfunction following ischaemia and importantly, provide evidence that these 

drugs target the same non-metabolic protein during normoxia.  



 

174 
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5.1. Introduction 

The results of the previous two chapters demonstrated the cardioprotective potential and 

mechanisms of perhexiline and the novel derivative fluoroperhexiline-1 (FPER-1), in the 

isolated mouse heart. Following these findings, these agents were assessed in vivo. 

 

As outlined in Chapter 1 (section 1.9), perhexiline was considered useful against angina, 

having minimal effects on the neurohormonal system (Ashrafian et al., 2007b) and being 

effective in patients who were non-responders of conventional treatments (White and Lowe, 

1983). Unfortunately, perhexiline’s therapeutic use was curtailed in the 1980s, following the 

emergence of severe neuro- and hepatotoxicity in several patient case studies (discussed in 

Chapter 1, section 1.10.1), which caused the rapid withdrawal of perhexiline from clinical use 

(Shah et al., 1982).  

 

Following investigations undertaken to identify the cause of perhexiline-induced toxicity, it 

was discovered that those suffering from severe toxicity had significantly higher drug plasma 

levels compared to those experiencing no symptoms (Singlas et al., 1978a). It was later 

established that the high drug plasma levels in subsets of patients were related to the 

heterogeneity of perhexiline metabolism by cytochrome P450 2D6 (CYP2D6) (detailed in 

Chapter 1, section 1.10.2). Genetic polymorphisms in CYP2D6 caused some patients to be 

‘poor metabolisers’ culminating in high and toxic drug plasma levels, resulting in sustained 



Chapter 5 

176 
 

systemic carnitine palmitoyltransferase 1 (CPT1) inhibition and thus systemic lipidosis (Meier 

et al., 1986). Due to this excessive CPT1 inhibition, isoforms in the liver (CPT1A) and brain 

(CPT1C) were undesirably targeted alongside the cardiac isoform (CPT1B), resulting in neuro- 

and hepatotoxicity. To avoid these effects, but remain therapeutic clinically, Horowitz and 

colleagues (1986) showed that plasma perhexiline concentrations should be maintained 

between 0.15 – 0.6 mg/L (0.5 – 2.2 μM). However, the necessity for constant plasma level 

monitoring proved unacceptably arduous. Furthermore, in patients with existing liver 

impairment or those on other CYP2D6-metabolised drugs, extra care would be required with 

perhexiline therapy, thereby reinforcing the need for a new drug.  

 

FPER-1 is hypothesised to retain similar efficacy as perhexiline without the metabolic liability 

or toxicity (Tseng et al., 2017). In fact, the results of the previous chapters indicated that 

FPER-1 does retain perhexiline’s efficacy ex vivo and therefore it was important to test both 

agents in vivo. However, prior to this it was essential to first assess potential toxicity and to 

identify optimal drug doses. 

 

Aims: 

1. To determine a safe and optimal route of drug administration in vivo in mice. 

2. To determine a safe, non-toxic and optimal dose of perhexiline and FPER-1 in vivo. 
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5.2. Methodology 

A detailed method is presented in Chapter 2, sections 2.7 to 2.10. Briefly, male C57Bl/6 mice 

(18 – 23 g) were used in one of four protocols (A to D) [Figure 2.12] with drugs prepared in 

0.5% sodium carboxymethyl cellulose (NaCMC)/0.1% vehicle solution.  

 

Protocol A (pilot study): Intraperitoneal injection (i.p) of vehicle, 30 mg/kg perhexiline or 

FPER-1 once daily for an intended 4 weeks (see Results, section 5.3.1) in mice 1 week post-

abdominal aortic constriction (AAC), conducted by Dr James Clark, London. Post-mortems 

were conducted on mice found dead.  

 

Protocol B: Oral gavage of 10 or 20 mg/kg perhexiline or FPER-1 once daily for 7 days in 

healthy mice, organs being harvested 24 h post-final dose. 

 

Protocol C: Oral gavage of 50 mg/kg perhexiline or FPER-1 twice daily for 7 days in healthy 

mice, organs being harvested 1, 8 or 24 h post-final dose. 

 

Protocol D: Oral gavage of 70 mg/kg perhexiline or FPER-1 once daily for 7 days in healthy 

mice, organs being harvested 1, 8 or 24 h post-final dose. 

 

 

At the point of harvest, blood was collected, plasma extracted and subjected to drug 

pharmacokinetics assessment by Professor Benedetta Sallustio’s group, Australia (section 

2.8) and colorimetrically assayed for alanine transaminase (ALT) content (hepatotoxicity 

marker; section 2.10). The right liver lobe was also isolated and fixed in 4% formaldehyde for 

histological analysis of liver damage, inflammation and fibrosis by staining sections with 

haematoxylin and eosin (H&E) or Van Gieson (section 2.9). 
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5.2.1. Statistical analysis 

All data in this chapter are expressed as means ±standard error of the mean (SEM). Drug 

plasma levels following 50 or 70 mg/kg perhexiline or FPER-1 dosing were statistically 

compared using two-way analysis of variance (ANOVA) with Bonferroni post-hoc test. One-

way ANOVA with Bonferroni post-hoc test was used to statistically compare ALT plasma 

levels between untreated controls and the vehicle-treated group as well as between drug-

treated groups and the vehicle-treated group at 1, 8 and 24 h. Graphpad Prism version 6.0 

was used for analysis. p<0.05 was considered statistically significant. Number of mice used is 

indicated in the figure legends. 

 

5.3. Results    

5.3.1. Survival and body weight of mice following perhexiline or FPER-1 administration 

In protocol A, daily i.p injection of 30 mg/kg perhexiline or FPER-1 in AAC mice proved lethal 

with 100% mortality in both drug groups by day 7 [Figure 5.1]. Mortality occurred as early as 

day 2 with 50% of injected mice dead by day 5 with perhexiline and day 6 with FPER-1. 

Furthermore, all perhexiline-injected mice and 5 out of 6 FPER-1-injected mice experienced 

weight loss >10% during the 7-day treatment [Table 5.1]. Drug-treated mice also appeared 

bloated with swollen abdomens and experienced reduced mobility prior to death. All 

vehicle-injected mice survived to day 7 although 4 out of 6 showed >10% weight loss 

suggesting intolerance to the injections and/or vehicle solution used.  

 

In contrast, in healthy mice, daily oral gavage of perhexiline or FPER-1 at 10, 20 or 70 mg/kg 

induced no mortality [Figure 5.1]. Additionally, weight loss >10% did not occur with the low 
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doses (10 or 20 mg/kg), and only 1 out of 9 mice showed >10% weight loss with 70 mg/kg 

perhexiline or FPER-1 gavage [Table 5.1]. In vehicle-gavaged mice, no weight loss >10% was 

observed and 100% survival achieved. However, twice-daily oral gavage with 50 mg/kg 

perhexiline or FPER-1 led to mortality (2 out of 9 mice) by day 7, the first death occurring at 

day 3 with FPER-1 and day 4 with perhexiline [Figure 5.1]. Moreover, 4 out of 9 mice 

gavaged twice daily with 50 mg/kg perhexiline and 3 out 9 mice given FPER-1 had weight loss 

>10% during the 1-week study [Table 5.1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.1. Survival of mice following daily administration of perhexiline or FPER-1 
 

Kaplan-Meier graphs showing percentage survival for A: perhexiline-treated mice & B: FPER-1-treated mice. 
 
i.p, intraperitoneally; p.o, orally. n = 6 mice for i.p; n = 2 mice for 10 and 20 mg/kg p.o and n = 9 mice for 50 
and 70 mg/kg p.o. 
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Table 5.1. Weight loss and survival of mice following daily administration of perhexiline or FPER-1  
 

Route of 
administration 

Treatment dose 
(mg/kg) 

% mice with >10% 
weight loss 

% survival at 
Day 7 

i.p once daily 
Vehicle 

66.7 100 
p.o once daily 0 100 
p.o twice daily 0 100 
i.p once daily 

Perhexiline 

30 100 0 
p.o once daily 10 0 100 
p.o once daily 20 0 100 
p.o twice daily 50 44.4 78 
p.o once daily 70 11.1 100 
i.p once daily 

FPER-1 

30 83.3 0 
p.o once daily 10 0 100 
p.o once daily 20 0 100 
p.o twice daily 50 33.3 78 
p.o once daily 70 11.1 100 

 
i.p, intraperitoneally; p.o, orally. n = 6 mice for i.p; n = 2 mice for 10 and 20 mg/kg p.o and n = 9 mice for 50 and 
70 mg/kg p.o. 

 

5.3.2. Plasma levels following oral gavage of perhexiline or FPER-1  

In protocol B, once-daily oral gavage of 10 mg/kg perhexiline or FPER-1 for 7 days, resulted in 

undetectable drug plasma levels at 24 h post-final administration. An increase to 20 mg/kg 

perhexiline only increased the plasma levels to 0.02 ±0.01 mg/L at 24 h post-treatment (n=2) 

and dosing of 20 mg/kg FPER-1 resulted in 0.1 mg/L FPER-1 (n=2). The perhexiline metabolite 

hydroxy (OH)-perhexiline was also undetectable with either 10 or 20 mg/kg perhexiline 

(n=2).  

 

In protocol C, oral gavage of 50 mg/kg perhexiline, given twice daily, achieved perhexiline 

plasma levels of 0.15 ±0.03 mg/L at 1 h post-final dose (within the therapeutic range: 0.15 – 

0.6 mg/L), but was not maintained at 8 or 24 h [Figure 5.2A]. In contrast, in protocol D, once-

daily dosing of 70 mg/kg perhexiline achieved significantly higher plasma levels at 1 h (0.63 
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±0.08 mg/L; p<0.0001) which remained in the therapeutic range at 8 h (0.22 ±0.07 mg/L), 

however this was not significantly different from the 50 mg/kg dose (p=0.05). Plasma levels 

of OH-perhexiline following 50 mg/kg perhexiline twice-daily gavage reached 0.09 ±0.03 

mg/L at 1 h, and fell at a similar rate as the parent drug over 24 h [Figure 5.2B]. However, 

metabolite levels following 70 mg/kg perhexiline once-daily gavage were significantly higher 

at 1 h (0.38 ±0.03 mg/L; p<0.001) and 8 h post-final dose (0.28 ±0.03 mg/L; p<0.001) than 

those achieved with 50 mg/kg perhexiline.  

 

Twice-daily gavage of 50 mg/kg FPER-1 achieved plasma levels of 3.27 ±0.36 mg/L at 1 h 

post-final dose and were above perhexilines’ therapeutic range at 24 h (1.46 ±0.18 mg/L) 

[Figure 5.2C]. Plasma levels following 70 mg/kg FPER-1 once-daily gavage were not 

significantly different from those achieved with 50 mg/kg FPER-1 (p=0.42), being 3.94 ±0.44 

mg/L at 1 h post-final gavage, falling to 1.19 ±0.05 mg/L at 24 h. For both 50 and 70 mg/kg 

FPER-1, plasma levels were significantly higher than those achieved for perhexiline at the 

same given dose (p<0.0001). In addition, with 50 or 70 mg/kg perhexiline, plasma levels fell 

to IC50 by ~6.5 or 6.2 h respectively, whereas 50 or 70 mg/kg FPER-1 reached IC50 at ~19.2 or 

18.2 h respectively. 
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5.3.3. Liver integrity, fibrosis and function following oral gavage of perhexiline or FPER-1  

To assess liver integrity, sections were stained with H&E [Figure 5.3]. For reference 

purposes, a liver section with severe necrosis and loss of integrity is shown by black arrows 

in Figure 5.3A and a section with severe inflammation is shown in Figure 5.3B (inflammatory 

cells stained blue and boxed in red) (Sjölin et al., 2002). Livers harvested from mice gavaged 

with either perhexiline or FPER-1, irrespective of dose, demonstrated no signs of necrosis, 

Figure 5.2. Plasma levels of perhexiline, its metabolite and FPER-1 following 50 or 70 mg/kg oral gavage 
 

Plasma levels of A: perhexiline & B: perhexiline metabolite hydroxy (OH)-perhexiline over 24 h, following oral 
gavage (p.o) with 50 (P50) or 70 mg/kg perhexiline (P70). C: Plasma levels of FPER-1 over 24 h following oral 
gavage with 50 (F50) or 70 mg/kg FPER-1 (F70). Data are presented as mean ±SEM; n = 3 mice. ***p<0.001 vs 
50 mg/kg dose; ****p<0.0001 vs 50 mg/kg dose (Two-way ANOVA followed by Bonferroni post-hoc test). 
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loss of integrity or severe inflammation compared to livers from vehicle-treated mice; 

hepatocytes were intact and the hepatic vasculature appeared healthy [Figure 5.3]. 

However, minute clusters of inflammatory cells were present, albeit rarely, in some liver 

sections from mice treated with 70 mg/kg drug, 24 h post-final gavage (boxed in red) [Figure 

5.3N+V].   

 

To assess fibrosis, additional liver sections were stained with Van Gieson, which stains 

collagen in red (black arrows) [Figure 5.4] (Soldatow et al., 2013). As a reference, a liver 

section with severe pericellular fibrosis and perisinusoidal collagen deposition is shown in 

Figure 5.4A (Tomita et al., 2013), whilst a liver section with thick bundles of proliferous 

collagen fibres and pseudo-lobules is shown in Figure 5.4B (Li et al., 2015). There was no 

evidence of fibrosis or increased collagen deposition around individual hepatocytes or 

hepatic vessels in any liver examined from drug-treated mice; they resembled the vehicle-

treated livers [Figure 5.4]. 
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Figure 5.3. Photomicrographs of liver sections stained to assess liver integrity and inflammation following 1-
week oral gavage with perhexiline or FPER-1   
 

A+B: For reference, sections showing liver necrosis and inflammatory foci respectively from Sjölin et al. (2002).  
 
Representative liver sections from C-F: vehicle-treated mice, G-N: perhexiline-treated mice & O-V: FPER-1-
treated mice. Doses are indicated on sections as: perhexiline (P) or FPER-1 (F) at 10, 20, 50 or 70 mg/kg, given 
once daily or twice daily (x2), harvested at 1, 8 or 24 h post-final gavage. All sections were stained with 
haematoxylin and eosin and scanned with x20 objective. Scale bar = 100 μm. Black arrow = necrosis. Red box = 
inflammation. n = 2-3 mice 
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Figure 5.4. Photomicrographs of liver sections stained to assess liver fibrosis following 1-week oral gavage 
with perhexiline or FPER-1 
 

A+B: For reference, a section showing pericellular liver fibrosis from Tomita et al. (2013) and a section 
showing fibrosis and pseudo-lobules from Li et al. (2015) respectively.  
 
Representative liver sections from C-F: vehicle-treated mice, G-N: perhexiline-treated mice & O-V: FPER-1-
treated mice. Doses are indicated on sections as: perhexiline (P) or FPER-1 (F) at 10, 20, 50 or 70 mg/kg, given 
once daily or twice daily (x2), harvested at 1, 8 or 24 h post-final gavage. All sections were stained with Van 
Gieson and scanned with x20 objective. Scale bar = 100 μm. Black arrow = fibrosis. n = 2-3 mice.  
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Liver toxicity was also assessed by measuring plasma ALT levels in mice gavaged with 

perhexiline or FPER-1 at 50 or 70 mg/kg, doses which achieved detectable drug plasma levels 

[Figure 5.5]. 

 

Plasma ALT levels were not significantly altered following vehicle treatment compared to 

non-gavaged control mice (p=0.2), and were comparable at 1, 8 and 24 h post-final gavage 

[Figure 5.5]. In addition, ALT levels in mice treated with 50 or 70 mg/kg perhexiline or FPER-1 

were not significantly different from vehicle-treated mice at 1, 8 or 24 h post-gavage 

(p=0.24, 0.13 and 0.25 respectively).  

 

 

 

 

 

 

 

 

 

5.4. Discussion  

In previous cardiovascular animal studies, perhexiline has been given transdermally (Unger 

et al., 1997), orally using food pellets (Meier et al., 1986; Yin et al., 2013), orally by manual 

restraint and gavage (Guo et al., 2015; Esposito et al., 2016) or i.p through manual restraint 

Figure 5.5. Plasma ALT levels following 1-week oral gavage with perhexiline or FPER-1 
  

Plasma ALT levels measured in control (Ctrl) non-gavaged mice, and in mice gavaged with vehicle, 50 mg/kg 
perhexiline or FPER-1 twice daily, or 70 mg/kg perhexiline or FPER-1 once daily for 1 week, at 1, 8 or 24 h post-
final treatment. Data are presented as mean ±SEM; n = 3-6 mice.  
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and injection (Gehmlich et al., 2015). Of these studies, Gehmlich and colleagues (2015) were 

the only group to use prolonged perhexiline treatment; in their mouse model of 

hypertrophic cardiomyopathy (HCM), perhexiline injected twice daily at 30 mg/kg for 6 

weeks induced improvements in hypertrophy. Therefore, in the present study pilot 

experiments were first performed on AAC mice (a heart failure model) in collaboration with 

King’s College London, 30 mg/kg perhexiline or FPER-1 being given once daily by i.p injection, 

1 week post-surgery. The intention was that mice would be treated for 4 weeks since 

hypertrophy commences approximately 2 weeks post-surgery (Boguslavskyi et al., 2014). 

Unfortunately, i.p drug injection proved fatal with significant weight loss and mortality in 

both drug groups. The vehicle group also showed weight loss. It is known that introducing 

irritable substances into the peritoneum can lead to peritonitis or painful ileus, which can 

affect feeding (Turner et al., 2011). Indeed, the mice of the present study showed no obvious 

signs of inflammation or infection, but had empty bowels suggesting reduced feeding – a 

possible reason for the weight loss. Therefore, it seems likely the injected drugs accumulated 

within the abdomen, and were poorly absorbed due to the nature of the vehicle solution 

used.  

 

The protocol/solution used to prepare FPER-1 in the present study was trialled and tested by 

Signal Pharma and compatible with this new drug (Tseng et al., 2017). For consistency, 

perhexiline was prepared in the same manner, which involved dissolving into a starch based 

solution (0.5% NaCMC in sterile water). NaCMC at concentrations of 10% have been 

established as non-toxic to the lung, heart, kidney and liver when given orally for 3 months in 

mice (Mondal and Yeasmin, 2016), but its safety when given i.p is unknown. Gehmlich and 
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colleagues (2015) who purified perhexiline from perhexiline maleate tablets, dissolved it in 

1.8% hydroxylpropyl-beta-cyclodextrin in sterile saline and administered by i.p, reported no 

severe changes in body weight. This suggests that the present vehicle solution was not 

appropriate for i.p administration. P.P. Liu and co-workers (2016) also used i.p perhexiline 

injections in mice with chronic lymphocytic leukaemia without adverse effects, but the 

nature of the vehicle solution used was not provided. 

 

Having found that i.p injection was not a viable option for these studies alternative routes of 

administration were considered. In a study on heterotopic ossification in mice, perhexiline 

was mixed with food powder and given orally for 30 days, with mice fed ad libitum (R. 

Yamamoto et al., 2013). Perhexiline was also added to food pellets in the studies by Meier et 

al. (1986) and Yin et al. (2013). This method was not attractive because accurate dosing 

could not be ensured. The alternative, more consistent method of oral treatment is oral 

gavage: Guo and colleagues (2015) gave perhexiline three times a week for 6 weeks at 10 

mg/kg, without side effects, in atherosclerotic mice. Oral gavage of perhexiline is also used in 

oncology research (Ren et al., 2015; Vella et al., 2015). Moreover, perhexiline was given 

orally in a 0.5% methylcellulose solution to Sprague-Dawley rats in a toxicology study 

(Yudate et al., 2012) and orally in 1% methylcellulose in a mouse model of peripartum 

cardiomyopathy (Stapel et al., 2017) indicating that NaCMC would be appropriate for oral 

treatment. Therefore, oral gavage was chosen as the route of administration for subsequent 

experiments, and drug pharmacokinetics conducted on all gavaged mice to determine which 

perhexiline dose would achieve therapeutic plasma levels (0.15 – 0.6 mg/L) and whether this 

would be maintained over 24 h. 
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Oral gavage was commenced at 10 mg/kg as this had been deemed safe by Guo and co-

workers (2015) and by preliminary studies with both perhexiline and FPER-1 conducted by 

Signal Pharma (Tseng et al., 2017). Consistent with these studies, 10 mg/kg perhexiline or 

FPER-1 led to no fatalities or obvious adverse effects in the present study. Unfortunately, 10 

mg/kg perhexiline or FPER-1 did not achieve detectable plasma levels 24 h post-treatment. 

This was consistent with unpublished work by Signal Pharma in which BALB/c mice were 

gavaged daily with 10 mg/kg perhexiline or FPER-1 (personal communication). In that study, 

plasma levels were detectable 1 h post-gavage (0.12 mg/L perhexiline and 0.66 mg/L FPER-

1), 4 h post-gavage (0.03 mg/L perhexiline and 0.13 mg/L FPER-1) but fell to near 0 at 8 h. 

Similarly, in recent work on Sprague-Dawley rats, Signal Pharma showed that gavage with 10 

mg/kg perhexiline or FPER-1 led to low drug plasma levels at 1 h (0.1 mg/L perhexiline and 

0.39 mg/L FPER-1) and at 8 h post-gavage (0.03 mg/L perhexiline and 0.18 mg/L FPER-1) 

(Tseng et al., 2017). Based on these studies a dose of 10 mg/kg by gavage was considered 

too low to achieve drug plasma levels within the therapeutic range in mice.  

 

Increasing the dose to 20 mg/kg perhexiline or FPER-1 daily gavage proved unsuccessful, 

plasma levels at 24 h post-treatment being only 0.02 and 0.01 mg/L respectively. Gehmlich 

et al. (2015) reported perhexiline plasma levels of 0.59 ±0.16 mg/L following twice-daily i.p 

injections at 30 mg/kg, but the time point at which plasma was taken was not reported. 

Therefore, it seemed prudent to test higher drug doses for gavage in the present study. In a 

recent leukaemia study, C57Bl/6 mice were treated for 5 days with perhexiline at 53.68 

mg/kg (route of administration and doses per day not stated) with no reported side effects 

(Schnell et al., 2015). In a pharmacokinetics study, Esposito and colleagues (2016) reported 
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that one oral gavage dose of 70 mg/kg perhexiline in C57Bl/6 mice achieved drug plasma 

levels of 1 – 2 mg/L at 1 h and was still detectable at 24 h. Moreover, higher perhexiline 

doses of 100 mg/kg (R.Yamamoto et al., 2013) and 400 mg/kg (Ren et al., 2015) have been 

given orally in mice, without toxicity or adverse effects. Therefore, the present study was 

continued with 50 mg/kg gavage for 7 days conducted twice daily and finally, a single dose of 

70 mg/kg daily for 7 days in line with the study by Esposito et al. (2016). 

 

The present results revealed that twice-daily gavage of 50 mg/kg perhexiline reached 

therapeutic plasma levels (0.15 ±0.03 mg/L; therapeutic range: 0.15 – 0.6 mg/L) at 1 h post-

final treatment but fell below this by 8 h. Conversley, mice receiving the once-daily 70 mg/kg 

perhexiline demonstrated perhexiline levels within the therapeutic range at 1 h post-gavage 

(0.63 ±0.08 mg/L), and remained within the therapeutic range at 8 h (0.22 ±0.07 mg/L). 

Moreover, twice-daily dosing with perhexiline was accompanied by increased side effects as 

assessed by increased weight loss and death of 2 out of 9 mice tested, even though 

histopathology and plasma ALT assessment indicated that 50 mg/kg perhexiline was not 

hepatotoxic. This suggested that the two gavages per day were causing adverse effects. 

Rather, it seems likely that the deaths were caused by drug-induced irritation of the 

oesophagus which had a negative impact on feeding when they were gavaged twice daily. In 

contrast, the single 70 mg/kg dose was not accompanied by severe weight loss or mortality; 

it achieved a therapeutic level of the drug systemically for 8 h and was therefore a dose that 

could be used in functional studies (see Chapter 6). As expected, perhexiline metabolite (OH-

perhexiline) was present at lower levels than perhexiline itself, falling at a similar rate over 

the 24 h period with both 50 and 70 mg/kg doses, indicating normal perhexiline metabolism.  
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Regarding FPER-1, plasma levels achieved with both 50 and 70 mg/kg were significantly 

higher than perhexiline, remained high 8 h later, with detectable levels at 24 h post-final 

gavage that were above perhexiline’s therapeutic range. These high levels corroborate the 

stability and altered metabolism of this new derivative achieved by the addition of a 4,4-

difluoro group to one of the cyclohexyl rings i.e. the site of drug metabolism. Importantly, 

the two FPER-1 dosing regimens achieved similar plasma levels at each time point. FPER-1 

stability was also highlighted by the time taken to fall to IC50 following FPER-1 treatment, 

which was greater than that for perhexiline at both the 50 and 70 mg/kg doses. These 

findings were consistent with our pharmacokinetics results (Tseng et al., 2017): FPER-1 was 

present at higher plasma levels than perhexiline for the same given dose in mice and rats.  

 

As observed with perhexiline, mice subjected to twice-daily gavage of FPER-1 showed 

significant weight loss, with 2 out of 9 mice dead by day 7, but liver histology and plasma ALT 

levels indicated this was not due to liver toxicity, again suggesting the adverse effects were 

related to the additional gavage. By contrast, survival following single dosing with 70 mg/kg 

demonstrated that high FPER-1 plasma levels are tolerable and safe. Interestingly, the drug 

plasma levels achieved 1 h post-gavage with 70 mg/kg FPER-1 (3.94 mg/L or 12.6 μM) were 

~5.5 fold greater than that achieved with 70 mg/kg perhexiline (0.63 mg/L or 2.3 μM). The 

results of Chapters 3 and 4 showed that 10 μM FPER-1, a dose 5-fold greater than the 

therapeutic 2 μM dose of perhexiline, was required to induce the same protection and 

molecular effects in isolated mouse hearts. Therefore, these data are internally consistent. 

Taking all of this into consideration, once-daily doses of 70 mg/kg perhexiline or FPER-1 were 
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regarded as optimal for achieving perhexiline plasma levels within the therapeutic range and 

appropriate to use in the in vivo model of cardiac hypertrophy and failure (Chapter 6). 

 

Following pharmacokinetics assessment, the next priority was to assess whether acute 

administration of perhexiline or FPER-1 at the doses measured were hepatotoxic or safe in 

vivo, given that perhexiline has a long history of hepatotoxicity (Shah, 2006). Using the well-

established technique of liver histology (Soldatow et al., 2013), it was confirmed that 

perhexiline maintained within the therapeutic range was safe following 1-week oral 

administration and that the new derivative was safe when given at the same dose. 

Consistent with this, plasma ALT, which is released from hepatocytes into the blood 

following injury (Gowda et al., 2009), was not altered following drug treatment, falling within 

the normal ALT range (66.5 ±184.9 U/L) for C57Bl/6 mice (Charles River, 2011) at all doses 

and time points.  

 

5.4.1. Study limitations 

To assess perhexiline and FPER-1 toxicity in vivo and to determine a safe and optimal dose 

mice were treated with various drug doses. However, only two routes of administration 

were assessed, i.p and oral gavage, of which gavage was optimal, based on fewer adverse 

effects. For future studies, especially if longer treatment windows are required, slow drug 

infusion by osmotic minipumps may be considered as this is less stressful to the animal and 

more convenient (Doucette et al., 2000). Use of this implanted device would avoid adverse 

effects in heart rate and body temperature, which daily restraint induces in mice (Meijer et 

al., 2006). Osmotic pumps may also enable the drug doses to remain constant and within the 
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therapeutic range throughout the day rather than falling by 8 h post-gavage. In addition, 

only four oral doses were assessed and therefore, it is possible that a dose between 50 and 

70 mg/kg would have achieved therapeutic and non-toxic plasma levels. Moreover, only 

acute drug toxicity was assessed as mice were treated with perhexiline/FPER-1 for just 1 

week, whereas serious perhexiline-induced toxicity takes around 3 months to develop in 

patients (Killalea and Krum, 2001). Thus, the present data do not guarantee that 

prolonged/chronic drug treatment would be non-toxic.  

 

5.4.2. Future considerations 

Having established that 70 mg/kg perhexiline provides plasma levels within the therapeutic 

range at 1 and 8 h post-treatment, a comprehensive time course would be useful to not only 

determine peak plasma levels prior to 1 h but also the rate of decay between 1 and 8 h and 8 

and 24 h. The period of time over which perhexiline is likely to remain therapeutic could 

then be assessed. Furthermore, it would be important to measure drug levels within the 

myocardium itself and in at risk organs such as the liver. Licari and colleagues (2015) had 

discovered that perhexiline accumulates ~16.6-fold more in the plasma than liver in Sprague 

Dawley rats and ~20.4-fold greater in the plasma than liver in Dark Agouti rats. Such 

information would be useful for establishing a safe dose in mice. 

 

As perhexiline-induced toxicity involves non-specific CPT1 inhibition resulting in systemic 

phospholipidosis, measuring fatty infiltration in liver sections would be useful as 

microvesicular steatosis was previously observed in patients on long-term perhexiline 

medication (Pessayre et al., 1979; Forbes et al., 1979; Lewis et al., 1979; Le Gall et al., 1980). 
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Importantly, future studies should assess peripheral neurotoxicity in perhexiline- and FPER-

1-treated mice as this adverse effect was present in many patients (Fraser et al., 1977; 

Singlas et al., 1978b; Shah et al., 1982). Experimental assessment of peripheral neurotoxicity 

could include Von Frey hair mechanical stimulation to determine peripheral neural function, 

although this may not be as sensitive in mice (Hogan et al., 2004), or alternatively nerve 

velocity conductance measurements (Renn et al., 2011). 

 

5.4.3. Conclusion 

The present 1-week dosing study established that daily gavage of perhexiline or FPER-1 at 70 

mg/kg is a suitable route of drug administration and dose when prepared in a starch-based 

solution. On the other hand, although 50 mg/kg perhexiline given twice daily achieved 

plasma levels within the therapeutic range at 1 h, this was accompanied by significant 

adverse effects probably attributable to the twice-daily gavage. Importantly, the present 

pharmacokinetics assessment demonstrated that FPER-1 is metabolised at a slower rate than 

perhexiline, plasma levels being much greater for the same dose, therefore highlighting the 

differences in their pharmacokinetics. Despite the higher drug plasma levels in FPER-1-

treated mice, there was no evident difference in weight or survival relative to perhexiline-

treated mice, indicating that high FPER-1 plasma levels are well-tolerated. Liver 

histopathology and plasma ALT also confirmed that when given acutely, perhexiline and 

FPER-1 are not hepatotoxic. With this background, a safe methodology and optimal dosing 

regimen for drug treatment had now been achieved to determine the therapeutic efficacy of 

perhexiline and FPER-1 in vivo. 
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6.1. Introduction  

In Chapter 3 and 4 perhexiline and fluoroperhexiline-1 (FPER-1) were demonstrated as 

protective ex vivo in the isolated mouse heart, by targeting metabolic and non-metabolic 

proteins. In Chapter 5, a safe in vivo dose of both drugs was identified, which achieved 

perhexiline plasma levels within the therapeutic range. With this foundation, these drugs 

could now be tested for therapeutic efficacy in a model of cardiac hypertrophy and 

progression to failure.  

 

As discussed in Chapter 1 (section 1.7), metabolic dysfunction occurs in both heart failure 

with reduced ejection fraction (HFrEF) and heart failure with preserved ejection fraction 

(HFpEF) (Neubauer et al., 2007; Hunter et al., 2016) and thus perhexiline, a metabolic 

modulator, is considered an alternative therapeutic agent (Owan et al., 2006). The metabolic 

disturbances of HF include decreased fatty acid (FA) oxidation (Sack et al., 1996; Pellieux et 

al., 2006), decreased glucose oxidation (Doenst et al., 2010; Zhabyeyev et al., 2013), 

uncoupling of glycolysis from glucose oxidation with incomplete compensation via 

anaplerotic pathways (Sorokina et al., 2007) and oxidative stress (Tsutsui et al., 2011). In 

combination these lead to detrimental changes in mitochondrial morphology (Dai et al., 

2012) and impaired cardiac energetics (Neubauer et al., 1992). This in turn causes an 

imbalance between energy demand and supply, culminating in cardiac dysfunction and 

remodelling (Tuomainen and Tavi, 2017).  
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As outlined in Chapter 1 (section 1.11.1), so far perhexiline therapy has been promising in 

patients with HFrEF (Lee et al., 2005; Beadle et al., 2015) or hypertrophic cardiomyopathy 

(HCM) (Abozguia et al., 2010), by improving symptoms and attenuating cardiac dysfunction 

in parallel to improving muscle energetics. In vivo, perhexiline has had similar benefits by 

improving cardiac function and metabolism in mice with HF (Stapel et al., 2017) or HCM 

(Gehmlich et al., 2015).  

 

However, perhexiline has yet to be tested in a pressure overload model of cardiac 

hypertrophy progressing to HF. In addition, discrepancies exist with regards to perhexiline’s 

therapeutic benefits and cardioprotective mechanism, despite therapeutic plasma levels 

being used; in patients with left ventricular (LV) hypertrophy undergoing coronary artery 

bypass graft (CABG) surgery, perhexiline treatment did not provide myocardial protection 

(Senanayake et al., 2015), whilst Beadle and colleagues (2015) observed improvements in 

function but no change in cardiac substrate utilisation. Furthermore, due to the highly 

variable metabolism of perhexiline, constant plasma level monitoring and dose titration is 

required to avoid toxicity (Lee et al., 2005; Phan et al., 2009b). Lastly, the novel derivative, 

FPER-1, has not been tested in an in vivo model of cardiac disease. Therefore the key 

objective of the work in this chapter was to determine whether perhexiline and FPER-1 could 

delay HF progression, and if so, by which molecular mechanism(s).  

 

Aims: 

1. To establish an in vivo murine model of cardiac hypertrophy and progression to HF. 
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2. To determine whether perhexiline and FPER-1 delay the progression from cardiac 

hypertrophy to HF.  

3. To determine potential cardioprotective molecular mechanism(s) of perhexiline and FPER-

1 in vivo, in a model of cardiac hypertrophy and progression to HF.  

 

6.2. Methodology 

A detailed methodology is presented in Chapter 2, sections 2.8 to 2.14. Briefly, male C57Bl/6 

mice (18 – 23 g) were subjected to pressure overload following abdominal aortic constriction 

(AAC) for 5 weeks, to induce hypertrophy and HF [Figure 2.18]. AAC was conducted under 

general anaesthesia; the abdominal aorta constricted at a suprarenal level against a 27-

gauge needle, by careful placement of a ligature. Sham-operated mice were subjected to a 

similar surgical procedure with the exception of AAC. Cardiac function and dimensions were 

measured pre-surgery (baseline) and post-surgery (week 1, 3 and 5) using echocardiography 

(section 2.11). Thus, parasternal images of the left side of the heart were taken to measure 

LV ejection fraction (EF), fractional shortening (FS) (markers of cardiac function; primary end-

points) and the following parameters at end-diastole and end-systole: LV volume, LV internal 

diameter (LVID), interventricular septal wall (IVS) thickness, LV posterior wall (LVPW) 

thickness and LV anterior wall (LVAW) thickness (all markers of cardiac remodelling; 

secondary end-points). Aortic and mitral valve variables were also measured using pulse-

wave Doppler imaging. The LV mass-to-body weight (BW) ratio (LV mass/BW) at each time 

point and heart weight-to-BW ratio (HW/BW) at week 5 were also calculated as 

morphometric markers. 
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To establish the model, mice were first subjected to AAC without treatment, and then 

randomised to one of four groups: 1) sham-operated vehicle-treated, 2) AAC vehicle-treated, 

3) AAC 70 mg/kg perhexiline-treated and 4) AAC 70 mg/kg FPER-1-treated. Treated mice 

were orally gavaged once daily, from 1 week post-surgery, until week 5 when mice were 

sacrificed. Blood was collected, plasma extracted and subjected to drug pharmacokinetics 

assessment by Professor Benedetta Sallustio’s group, Australia (section 2.8), and 

colorimetrically assayed for the hepatotoxicity marker alanine transaminase (ALT) (section 

2.10) and immunoassayed for the HF marker brain natriuretic peptide (BNP) (section 2.13). 

Hearts from sham-operated and AAC-treated mice were isolated, cannulated, perfused with 

standard Krebs-Henseleit buffer (KHB) and snap-frozen for Western blotting (section 2.6 and 

2.14). Additionally, the right liver lobe was harvested and fixed in 4% formaldehyde for 

histological assessment of liver damage and fibrosis by staining sections with haematoxylin 

and eosin (H&E) or Van Gieson (section 2.9). 

 

6.2.1. Statistical analysis 

Data within this chapter are expressed as means ±standard error of the mean (SEM). Two-

way analysis of variance (ANOVA) with Bonferroni post-hoc test was used to compare 

echocardiographic data between untreated AAC mice and sham-operated mice and the 

week post-AAC (week 1, 3 and 5) to baseline, as well as between vehicle-treated AAC mice to 

drug-treated AAC mice (70 mg/kg perhexiline or FPER-1). The HW/BW ratio between sham 

and AAC untreated mice and BNP plasma levels between sham and vehicle-treated AAC mice 

were compared using an unpaired t-test. Differences in body weight at week 5, ALT plasma 

levels and protein expression and/or phosphorylation between each group was determined 
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using a one-way ANOVA with Bonferroni post-hoc test. Graphpad Prism version 6.0 was used 

for all analysis. p<0.05 was considered statistically significant. Number of mice used is 

indicated in the figure legends. 

 

6.3. Results  

6.3.1. Establishing the model of abdominal aortic constriction in mice  

To establish the in vivo model, multiple parameters of cardiac function and dimension were 

compared in AAC and sham-operated mice.  

 

6.3.1.1. Cardiac function and hypertrophy following AAC  

As expected, the echocardiographic data demonstrated that EF and FS remained unchanged 

over the 5-week protocol in sham-operated mice (p>0.99 for both) [Figure 6.1B+C, open 

bars]. By contrast, EF in AAC mice was significantly reduced from 71.8 ±1.3% to 61.3 ±0.7% 3 

weeks post-surgery (p<0.0001), with a further significant reduction to 51.9 ±1.5% 5 weeks 

post-surgery (p<0.0001) [Figure 6.1B, grey bars]. In addition, FS decreased significantly by 

week 3 (p<0.0001), with a further decrease by week 5 post-constriction relative to baseline 

(p<0.0001) [Figure 6.1C], these reductions were significant compared to the sham controls 

(p<0.0001 for all). Similarly, sham-operated mice showed no change in LV mass/BW ratio 

(p>0.99), whereas AAC mice showed a significant increase in LV mass/BW by week 3 (1.3-

fold; p<0.05) and a further increase at week 5 relative to baseline (1.4-fold; p<0.001) and 

sham controls (1.5-fold; p<0.001) [Figure 6.1D]. Furthermore, the HW/BW ratio was also 

significantly greater in the AAC mice 5 weeks post-surgery than in the sham group (1.4-fold; 

p<0.001) [Figure 6.1E]. Heart weight was significantly lower in AAC mice relative to the sham 
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controls (1.5-fold; p<0.01) [Figure 6.10F] whilst body weight was not different [Figure 

6.10G].  
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Figure 6.1. Cardiac function and hypertrophy following 5 weeks of AAC 
 

Values measured in sham and AAC untreated mice, pre-surgery (baseline) and post-surgery (week 1, 3 and 5). 
A: Representative echocardiographic M-mode images 5 weeks post-constriction. B: Percentage ejection 
fraction (EF). C: Percentage fractional shortening (FS). D: Left ventricular (LV) mass-to-body weight (BW) ratio.  
E: Heart weight (HW)-to-body weight (BW) ratio. F: Heart weight. G: Body weight. Data are presented as mean 
±SEM; n = 6-10 mice. #p<0.05 vs Baseline; ###p<0.001 vs Baseline; ####p<0.0001 vs Baseline; **p<0.01 vs 
Sham; ***p<0.001 vs Sham; ****p<0.0001 vs Sham (Two-way ANOVA followed by Bonferroni post-hoc test).
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6.3.1.2. Cardiac remodelling at end-diastole and end-systole following AAC  

Again, as expected LV end-diastolic volumes and dimensions in sham-operated mice, 

remained unchanged during the 5-week protocol (p>0.99 for all) [Figure 6.2]. Furthermore, 

the LV volume and LVID at diastole were not significantly altered in AAC mice relative to 

baseline (p=0.05 and >0.99 respectively) or sham controls (p=0.06 and >0.99 respectively) 

[Figure 6.2A+B]. In contrast, IVS and LVAW thickness significantly increased by week 3 (1.2-

fold; p<0.01 and 1.2-fold; p<0.05 respectively) in AAC mice, with a further increase 5 weeks 

post-constriction relative to baseline (1.3-fold; p<0.0001 and 1.3-fold; p<0.01 respectively) 

and sham controls (1.3-fold; p<0.01 and 1.3-fold; p<0.05 respectively) [Figure 6.2C+D]. In 

addition, the LVPW thickness was significantly increased in AAC mice by week 3 and 5 when 

compared to baseline (1.3-fold; p<0.001 and 1.4-fold; p<0.0001 respectively) and sham 

controls (1.4-fold; p<0.001 and 1.5-fold; p<0.0001 respectively) [Figure 6.2E]. 

 

Similarly, LV end-systolic volumes and dimensions remained unchanged in sham-operated 

mice during the protocol (p>0.99 for all) [Figure 6.3]. In contrast, there was a significant 

increase in LV end-systolic volume and LVID in AAC mice at week 3 (1.5-fold; p<0.01 and 1.2-

fold; p<0.01 respectively), with a further increase at week 5 relative to baseline (2.1-fold; 

p<0.0001 and 1.3-fold; p<0.0001 respectively) and sham-operated mice (1.5-fold; p<0.01 and 

1.2-fold; p<0.01 respectively) [Figure 6.3A+B]. However, IVS, LVAW and LVPW thickness 

were not significantly altered following AAC during the 5-week study (p=0.98, >0.99 and 0.06 

respectively) [Figure 6.3C-E].  
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Figure 6.2. Cardiac volumes and dimensions at end-diastole following 5 weeks of AAC 
 

Values measured in sham and AAC untreated mice, pre-surgery (baseline) and post-surgery (week 1, 3 and 5) 
at end-diastole. A: Left ventricular (LV) volume. B: Left ventricular internal diameter (LVID). C: Interventricular 
septal wall (IVS) thickness. D: Left ventricular anterior wall (LVAW) thickness. E: Left ventricular posterior wall 
(LVPW) thickness. Data are presented as mean ±SEM; n = 6-10 mice. #p<0.05 vs Baseline; ##p<0.01 vs 
Baseline; ###p<0.001 vs Baseline; ####p<0.0001 vs Baseline; *p<0.05 vs Sham; **p<0.01 vs Sham; ***p<0.001 
vs Sham; ****p<0.0001 vs Sham (Two-way ANOVA followed by Bonferroni post-hoc test).  
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Figure 6.3. Cardiac volumes and dimensions at end-systole following 5 weeks of AAC 
 

Values measured in sham and AAC untreated mice, pre-surgery (baseline) and post-surgery (week 1, 3 and 5) 
at end-systole. A: Left ventricular (LV) volume. B: Left ventricular internal diameter (LVID). C: Interventricular 
septal wall (IVS) thickness. D: Left ventricular anterior wall (LVAW) thickness. E: Left ventricular posterior wall 
(LVPW) thickness. Data are presented as mean ±SEM; n = 6-10 mice. ##p<0.01 vs Baseline; ####p<0.0001 vs 
Baseline; **p<0.01 vs Sham (Two-way ANOVA followed by Bonferroni post-hoc test).  
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6.3.1.3. Aortic and mitral valve variables following AAC  

Aortic and mitral valve Doppler measurements did not change in sham-operated mice during 

the 5-week study (p>0.99 for all) [Figure 6.4]. In contrast, in AAC mice, both aortic peak 

velocity and peak gradient increased significantly at week 3 (1.2-fold; p<0.01 and 1.5-fold; 

p<0.01 respectively), with a further increase at week 5 relative to baseline (1.4-fold; 

p<0.0001 and 1.2-fold; p<0.0001 respectively) and sham controls (1.5-fold; p<0.0001 and 

2.1-fold; p<0.001 respectively) [Figure 6.4A+B]. In addition, aortic VTI significantly increased 

in AAC mice at week 3 (1.3-fold; p<0.01) and week 5 when compared to baseline (1.2-fold; 

p<0.05) and sham controls (1.4-fold; p<0.05 and 1.5-fold; p<0.01 respectively) [Figure 6.4C]. 

However, all mitral valve variables (VTI, peak velocity, peak gradient and E/A ratio) remained 

unaltered during the 5-week study in AAC mice (p>0.99 for all) [Figure 6.4D-G]. 
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Figure 6.4. Aortic and mitral valve variables following 5 weeks of AAC 
 

Values measured in sham and AAC untreated mice, pre-surgery (baseline) and post-surgery (week 1, 3 and 5). 
A: Aortic peak velocity. B: Aortic peak gradient. C: Aortic velocity time integral (VTI). D: Mitral velocity time 
integral (VTI). E: Mitral peak velocity. F: Mitral peak gradient. G: Mitral E/A ratio. Data are presented as mean 
±SEM; n = 6-10 mice. #p<0.05 vs Baseline; ##p<0.01 vs Baseline; ####p<0.0001 vs Baseline; *p<0.05 vs Sham; 
**p<0.01 vs Sham; ***p<0.001 vs Sham; ****p<0.0001 vs Sham (Two-way ANOVA followed by Bonferroni 
post-hoc test).  
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6.3.1.4. Plasma BNP levels following AAC  

Mean BNP plasma levels remained unaltered at week 5 in AAC mice receiving vehicle-

treatment, relative to sham controls (p=0.17) [Figure 6.5]. This data indicated that although 

AAC induced hypertrophy and remodelling, it did not cause significant HF. 

 

 

 

 

 

 

 

 

 

6.3.2. Survival, drug toxicity and drug pharmacokinetics in AAC mice 

6.3.2.1. Survival and body weight of mice following 5 weeks of AAC  

Survival following AAC was high at 90.2%, most fatalities occurred perioperatively (7 out of 

48 AAC mice) due to surgical complications (i.e. ruptured vena cava or spleen bleed) and 

later mortalities typically occurring during the first week post-surgery (3 out of 48 AAC mice) 

prior to the commencement of vehicle/drug treatment [Figure 6.6A]. Only 1 death took 

place on day 14, due to accidental administration of liquid into the lungs following gavage. 

Body weight between all groups: sham, AAC untreated, AAC treated (vehicle, 70 mg/kg 

perhexiline or FPER-1) were similar at baseline and remained comparable to each other at 

the end of the 5-week protocol (p=0.96) [Figure 6.6B]. 

Figure 6.5. Plasma BNP levels following 5 weeks of AAC   
 

Plasma brain natriuretic peptide (BNP) levels measured in sham and vehicle-treated AAC mice at the end of 5 
weeks. Data are presented as mean ±SEM; n = 6-7 mice.  
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6.3.2.2. Perhexiline and FPER-1 plasma levels following 4-week treatment in AAC mice 

Plasma levels of the two drugs measured at 1 h post-final gavage in AAC mice were as 

expected based on the results from Chapter 5 (section 5.3.2) [Figure 6.7]. Perhexiline plasma 

levels achieved following 4-week daily gavage at a dose of 70 mg/kg was 0.88 ±0.09 mg/L. 

Hydroxy (OH)-perhexiline plasma levels were 3-fold less than perhexiline, at 0.29 ±0.02 mg/L. 

Figure 6.6. Survival and body weight of mice following 5 weeks of AAC 
 

A: Kaplan-Meier graph showing percentage survival for AAC mice. n = 48 mice. B: Body weight of sham-
operated and AAC untreated mice, and of AAC mice treated with either vehicle, 70 mg/kg perhexiline (P70) or 
70 mg/kg FPER-1 (F70), measured pre-surgery (baseline) and at the end of the study (week 5). Data are 
presented as mean ±SEM; n = 6-10 mice. 
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In contrast, daily gavage with 70 mg/kg FPER-1 achieved much greater plasma levels of 3.23 

±0.19 mg/L.  

 

 

 

 

 

 

 

 

 

 

6.3.2.3. Liver integrity, fibrosis and function following 4-week treatment with perhexiline or 

FPER-1 in AAC mice 

Livers from AAC mice did not appear morphologically different from sham-operated mice; 

hepatocytes and hepatic vessels appeared regular and intact [Figure 6.8]. Furthermore, 4-

week daily gavage with vehicle, 70 mg/kg perhexiline or FPER-1 did not cause liver damage, 

or induce inflammation or fibrosis.  

  

Figure 6.7. Plasma levels of perhexiline, its metabolite and FPER-1 following 4-week treatment in AAC mice 
 

Plasma levels of perhexiline, its metabolite (hydroxy (OH)-perhexiline) and FPER-1, measured at 1 h post-final 
treatment in AAC mice orally gavaged (p.o) with 70 mg/kg perhexiline (P70) or 70 mg/kg FPER-1 (F70) for 4 
weeks. Data are presented as mean ±SEM; n = 9 mice.  
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Figure 6.8. Photomicrographs of liver sections stained to assess liver integrity, inflammation or fibrosis 
following 4-week treatment with perhexiline or FPER-1 in AAC mice 
 

Representative liver sections from A+F: sham mice, B+G: AAC untreated mice, C+H: AAC vehicle-treated mice, 
D+I: AAC 70 mg/kg perhexiline-treated mice (P70) & E+J: AAC 70 mg/kg FPER-1-treated mice (F70). 
 
Sections were stained with either haematoxylin and eosin (A-E) or Van Gieson (F-J), and scanned with x20 
objective. Scale bar = 100 μm. n = 6-10 mice.  
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Plasma ALT levels were not significantly different between sham, AAC-untreated or AAC-

treated (vehicle, 70 mg/kg perhexiline or FPER-1) mice (p=0.63) [Figure 6.9]. 

 

 

 

 

 

 

 

  
 

 

 

 

6.3.3. Investigating the effects of perhexiline and FPER-1 treatment in AAC mice 

6.3.3.1. Effects of perhexiline and FPER-1 on cardiac function and hypertrophy in AAC mice 

Echocardiographic data measured in vehicle-treated AAC mice confirmed a decrease in LV 

function with significant reductions in EF and FS at week 3 and 5 post-surgery (p<0.0001 for 

all) [Figure 6.10B+C, blue bars]. Treatment with 70 mg/kg perhexiline significantly improved 

EF at week 5 (p<0.001) as well as FS at week 3 (p<0.05) and 5 relative to the vehicle group 

(p<0.001) [Figure 6.10B+C, purple bars]. In contrast, AAC mice treated with 70 mg/kg FPER-1 

showed similar EF and FS to vehicle controls (p>0.99 for all) [Figure 6.10B+C, red bars].  

 

  

Figure 6.9. Plasma ALT levels following 4-week treatment with perhexiline or FPER-1 in AAC mice 
 

Plasma alanine transaminase (ALT) levels measured in sham-operated and AAC untreated mice, and in AAC 
mice treated with either vehicle, 70 mg/kg perhexiline (P70) or 70 mg/kg FPER-1 (F70), 1 h post-final 
treatment. Data are presented as mean ±SEM; n = 6-10 mice.  
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Furthermore, the increase in LV mass/BW ratio observed in vehicle-treated AAC mice (1.3-

fold; p<0.01 and 1.3-fold; p<0.001 at week 3 and 5 respectively) was not significantly 

attenuated by perhexiline or FPER-1 (1.2-fold decrease for both at week 5; p=0.11 and 0.06 

respectively) [Figure 6.10D]. However, the HW/BW ratio at week 5 was significantly lower in 

AAC mice treated with perhexiline (1.4-fold; p<0.001) or FPER-1 (1.3-fold; p<0.01) relative to 

vehicle-treated AAC mice [Figure 6.10E]. Heart weight was significantly lower in perhexiline-

treated and FPER-1-treated AAC mice (1.4-fold; p<0.01 for both) relative to vehicle-treated 

AAC mice [Figure 6.10F] whilst body weight remained similar between all three AAC-treated 

groups [Figure 6.10G].  
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Figure 6.10. Effects of perhexiline and FPER-1 on cardiac function and hypertrophy in AAC mice 
 

Values measured in AAC mice treated with either vehicle, 70 mg/kg perhexiline (P70), or 70 mg/kg FPER-1 
(F70), pre-surgery (baseline) and post-surgery (at week 1, 3 and 5). A: Representative echocardiographic M-
mode images 5 weeks post-constriction. B: Percentage ejection fraction (EF). C: Percentage fractional 
shortening (FS). D: Left ventricular (LV) mass-to-body weight (BW) ratio. E: Heart weight (HW)-to-body weight 
(BW) ratio. F: Heart weight. G: Body weight. Data are presented as mean ±SEM; n = 9 mice. ##p<0.01 vs 
Baseline; ###p<0.001 vs Baseline; ####p<0.0001 vs Baseline; *p<0.05 vs AAC Vehicle; **p<0.01 vs AAC Vehicle; 
***p<0.001 vs AAC Vehicle (Two-way ANOVA followed by Bonferroni post-hoc test).  
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6.3.3.2. Effects of perhexiline and FPER-1 on cardiac remodelling at end-diastole and end-

systole in AAC mice 

Measurements of LV volume and LVID at end-diastole were unchanged in vehicle-treated 

AAC mice (p>0.99 for both) or drug-treated AAC mice (p=0.38 and 0.34 respectively) [Figure 

6.11A+B]. In contrast, in vehicle-treated AAC mice, IVS thickness was significantly increased 

at week 3 and 5 relative to baseline (1.3-fold; p<0.0001 for both), and this was not 

significantly altered by perhexiline or FPER-1 treatment (p=0.25) [Figure 6.11C]. The LVAW 

thickness also increased in vehicle-treated AAC mice (1.2-fold; p<0.001 and 1.4-fold; 

p<0.0001 at week 3 and 5 respectively), and this was not different in perhexiline-treated AAC 

mice [Figure 6.11D]. However, the increase in LWAW was significantly attenuated in FPER-1-

treated AAC mice at both week 3 and 5 (1.2-fold; p<0.01 for both) relative to the vehicle 

group. Finally, LVPW was also significantly increased in vehicle-treated AAC mice at week 3 

(1.2-fold; p<0.0001) and week 5 (1.3-fold; p<0.0001) and treatment with perhexiline or FPER-

1 significantly reduced this increase at week 3 (1.1-fold; p<0.05 and 1.2-fold; p<0.0001 

respectively) and week 5 (1.2-fold; p<0.001 and 1.2-fold; p<0.0001 respectively) [Figure 

6.11E].  

 

In contrast, at end-systole, LV volume increased significantly by week 5 in AAC mice (1.9-fold; 

p<0.001) [Figure 6.12A]. Any effect of perhexiline treatment on LV volume was not 

significant (1.3-fold decrease; p=0.14) and FPER-1 had no effect (p>0.99). In the vehicle-

treated AAC group, LVID was also significantly increased at week 3 and 5 (1.2-fold; p<0.01 

and 1.3-fold; p<0.0001 respectively), and this was comparable in the drug-treated AAC 
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groups (p=0.27) [Figure 6.12B]. In contrast, IVS, LVAW and LVPW remained unchanged in the 

vehicle-treated and drug-treated AAC groups [Figure 6.12C-E]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11. Effects of perhexiline and FPER-1 on cardiac volumes and dimensions at end-diastole in AAC 
mice 
 

Values measured in AAC mice treated with either vehicle, 70 mg/kg perhexiline (P70), or 70 mg/kg FPER-1 
(F70), pre-surgery (baseline) and post-surgery (at week 1, 3 and 5). A: Left ventricular (LV) volume. B: Left 
ventricular internal diameter (LVID). C: Interventricular septal wall (IVS) thickness. D: Left ventricular anterior 
wall (LVAW) thickness. E: Left ventricular posterior wall (LVPW) thickness. Data are presented as mean ±SEM; 
n = 9 mice. ###p<0.001 vs Baseline; ####p<0.0001 vs Baseline; *p<0.05 vs AAC Vehicle; **p<0.01 vs AAC 
Vehicle; ***p<0.001 vs AAC Vehicle; ****p<0.0001 vs AAC Vehicle (Two-way ANOVA followed by Bonferroni 
post-hoc test). 
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6.3.3.3. Effects of perhexiline and FPER-1 on aortic and mitral valve variables in AAC mice 

Aortic and mitral valve Doppler measurements did not differ significantly between 

perhexiline- or FPER-1-treated AAC mice relative to vehicle-treated AAC mice [Figure 6.13]. 

Interestingly mitral VTI was significantly reduced at week 5 in vehicle-treated AAC mice 

relative to baseline (1.2-fold; p<0.01) [Figure 6.13D], despite this decrease not having been 

Figure 6.12. Effects of perhexiline and FPER-1 on cardiac volumes and dimensions at end-systole in AAC 
mice 
 

Values measured in AAC mice treated with either vehicle, 70 mg/kg perhexiline (P70), or 70 mg/kg FPER-1 
(F70), pre-surgery (baseline) and post-surgery (at week 1, 3 and 5). A: Left ventricular (LV) volume. B: Left 
ventricular internal diameter (LVID). C: Interventricular septal wall (IVS) thickness. D: Left ventricular anterior 
wall (LVAW) thickness. E: Left ventricular posterior wall (LVPW) thickness. Data are presented as mean ±SEM; 
n = 9 mice. ##p<0.01 vs Baseline; ###p<0.001 vs Baseline; ####p<0.0001 vs Baseline (Two-way ANOVA 
followed by Bonferroni post-hoc test). 
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observed in untreated AAC mice in section 6.3.1.3. The limitations of this are discussed in 

section 6.4.3 and 6.4.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.13. Effects of perhexiline and FPER-1 on aortic and mitral valve variables in AAC mice 
 

Values measured in AAC mice treated with either vehicle, 70 mg/kg perhexiline (P70), or 70 mg/kg FPER-1 
(F70), pre-surgery (baseline) and post-surgery (at week 1, 3 and 5). A: Aortic peak velocity. B: Aortic peak 
gradient. C: Aortic velocity time integral (VTI). D: Mitral velocity time integral (VTI). E: Mitral peak velocity F: 
Mitral peak gradient. G: Mitral E/A ratio. Data are presented as mean ±SEM; n = 9 mice. #p<0.05 vs Baseline; 
##p<0.01 vs Baseline (Two-way ANOVA followed by Bonferroni post-hoc test). 
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6.3.4. Investigating potential cardioprotective mechanism(s) of perhexiline and FPER-1 

treatment in AAC mice 

The expression and/or phosphorylation of proteins investigated in Chapter 4 were measured 

in AAC-treated mice. 

 

6.3.4.1. Effects of perhexiline and FPER-1 on PLB expression and phosphorylation in AAC 

mice  

There was no significant difference in phospholamban (PLB) expression (p=0.63) between 

sham-operated controls and vehicle-treated AAC controls whilst any difference in 

phosphorylation at PLBSer16 (1.4-fold decrease; p=0.22) or PLBThr17 (1.6-fold decrease; p=0.09) 

was not significant [Figure 6.14]. In AAC mice, perhexiline or FPER-1 treatment did not alter 

PLB expression compared to vehicle-treated mice (p=0.97) [Figure 6.14A+D]. In contrast, 

perhexiline induced a significant increase in PLB phosphorylation at Thr17 (1.3-fold; p<0.05) 

but any effect on phosphorylated PLBSer16 was not significant (1.5-fold increase; p=0.16) 

relative to the vehicle-treated AAC group [Figure 6.14A-C]. However, FPER-1 did not alter 

PLB phosphorylation at either site (Ser16 or Thr17) (p>0.99 and =0.16 respectively).  
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6.3.4.2. Effects of perhexiline and FPER-1 on CPT1B expression in AAC mice  

Compared to sham-operated controls, any difference in CPT1B expression observed in 

vehicle-treated AAC mice was not significant (1.6-fold increase; p=0.14) [Figure 6.15]. 

Treatment with perhexiline or FPER-1 did not alter CPT1B expression compared to vehicle-

treated AAC mice (p=0.88). 

 

 

Figure 6.14. Effects of perhexiline and FPER-1 on PLB expression and phosphorylation in AAC mice 
 

Sham mice were treated with vehicle, and AAC mice treated with either 1) vehicle, 2) 70 mg/kg perhexiline 
(P70) or 3) 70 mg/kg FPER-1 (F70). A: Representative Western blots for phosphorylated PLB Ser16, Thr17, total 
PLB and loading control actin. B: Mean phosphorylated PLBSer16 over total PLB. C: Mean phosphorylated 
PLBThr17 over total PLB. D: Mean total PLB over actin. Data are presented as mean ±SEM; n = 6-9 mice. *p<0.05 
vs AAC Vehicle (One-way ANOVA followed by Bonferroni post-hoc test). 
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6.3.4.3. Effects of perhexiline and FPER-1 on PDH, GSK3αβ, Akt and ERK1/2 expression 

and/or phosphorylation in AAC mice  

No difference in expression or phosphorylation (at Ser232, 293 or 300) of PDH was observed 

between sham-operated mice and vehicle-treated AAC mice (p=0.78, 0.62, 0.51 and 0.7 

respectively) [Figure 6.16]. Therefore, as expected, perhexiline or FPER-1 treatment had no 

effect on PDH expression or phosphorylation (at Ser232, 293 or 300) relative to vehicle-

treated AAC mice (p=0.98, 0.77, 0.94 and 0.56 respectively).   

  

Figure 6.15. Effects of perhexiline and FPER-1 on CPT1B expression in AAC mice 
 

Sham mice were treated with vehicle, and AAC mice treated with either 1) vehicle, 2) 70 mg/kg perhexiline 
(P70) or 3) 70 mg/kg FPER-1 (F70). A: Representative Western blots for total CPT1B and loading control actin. 
B: Mean total CPT1B over actin. Data are presented as mean ±SEM; n = 6-8 mice 
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Similarly, phosphorylation of glycogen synthase kinase 3αβ (GSK3αβ), protein kinase B (Akt) 

and extracellular signal-regulated kinase 1/2 (ERK1/2) were not altered in AAC mice relative 

to sham controls (p=0.98, 0.67 and 0.95 respectively) and drug treatment had no effect on 

Akt or ERK1/2 phosphorylation relative to the vehicle-treated AAC group (0.52 and 0.49 

respectively) [Figure 6.17]. Regarding GSK3αβ phosphorylation at Ser21/9, any effect 

observed in perhexiline-treated (1.3-fold increase; p=0.87) or FPER-1-treated (1.4-fold 

Figure 6.16. Effects of perhexiline and FPER-1 on PDH expression and phosphorylation in AAC mice 
 

Sham mice were treated with vehicle, and AAC mice treated with either 1) vehicle, 2) 70 mg/kg perhexiline 
(P70) or 3) 70 mg/kg FPER-1 (F70). A: Representative Western blots for phosphorylated PDH Ser232, 293, 300, 
total PDH and loading control actin. B: Mean phosphorylated PDHSer232 over total PDH. C: Mean 
phosphorylated PDHSer293 over total PDH. D: Mean phosphorylated PDHSer300 over total PDH. E: Mean total PDH 

over actin. Data are presented as mean ±SEM; n = 6-9 mice.  
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increase; p=0.58) AAC mice was not significant compared to the vehicle-treated AAC mice 

[Figure 6.17A+B]. 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.4.4. Effects of perhexiline and FPER-1 on TXNIP, UCP3 and ANT expression in AAC mice 

No differences were observed in TXNIP or ANT expression in sham-operated controls relative 

to vehicle-treated AAC mice, and any effect on UCP3 expression was not significant (1.2-fold 

increase; p=0.11) [Figure 6.18]. Not surprisingly, neither perhexiline nor FPER-1 treatment 

altered either TXNIP or ANT levels in AAC mice relative to the vehicle-treated AAC group 

(p=0.78 and 0.59 respectively) [Figure 6.18A+B and 6.18E+F]. In contrast, both perhexiline 

and FPER-1 treatment significantly decreased UCP3 expression in AAC mice relative to 

Figure 6.17. Effects of perhexiline and FPER-1 on GSK3αβ, Akt and ERK1/2 phosphorylation in AAC mice 
 

Sham mice were treated with vehicle, and AAC mice treated with either 1) vehicle, 2) 70 mg/kg perhexiline 
(P70) or 3) 70 mg/kg FPER-1 (F70). A: Representative Western blots for phosphorylated GSK3αβ Ser21/9, total 
GSK3αβ and loading control actin. B: Mean phosphorylated GSK3αβ

Ser21/9 over total GSK3αβ. C: Representative 
Western blots for phosphorylated Akt Ser473, total Akt and loading control actin. D: Mean phosphorylated 
AktSer473 over total Akt. E: Representative Western blots for phosphorylated ERK1/2 Thr202/Tyr204, total 
ERK1/2 and loading control actin. F: Mean phosphorylated ERK1/2Thr202/Tyr204 over total ERK1/2. Data are 
presented as mean ±SEM; n = 6-9 mice.  
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vehicle-treated AAC mice (1.3-fold and 1.4-fold respectively; p<0.05 for both) [Figure 

6.18C+D]. 

 

 

 

 

 

 

 

 

 

 

 

 

6.4. Discussion 

To date, perhexiline has had promising therapeutic effects in patients with HF (Lee et al., 

2005; Phan et al., 2009b; Beadle et al., 2015) but its full therapeutic capability and 

mechanism of action are not well understood. In addition, the novel derivative FPER-1 has 

yet to be tested in a model of HF. Therefore, the work in this chapter aimed to assess both 

metabolic drugs in a murine model of hypertrophy and progression to HF, and to determine 

whether these drugs could delay disease progression. To do this, it was important to first 

establish the in vivo model and ensure that the results would be reproducible.  

Figure 6.18. Effects of perhexiline and FPER-1 on TXNIP, UCP3 and ANT expression in AAC mice 
 

Sham mice were treated with vehicle, and AAC mice treated with either 1) vehicle, 2) 70 mg/kg perhexiline 
(P70) or 3) 70 mg/kg FPER-1 (F70). A: Representative Western blots for total TXNIP and loading control actin. B: 
Mean total TXNIP over actin. C: Representative Western blots for total UCP3 and loading control actin. D: Mean 
total UCP3 over actin. E: Representative Western blots for total ANT and loading control actin. F: Mean total 
ANT over actin. Data are presented as mean ±SEM; n = 6-9 mice. *p<0.05 vs AAC Vehicle (One-way ANOVA 
followed by Bonferroni post-hoc test). 
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6.4.1. Establishing a model of cardiac hypertrophy and progression to failure 

Various HF animal models exist which involve subjecting the myocardium to a cardiac stress, 

to trigger hypertrophic remodelling that eventually progresses into failure (Berry et al., 2007; 

Gomes et al., 2013). This includes infusing a neurohormonal stressor such as angiotensin 

(Guan et al., 2017; Shimizu et al., 2017), causing ischaemic stress by coronary artery ligation 

(Antoniak et al., 2013; Muthuramu et al., 2014), volume overload by an aortocaval shunt 

(Wu et al., 2015; Mohamed et al., 2016) or inducing pressure overload, achieved through 

either a high-salt diet in Dahl salt-sensitive rats (Huang et al., 2017; Amara et al., 2017), renal 

wrapping (Morioka and Simon, 1982) or aortic constriction (Zhou et al., 2017; C. Li et al., 

2017). Of these techniques pressure overload by aortic constriction is one of the most 

common (Gomes et al., 2013) and holds greater clinical relevance due to the gradual 

transition from a stable compensated hypertrophy to enlargement of the heart chambers 

and deterioration in LV function (decompensated state), terminating in HF with augmented 

hypertrophy, all of which correlate with the disease progression in humans (Boluyt et al., 

2005). Clinically, HF induced by pressure overload (i.e. hypertension) is well-characterised by 

detrimental changes in cardiac metabolism (Sankaralingam and Lopaschuk, 2015). 

Experimentally, the surgical technique of inducing pressure overload holds the advantage of 

allowing manipulation of the level of pressure overload, by changing the severity of 

constriction (Duan et al., 2007; Moens et al., 2009).  

 

Aortic constriction can be achieved by ligating the ascending aorta (close to the aortic root), 

transverse aorta (at the aortic arch) or descending aorta (abdominally, above or below the 

renal arteries) (Gomes et al., 2013). In recent years, abdominal aortic constriction (AAC) has 
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become more widely used than thoracic aortic constriction (TAC; ascending aorta and 

transverse aorta) because the operative procedure is less complex and does not require 

open-chest surgery or mechanical ventilation. Furthermore, for the same given stenosis size, 

the effects are more pronounced following TAC due to the closer proximity to the heart 

(Rockman et al., 1991), leading to rapid disease progression, whilst AAC causes a more 

gradual rise in pressure (Ku et al., 2016). As such, AAC is considered a less traumatic and less 

severe model, as demonstrated by its associated lower mortality rate (as low as 10%) 

(Gomes et al., 2013). Thus, the AAC model of cardiac hypertrophy and HF was chosen for the 

present study, using the well-established protocol from Queen Mary University of London to 

constrict the abdominal aorta against a 27-gauge needle (Moyes et al., 2015). 

 

To assess LV function, ejection fraction (EF) and fractional shortening (FS) were measured, 

both of which are important clinical markers and indicators of myocardial contractile 

efficiency (The Japan Society of Ultrasonics in Medicine, 2006). EF describes the percentage 

of blood ejected from the heart upon each contraction whilst FS refers to the reduction of 

length (degree of shortening) of the LV diameter between end-diastole and end-systole (The 

Japan Society of Ultrasonics in Medicine, 2006). In the present study, both parameters were 

significantly reduced 3 weeks post-AAC, and the reduction became more pronounced with 

time, resulting in a 20% decrease in EF and a 14.1% decrease in FS by week 5; indicative of 

mild LV systolic dysfunction. These results corroborate those of Heinecke and co-workers 

(2017) who, using a 27-gauge needle and AAC, observed a ~20% decrease in EF and a fall in 

FS at week 4 in AAC mice. Other murine AAC studies have also observed significant 

reductions in EF and FS by week 6 when using a 27-gauge needle (Ruetten et al., 2005; C. Li 



Chapter 6 

226 
 

et al., 2017). Furthermore, the present results are consistent with murine AAC studies that 

used a 26-gauge needle for constriction and demonstrated a 20% fall in EF (C.Z. Zhao et al., 

2016; Aubdool et al., 2017) and a 15.5% fall in FS (Gravning et al., 2013). 

 

In addition, the present markers of hypertrophic growth (LV mass and HW) indicated that 

compensated hypertrophy was not instantaneous following AAC, but gradual after the first 

week in the presence of preserved LV function (EF and FS unchanged). By week 3, 

decompensated hypertrophy had taken place as the LV mass had continued to rise in parallel 

with a loss of function (decrease in EF and FS). Moreover, by week 5, the LV mass/BW had 

significantly increased by 40% whilst the HW/BW ratio was 44% greater than that of the 

sham controls. Ruetten and colleagues (2005) observed similar hypertrophic results, with an 

increase of 46% in LV mass/BW ratio in mice 6 weeks post-aortic constriction, compared to 

the sham group when they used a 27-gauge needle. Other AAC mice studies also 

demonstrated compensatory increases in LV mass followed by decompensated hypertrophy 

by the end of a 4-6 week study (Hara et al., 2002; Duan et al., 2007; Hua et al., 2012; Xu et 

al., 2014; Aubdool et al., 2017; Heinecke et al., 2017; C. Li et al., 2017).  

 

In the present study, cardiac remodelling (hypertrophy and/or dilatation) was further 

assessed by measuring ventricular dimensions (volumes and wall thickness). Increases in 

interventricular septal wall (IVS), posterior wall (LVPW) and anterior wall (LVAW) thickness 

were observed at end-diastole by week 5 in AAC mice. These results corroborate those of 

Weng et al. (2012),  Zhang et al. (2013), Boguslavskyi et al. (2014) and C.Z. Zhao et al. (2016) 

who all observed increases in end-diastolic IVS and LVPW thickness in AAC mice. Other 
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studies also demonstrated increases in these cardiac dimensions in AAC mice (Zou et al., 

2001; Zahabi et al., 2003; Xu et al., 2014; Gravning et al., 2013; Aubdool et al., 2017; 

Heinecke et al., 2017).  

 

In the present study, increases in LV end-systolic volume and end-systolic LV internal 

diameter (LVID) also occurred, further indicating contractile dysfunction. This is consistent 

with previous studies which demonstrated an increase in end-systolic LVID (C.Z. Zhao et al., 

2016; Heinecke et al., 2017) and LV end-systolic volume (Boguslavskyi et al., 2014; C. Li et al., 

2017) in AAC mice. Of note, end-diastolic LVID, an indicator of cardiac dilatation, was not 

altered in the present study. 

 

Finally, aortic and mitral valve velocity time integral (VTI), indicators of the corresponding 

valve area which can also reflect the stroke volume (SV), and peak velocity and peak gradient 

were measured; when the latter two are increased this indicates a decrease in valve area 

(Otto., 2006). By week 5, AAC mice displayed a significant increase in both aortic peak 

velocity and gradient, but a contradictory increase in aortic VTI. Boguslavskyi and colleagues 

(2014) also observed significant increases in aortic peak velocity and gradient at week 6 in 

AAC mice, but a marginal decrease in VTI. On the other hand, in the present study, AAC did 

not alter mitral valve VTI, peak velocity or gradient, useful variables for evaluating diastolic 

filling clinically (Daneshvar et al., 2010). Moreover, the mitral E/A ratio (a ratio of the early 

and late ventricular filling velocity), a measure of diastolic dysfunction (Daneshvar et al., 

2010), remained unchanged in the present AAC mice, as in the AAC study performed by 

Ruetten and colleagues (2005). 
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Healthy LV diastolic function is confirmed by a mitral E wave which is higher than the A wave 

and this relationship becomes reversed at the onset of impaired relaxation. However, in 

moderate diastolic dysfunction, pseudonormalisation of the E/A ratio occurs in which the 

transmitral Doppler waveform appears normal because the impaired early LV filling is 

compensated by an increase in left atrial pressure (Little et al., 1998). It is therefore possible 

that the present AAC model induced moderate diastolic dysfunction resulting in 

pseudonormalised LV filling, and thus the model would be one of mild HF rather than of 

hypertrophy and mild LV systolic dysfunction. Further analysis, such as measuring the E wave 

deceleration time, would be required to confirm this. 

 

Circulating BNP plasma levels, an important incipient and prognostic marker of HF (Khanam 

et al., 2017), were also assessed from sham-operated mice and vehicle-treated AAC mice. 

Due to time constraints, BNP plasma levels were not assessed in untreated mice. In the 

present AAC mice there was no increase in BNP relative to the sham controls. This is 

consistent with the echocardiographic data in demonstrating that the present AAC model 

induced mild LV systolic dysfunction but not frank HF. This conclusion agrees with the 

functional data given that LV end-diastolic volume remained unchanged (i.e. no LV 

dilatation) whilst EF fell only to ~50% in AAC mice, still within the normal LVEF range: HFrEF 

is clinically defined as an EF of <40% (Ponikowski et al., 2016). In this respect the present 

AAC model resembled HFpEF rather than HFrEF. Measurements of the mitral E wave 

deceleration time would help to clarify this by providing information of whether diastolic 

function was indeed impaired, as occurs in HFpEF. 
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It could be argued that measuring BNP protein levels in plasma using an immunoassay may 

not have be the most sensitive technique given that most aortic constriction mouse studies 

have instead measured myocardial BNP messenger ribonucleic acid (mRNA) expression via 

quantitative polymerase chain reaction (qPCR) (Zou et al., 2001; Gravning et al., 2013; Xu et 

al., 2014; C.Z. Zhao et al., 2016; Aubdool et al., 2017; J. Li et al., 2017). However, the 

immunoassay kit used in the present study was used in a TAC-induced HF mouse model 

(Bhushan et al., 2014). The authors reported similar BNP levels in their sham-operated mice 

as in the present study (~1 μg/μl), but BNP levels were almost double this (~2 μg/μl) in TAC 

mice at 9 weeks, and this was accompanied by a 40% decrease in EF (compared to the 20% 

decrease in the present AAC mice). This finding suggests that a more severe AAC (as 

achieved by TAC) would be required to observe an increase in plasma BNP when using 

immunoassay.  

 

Nevertheless, in combination, the results of the present study replicated that of other 

studies on AAC mice, confirming that the methodology produced a model of cardiac 

hypertrophy and progression to HF, which showed significant and reproducible hypertrophy 

by week 3 post-surgery. 

 

6.4.2. Survival, drug toxicity and drug pharmacokinetics in AAC mice 

Having established the AAC model, drug treatment was commenced. Alongside the 

functional and morphometric measurements discussed below (section 6.4.3), animal survival 

following AAC was assessed, as well as drug pharmacokinetics and in vivo toxicity following 

4-week treatment. Survival rates post-AAC were high (90.2%), with the majority of deaths 
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being perioperative due to surgical complications. In fact, the first week post-surgery was 

identified as the critical period, most deaths taking place at this point. Importantly, the 

gavage procedure and daily treatment with perhexiline or FPER-1 did not affect survival. 

Furthermore, the AAC procedure did not affect the normal gain in weight over the 5-week 

study period and AAC mice were not phenotypically different from the sham-operated mice 

despite the gradual development of pathological hypertrophy. It may be noted that 

perhexiline caused marked body weight loss in angina patients (Myers and Ronthal, 1978) 

and short-term treatment for 3-4 months caused transient weight loss (2-4 kg) in chronic HF 

patients (Phan et al., 2009b), but these data were collected following a longer treatment 

period than in the present study.  

 

As expected from the results of Chapter 5, daily gavage with 70 mg/kg perhexiline was 

sufficient to achieve detectable drug plasma levels; plasma levels were in fact 1.4-fold higher 

than the established therapeutic range (0.15 – 0.6 mg/L) and higher than those measured in 

Chapter 5 (section 5.3.2). As was also expected, the perhexiline metabolite (OH-perhexiline) 

was present at a lower level than its parent drug, whereas FPER-1 plasma levels were several 

times higher than perhexiline, confirming the differences between FPER-1 and perhexiline 

metabolism and stability. Nonetheless, 4-week gavage treatment in AAC mice with 

perhexiline or FPER-1 was safe in that no drug-induced deaths took place during the study 

despite the slightly higher than expected perhexiline plasma levels. Importantly, the dose of 

70 mg/kg for both drugs was not hepatotoxic as assessed by histopathology and plasma ALT 

levels, confirming the results from Chapter 5 (section 5.3.3). Clinical studies have reported 

similar findings, demonstrating that when maintained within the established therapeutic 
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plasma range, prolonged perhexiline therapy does not induce hepatotoxicity or significant 

side effects (Unger et al., 1997; Lee et al., 2005; Abozguia et al., 2010; Beadle et al., 2015; 

Drury et al., 2015).  

 

6.4.3. Effects of perhexiline and FPER-1 treatment on cardiac function and remodelling in 

AAC mice 

Following the induction of pressure overload by AAC, vehicle or drug treatment were 

commenced by daily oral gavage 1 week post-surgery. Vehicle-treated AAC mice displayed 

the same development of compensated hypertrophy at week 1, followed by decompensated 

hypertrophy (increase in LV mass/BW and HW/BW ratio) and cardiac dysfunction (20% 

decrease in EF and decrease in FS) by week 5, as the untreated AAC mice discussed in section 

6.4.1. Furthermore, vehicle-treated AAC mice showed the same form of cardiac remodelling 

as the untreated AAC mice (increase in end-diastolic IVS, LVAW and LVPW thickness and 

increase in end-systolic LV volume and LVID), confirming the reproducibility of the model. 

The mitral E/A ratio was also similarly unchanged in vehicle-treated AAC mice, although as 

discussed above (section 6.4.1), it is possible this reflected pseudonormalisation. However, 

whilst an increase in aortic peak velocity and gradient were observed in vehicle-treated AAC 

mice, aortic VTI was unchanged and mitral VTI was reduced, the latter suggestive of reduced 

SV, in contrast to what was observed in the untreated AAC mice. This disparity indicates that 

the Doppler flow echocardiographic measurements were not as reproducible as the 

functional and morphological measures (for further discussion see study limitations; section 

6.4.5).  
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Considering the effects of drug treatment, the present results revealed that 70 mg/kg 

perhexiline alleviated cardiac dysfunction by attenuating the fall in both EF and FS at week 5. 

This corresponds to results in mice with experimentally-induced irreversible HF, in which 

perhexiline therapy attenuated cardiac dysfunction (Stapel et al., 2017). The present results 

are also consistent with findings from the clinical trial by Lee and colleagues (2005) who 

observed an improvement in LVEF (10% increase vs placebo treated) in chronic HF patients, 

following 8 weeks drug therapy. In contrast Beadle and colleagues (2015) observed no 

improvement in LVEF in HFrEF patients, following short-term (4 weeks) perhexiline 

treatment despite plasma levels falling within the therapeutic range. Moreover, EF was also 

unaltered in perhexiline-treated patients with non-obstructive HCM (Abozguia et al., 2010) 

and FS unaltered following perhexiline therapy in a genetic mouse model of HCM (Gehmlich 

et al., 2015). In addition, although perhexiline did not significantly improve LV end-systolic 

volume in the present study, this effect has been reported clinically in chronic HF patients as 

perhexiline therapy reduced LV end-systolic volume by 20% and improved long-axis systolic 

function by 24% (Lee et al., 2005).  

 

In contrast, 70 mg/kg FPER-1 did not replicate perhexiline’s therapeutic effects on function 

as EF and FS continued to decrease over the 5-week study and thus cardiac dysfunction was 

not prevented. However, surprisingly only FPER-1 attenuated the increase in end-diastolic 

LVAW thickness; this parameter remained unchanged with perhexiline, despite perhexiline 

attenuating the increase in end-diastolic LVAW thickness in mice with hypertrophic hearts 

(Gehmlich et al., 2015). 
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Despite these differences, both perhexiline and FPER-1 treatment in AAC mice had similar 

therapeutic effects on cardiac hypertrophy as they both attenuated the increase in HW/BW, 

although their effects on LV mass/BW were not statistically significant. Improvements in LV 

mass, but not HW/BW, were previously demonstrated in a genetic mouse model of HCM 

following 6 weeks twice-daily dosing with perhexiline (Gehmlich et al., 2015). Moreover, in 

the present study, both perhexiline and FPER-1 reduced LVPW thickness at end-diastole, also 

indicative of reduced hypertrophy and remodelling. However, interestingly, neither 

perhexiline nor FPER-1 improved LVID at end-systole, a marker of systolic function, nor 

affected aortic or mitral valve measurements, or mitral E/A ratio (indicative of end-diastolic 

pressure). The lack of change in mitral E/A ratio in the present study may be due to the 

present AAC mice having mild LV dysfunction and not frank HF, for perhexiline reduced the 

mitral E/A ratio by 24% in patients with chronic HF (Lee et al., 2005), and in HCM patients it 

normalised diastolic LV filling on exercise (Abozguia et al., 2010).  

 

Nevertheless, in combination, the results of the present study complement the current 

literature (Lee et al., 2005; Phan et al., 2009b; Abozguia et al., 2010; Beadle et al., 2015; 

Gehmlich et al., 2015; Stapel et al., 2017). By assessing a broad range of end-diastolic and 

end-systolic parameters for the first time, the present results demonstrate that perhexiline 

has the potential to prevent cardiac dysfunction and remodelling (prominent features of HF).  

Furthermore, the present study also provides novel evidence that the new derivative FPER-1, 

given at the same dose as perhexiline, can replicate the beneficial effects on hypertrophy 

and remodelling. The lack of effect of FPER-1 on systolic function suggests that despite 

plasma levels being ~4-fold higher than the parent drug, the dose used may be at the lower 
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end of FPER-1’s therapeutic range. Therefore, further work is required to establish the FPER-

1 dose required to achieve full effects on function and morphology. Moreover, it suggests 

that different mechanisms may be involved in preventing hypertrophy versus dysfunction. 

 

6.4.4. Potential cardioprotective mechanisms of perhexiline and FPER-1 in AAC mice  

6.4.4.1. Effects of perhexiline and FPER-1 on the cardiac contractility-relaxation pathway in 

AAC mice 

As discussed in Chapter 1 (section 1.4.1), dysregulation of cardiac contractility occurs in HF 

(Dorn and Molkentin, 2004). Such dysfunction is thought to involve increased PLB activity 

(PLB dephosphorylation), resulting in increased sarco-endoplasmic reticulum Ca2+-ATPase 

(SERCA) inhibition and thus reduced Ca2+ cycling in the myocardium which impairs cardiac 

contractility and relaxation (Haghighi et al., 2014). In the present AAC model, PLB expression 

was not altered; similar findings were made in a rat model of ascending aortic constriction 

(Miyamoto et al., 2000) and in TAC mouse models (Buys et al., 2007; Toischer et al., 2010; 

Kho et al., 2011). However, PLB dephosphorylation at both Ser16 and Thr17 did appear to 

increase in the present AAC mice, which is consistent with the decreased cardiac function 

observed in these mice compared to the sham controls, but this effect was not significant. 

Significant increases in PLB dephosphorylation, which suggest increased PLB activity, have 

been reported in several TAC mice studies (Buys et al., 2007; Loyer et al., 2008; Gelpi et al., 

2009; Pereira et al., 2013; Chen et al., 2016; Aoyama et al., 2016).  

 

The present data also provided novel evidence that 70 mg/kg perhexiline decreased PLB 

activity in AAC mice, judged by increased phosphorylation at Thr17. This result was not 
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replicated by FPER-1 and therefore accords with the lack of improvement in cardiac function 

following 70 mg/kg FPER-1 treatment.  

 

These data therefore complement the literature which has shown that increased PLB 

phosphorylation improves contractile function (attenuates the fall in EF and/or FS) in AAC 

rats (Pritchard et al., 2013) and in rats with isoproterenol-induced HF (P.X. Wang et al., 

2017). Increased PLB phosphorylation at Ser16 and Thr17 (PLB inhibition) also attenuated 

hypertrophic growth and delayed the onset of HF in TAC mice (Pathak et al., 2005), halted 

cardiac remodelling in AAC rats (Pritchard et al., 2013) and decreased LVID in rats with 

isoproterenol-induced HF (P.X. Wang et al., 2017). However, in the present study, both 

perhexiline and FPER-1 attenuated hypertrophy and remodelling even though only 

perhexiline inhibited PLB, thereby suggesting that PLB was not involved in this protection.  

 

6.4.4.2. Effects of perhexiline and FPER-1 on fatty acid metabolism in AAC mice 

The downregulation of both the FA and glucose oxidation pathway have been described in 

various HF studies (Tuunanen et al., 2006; Doenst et al., 2010; Kaimoto et al., 2017), 

however, upregulating glucose oxidation in parallel to decreasing FA oxidation produces a 

more favourable oxygen sparing effect; this evidence is discussed in greater detail in Chapter 

1 (section 1.7). 

 

In the present AAC mice, the expression of the rate-limiting enzyme for FA oxidation, CPT1B, 

was not significantly altered. This was interesting as previous pressure overload studies have 

described a decrease in FA oxidation and CPT1B expression in TAC mice (Lai et al., 2014; 
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Dong et al., 2017) and AAC rats (Akki et al., 2008). A decrease in FA oxidation was also 

reported in other TAC mice studies (Kolwicz et al., 2012; Kaimoto et al., 2017). However, 

Zhabyeyev and colleagues (2013) observed no change in FA oxidation in TAC mice and 

Nguyen and co-workers (2015) reported no change in FA oxidation in AAC rats. In addition, 

CPT1B expression remained unaltered in AAC rats (Dobrzyn et al., 2013), in ascending aortic-

constricted mice (Nakajima et al., 2013) and in TAC mice (Pereira et al., 2013), demonstrating 

the variability in results amongst these pressure overload studies. On the other hand, an 

increase in FA oxidation, of up to 40%, was described clinically in patients with congestive HF 

(Paolisso et al., 1994). Additionally, increases in FA accumulation are known to occur during 

pathological hypertrophy and LV dysfunction (Chiu et al., 2001).  

 

In the present study, neither perhexiline nor FPER-1 treatment altered CPT1B expression in 

AAC mice supporting the concept that CPT1B may not be involved in perhexiline-mediated 

protection. This finding is consistent with the results obtained in patients with HFrEF, in 

which perhexiline therapy did not alter FA uptake from the blood despite improvements in 

the New York Heart Association (NYHA) functional class (Beadle et al., 2015). However, 

Gehmlich and colleagues (2015) reported that daily injection with perhexiline decreased long 

chain FAs in hypertrophic mouse hearts, indicative of decreased CPT1B activity. Similar 

results, i.e. a decrease in serum FA levels, were also observed clinically in HCM patients 

treated with perhexiline (Abozguia et al., 2010). Furthermore, decreased intracellular FA 

levels were suggested to ameliorate cardiac hypertrophy in AAC rats (Gao et al., 2015) whilst 

direct CPT1B inhibition with oxfenicine abrogated LV remodelling and delayed progression to 

failure in dogs with pacing-induced HF (Lionetti et al., 2005). Moreover, in TAC rats, etomoxir 
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treatment did not alter CPT1B activity and thus failed to reverse progression to failure 

(Schwarzer et al., 2009). Together these studies suggest that a decrease in FA metabolism, 

whether through CPT1B downregulation or not, is protective in HF. 

 

6.4.4.3. Effects of perhexiline and FPER-1 on glucose metabolism in AAC mice 

In the present study, the expression and activity of PDH, the rate limiting enzyme for glucose 

metabolism, were not altered in AAC mice. Similarly, PDH expression was unaltered in AAC 

rats (Seymour and Chatham, 1997), PDH activity unchanged in ascending aortic constricted 

rats (Schwarzer et al., 2009) and PDH expression and activity unchanged in TAC mice (Carley 

et al., 2015). However, in some contrast to these findings, a reduction in glucose oxidation 

was described in other TAC mice studies (Dai et al., 2012; Zhabyeyev et al., 2013; Kaimoto et 

al., 2017), in TAC rats (Sorokina et al., 2007; Doenst et al., 2010) and in AAC mice (Zhang et 

al., 2013) implicating other proteins involved in glucose metabolism.  

 

In the present study, 4-week perhexiline or FPER-1 treatment did not affect PDH expression 

or increase its activity in AAC mice as judged by absence of PDH dephosphorylation. This may 

be related to the lack of pathological downregulation of PDH in the present AAC model, 

despite reports that PDH activity is reduced in hypertrophic rat hearts (Seymour and 

Chatham, 1997). However, Yin and colleagues (2013) observed an increase in myocardial 

PDH activity (decrease in total phosphorylation) in healthy mice, fed perhexiline for 4 weeks. 

Perhexiline also increased intermediates of the glycolytic, glycerol and pentose phosphate 

pathway in mice with hypertrophic hearts, suggesting increased glucose metabolism 

(Gehmlich et al., 2015). However, in both of these studies, perhexiline treatment was 
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maintained over a 24 h period to ensure plasma levels were sustained within the therapeutic 

range throughout the course of the study. Thus, the lack of effect of perhexiline in the 

present study may be explained by the fact that the once-daily gavage did not achieve 

constant perhexiline or FPER-1 levels throughout each day. It would be necessary to collect 

plasma samples at additional time points from drug-treated AAC mice to test this proposal. 

The evidence from clinical studies is equivocal on whether perhexiline affects glucose 

metabolism. To expand, Abozguia and colleagues (2010) observed a decrease in serum 

glucose levels following perhexiline treatment in HCM patients, but Beadle and colleagues 

(2015) reported that perhexiline therapy did not alter myocardial or serum glucose levels in 

HFrEF patients. Concerning FPER-1, the levels achieved in plasma were likely to have been 

better maintained between doses than was the case for perhexiline (see Chapter 5, section 

5.3.2). However, the lack of effect FPER-1 had on PDH may reflect the absolute plasma level 

rather than the constancy of it. In summary, the present results suggest that PDH activation 

was not a cardioprotective mechanism of perhexiline or FPER-1 in AAC mice.  

 

Phosphorylation and thus activity of GSK3αβ, which was demonstrated to inhibit PDH 

activity (Hoshi et al., 1996), was also unchanged in the present AAC mice. Perhexiline and 

FPER-1 treatment also had no significant effect on GSK3αβ phosphorylation in AAC mice, 

thus indicating that GSK3αβ inhibition did not underlie the improvements in hypertrophy 

and remodelling achieved with both drugs, even though GSK3αβ inhibition is regarded as 

cardioprotective. To clarify, genetic inhibition of GSK3αβ improved LV contractile function in 

TAC mice (Hirotani et al., 2007) whilst pharmacological GSK3αβ inhibition protected against 

ischaemia in hypertrophic rabbit hearts (Barillas et al., 2007). It should be noted that 
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interpreting the effects of GSK3αβ expression/phosphorylation are not straightforward for 

Matsuda and colleagues (2008) reported that inhibition of GSK3β contributed to pathological 

hypertrophy, whereas inhibition of GSK3α was protective in TAC mice. Therefore it is 

possible that perhexiline or FPER-1 treatment had differential effects on the GSK3α and 

GSK3β isoforms in the present study and this could not be discerned by considering the two 

isoforms together. 

 

6.4.4.4. Effects of perhexiline and FPER-1 upstream of GSK3αβ in AAC mice 

The activity of Akt and ERK1/2, proteins upstream of GSK3αβ, were assessed. Due to their 

role in potentiating physiological cell survival (Hausenloy and Yellon, 2007), hypertrophy and 

cardiac growth, Akt and ERK1/2 activity in pathological cardiac remodelling and HF becomes 

maladaptive (Shiojima and Walsh, 2006; Rose et al., 2010). As such, increases in ERK1/2 

phosphorylation are often used as a marker of pathological cardiac hypertrophy and failure 

in TAC (J. Zhang et al., 2016) and AAC (Hua et al., 2013) mouse models. In the present AAC 

mice, phosphorylation of Akt and ERK1/2 (indicating activation) was not altered relative to 

sham-operated mice. This is in contrast to the increases in Akt and ERK1/2 phosphorylation 

described in TAC mouse models of HF (Xu et al., 2008; Sbroggiò et al., 2011; L. Zhao et al., 

2016) and clinically in failing human hearts (Haq et al., 2001; Baba et al., 2003). However, 

Sopontammarak and colleagues (2005) reported that ERK1/2 activation may be dependent 

on the severity of pressure overload used whilst Rothermel and co-workers (2005) reported 

no change in Akt activity in another TAC mouse study. Thus, it may be that the pressure 

overload produced in the present AAC model was not great enough to affect Akt or ERK1/2 

activity. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Sbroggi%C3%B2%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21493702
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In the present study, 4-week treatment with perhexiline or FPER-1 in AAC mice had no effect 

on Akt or ERK1/2 phosphorylation, suggestive of unaltered activity. Therefore, it appears 

that modulation of these pro-survival proteins was not involved in the functional 

improvements observed with perhexiline, or the reduction in cardiac hypertrophy and 

remodelling observed with both perhexiline and FPER-1, even though modulation of these 

proteins in TAC mice attenuated hypertrophy (Wei et al., 2016; X. Wang et al., 2017; Gao et 

al., 2017), prevented cardiac remodelling (Wei et al., 2012; Ye et al., 2015; Li et al., 2016), 

improved LV function (Wei et al., 2012; Ye et al., 2015; J. Li et al., 2017) and prevented HF 

disease progression (Qi et al., 2017). 

 

6.4.4.5. Effects of perhexiline and FPER-1 on redox-sensitive proteins in AAC mice 

Redox-sensitive proteins TXNIP and ANT remained unchanged in AAC mice, and any 

difference in UCP3 expression was not significant, despite evidence that these proteins all 

play a role in the pathogenesis of HF; oxidative stress induces contractile dysfunction, 

cardiac remodelling, hypertrophy and fibrosis (discussed in Chapter 1, section 1.7.8) (Tsutsui 

et al., 2011). It is possible that these results occurred because the present AAC mice had mild 

LV dysfunction rather than severe HF. In support of this, the more severe mouse model of 

TAC-induced HF induced a 40% reduction in TXNIP expression (Yoshioka et al., 2004) whilst 

TXNIP-null mice developed maladaptive cardiac remodelling 8 weeks post-surgery, despite 

initially having a reduction in hypertrophy and preserved LV function 4 weeks post-surgery 

(Yoshioka et al., 2007). Furthermore, although reduced TXNIP expression is implicated as a 

cardioprotective mechanism of perhexiline in ischaemia/reperfusion injury (Ngo et al., 2011), 

neither perhexiline nor FPER-1 affected TXNIP expression in the present AAC mice.  
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Regarding UCP3, significant increases in UCP3 expression were reported in failing human 

hearts and isoproterenol infusion-induced HF in mice in parallel with cardiac hypertrophy 

(Planavila et al., 2015). UCP3 levels were also increased in obese diabetic mice with HF (Chen 

et al., 2010) and increased by 53% in infarcted failing rat hearts (Murray et al., 2008); these 

effects were accompanied by reduced cardiac efficiency. Moreover, in mitochondria from 

hypertrophied rat hearts, UCP3 levels were increased by 32%, and this was associated with 

reduced myocardial efficiency (Boehm et al., 2001). In contrast, UCP3 expression was 

reduced in rats with doxorubicin-induced HF (Bugger et al., 2011), in TAC mice (Riehle et al., 

2011; Westenbrink et al., 2015), in AAC rats (Akki et al., 2008) and reduced by 80% in failing 

human heart biopsies (Razeghi et al., 2002). These differences in the literature indicate that 

the model severity may influence the change in UCP3 expression observed. The extent of 

model severity may also explain why UCP3 expression was not significanly altered in the 

present study as the AAC mice did not have severe HF. 

 

The present study provided novel evidence that both perhexiline and FPER-1 significantly 

decrease UCP3 expression in AAC mice. Decreasing UCP expression is suggested to be 

cardioprotective as when UCP1 expression was reduced by ranolazine therapy in AAC mice 

cardiac function was improved (AbdAlla et al., 2011) and moreover, increases in UCP2 

expression observed in rats with HF induced by aortic regurgitation were accompanied by 

hypertrophy and LV remodelling (Noma et al., 2001; Murakami et al., 2002). Furthermore, 

increased UCP2 expression was correlated with increased pathological cardiac remodelling 

i.e. LV dilatation in coronary artery ligated rats (Guo et al., 2005). It can therefore be 

suggested that UCP3 downregulation in pressure-overloaded mice may be a key metabolic 
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mechanism in the attenuation of hypertrophic growth and remodelling that were observed 

following treatment with both perhexiline and FPER-1 in the present study.  

 

Turning to ANT, in contrast to the present finding that ANT expression was unchanged in 

AAC mice, an increase in ANT1 with a concomitant decrease in ANT2 was described in dogs 

with pacing induced-HF (Rosca et al., 2009) and in patients with dilated cardiomyopathy 

(Dörner et al., 2006). This shift in ANT isoform expression is thought to be adaptive as ANT1 

overexpression attenuated cardiac dysfunction caused by diabetic cardiomyopathy in mice 

(Wang et al., 2009) whilst ANT1 knock-out mice developed LV hypertrophy and dilatation 

(Narula et al., 2011). In addition, ANT1 is thought to be involved in the adaptive apoptosis 

that takes place to reduce hypertrophy in TAC mice (Hang et al., 2006). However, ANT1 

overexpression can be cytotoxic by upregulating ROS (Baines and Molkentin, 2009). Thus, 

differential changes in expressions of the ANT isoforms during hypertrophy may explain an 

apparent lack of change in ANT expression in the present study between sham-operated and 

AAC mice as well as between vehicle- and drug-treated AAC mice because the expressions of 

all four ANT isoforms (ANT1/2/3/4) were assessed in combination. It is therefore impossible 

to conclude whether or not modulation of the individual ANT isoforms was involved in the 

observed perhexiline- or FPER-1-induced protection. 

 

6.4.5. Study limitations 

To assess both perhexiline and FPER-1, in a model of cardiac hypertrophy and progression to 

HF, it was necessary to first establish the AAC murine model at Birmingham. As with all 

newly established techniques variability of the procedure was a concern. For this reason, 
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drug treatment was only commenced once the AAC results were reproducible i.e. a 

consistent fall in EF during the 5-week study. Despite this, there were slightly different 

changes in the pattern of flow within the heart i.e. a decrease in mitral VTI in the vehicle-

treated AAC mice which was not observed in the untreated AAC mice. The AAC procedure 

involves inducing a diameter of stenosis, with a suture, which is consistent throughout the 

study and between animals. However, there will always be a possibility for the suture knot to 

either become undone post-surgery, loosen overtime, or even become internalised resulting 

in de-banding. Therefore, it is inevitable that consistency cannot be guaranteed (Lygate et 

al., 2006).  

 

To reduce such problems in the present study, the same 27-gauge needle was used for each 

AAC surgery and the suture was pulled as tightly as possible during the procedure to create a 

constriction of uniform cross-sectional area. Furthermore, at the end of the 5-week study, 

following organ harvest, the suture was located and isolated from each AAC mouse to 

ensure it had remained intact. However, in hind sight it would have been more robust to 

carry out a post-mortem measurement of the residual luminal diameter of the constriction 

knot to determine whether it remained consistent between all mice as previously described 

(Boguslavskyi et al., 2014). When using the AAC model inter-individual variability may also 

exist in response to pressure overload (Mohammed et al., 2012b). To combat this, animals 

were randomly assigned to treatment groups and where possible blinding was used such 

that echocardiography was carried out without knowledge of animal identity, weight, 

treatment or surgical group to avoid bias. Nonetheless, complete blinding was not possible 

given the present author was the in vivo surgeon, and also conducted the echocardiography, 
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daily gavage treatment and study analysis. It would have been ideal to have one of these 

steps, e.g. the treatment or echocardiographies, carried out by another researcher. 

 

Difficulties were also faced with the echocardiography component of the study, which in 

itself can be challenging. However, anatomical markers such as the papillary muscle were 

used to ensure echocardiographic images were taken at the same position of the heart at 

each time point (baseline to week 5) and for each mouse (vehicle and drug-treated). In 

addition, any inaccuracies in the procedure were probably consistent as all measurements 

were carried out by one person, so as to reduce variability. Nevertheless, variability between 

groups of animals was particularly likely for the Doppler echocardiography aortic and mitral 

valve measurements, which required more precise probe placement (Hartley et al., 

2011; Fayssoil and Tournoux, 2013). However, as noted above, the AAC procedure itself can 

produce variable effects between groups of animals which may explain the differences in 

aortic and mitral VTI between the untreated and vehicle-treated AAC mice of the present 

study. It should also be noted that the present aortic valve measurement values were lower 

than those of Boguslavskyi and colleagues (2014). This may reflect differences in the precise 

positioning of the Doppler probe, but may also reflect differences in the depth of 

anaesthesia used. In future, care should be taken to standardise these issues between 

groups of animals.  Additionally measurements of aortic and mitral valve area would allow 

for more complete interpretation of the data and calculation of SV. 

 

Whilst the AAC pressure overload technique is less surgically complex, minimally invasive 

and provides muscle-sparing access to the abdominal aorta, the onset of pathological 

hypertrophy and development of HF in mice takes longer than with other procedures such as 
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TAC or isoproterenol infusion. In AAC mice, it was reported that cardiac remodelling and 

injury is observed 10 weeks post-surgery (Ku et al., 2016) whereas HF appears to only 

develop 15-21 weeks post-surgery (Wettschureck et al., 2001; Hara et al., 2002). Therefore, 

whether a decrease in EF of 20% during the present 5-week study was sufficient for testing 

the therapeutic efficacy of perhexiline and FPER-1, or whether a more severe cardiac insult is 

required could be questioned. Moreover, the suprarenal aortic constriction used in the AAC 

model causes renal hypoperfusion (Cantor et al., 2005); a cause for concern given that a 

clinical trial revealed that pre-operative perhexiline treatment in CABG patients led to renal 

impairment (Senanayake et al., 2015). 

 

Mice that underwent AAC were administered the drug treatments once daily by oral gavage 

based on the results from Chapter 5. Once-daily dosing meant that it was likely the 

perhexiline and FPER-1 plasma levels were not maintained at a constant level throughout the 

day, although measurements of plasma levels at additional time points would be required to 

confirm this. Fluctuations in the drug plasma levels may account for the lack of effect on the 

investigated molecular mechanisms despite the prolonged 4-week treatment. The present 

study can also be criticised because the concentration of drug reaching the myocardium was 

not measured due to time constraints which may be implicated in the lack of effect of FPER-1 

on cardiac function, or lack of effect of both drugs on end-systolic remodelling or Doppler 

measurements. Nonetheless, improvements in function and/or end-diastolic remodelling 

were observed with both drugs in the present study; consistent with a clinical study by Drury 

and colleagues (2014) which showed that the perhexiline plasma concentration was 

predicative of the myocardial concentration in patients undergoing CABG, following 
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perhexiline treatment for 8.5 days. Furthermore, it has been recognised that due to 

perhexiline’s amphiphilic nature, it can accumulate up to 30-fold higher in the heart than in 

the plasma, the concentration around the cardiac mitochondria being expected to exceed 

this (Ashrafian et al., 2007b). Drury and co-workers (2014) confirmed this finding as they 

observed cellular perhexiline concentrations much higher than the plasma concentrations, 

although a substantial lag existed between the therapeutic plasma levels and steady state 

cellular levels. Concerning FPER-1 plasma levels, although at higher levels than perhexiline, 

the optimal therapeutic/working dose in vivo is still unknown as only one dose was tested. 

 

Finally, the cardiac samples used for molecular analysis in the present study were not snap-

frozen immediately in liquid nitrogen following extraction (see section 6.2 or Chapter 2, 

section 2.12.3). Time delay from organ harvest to snap-freezing can have a significant impact 

on protein phosphorylation status (Kofanova et al., 2013). Moreover, the left ventricle was 

not isolated from the right ventricle and therefore Western blot analysis included a mixture 

of proteins from both chambers. It was reported that key differences exist in the expression 

and/or phosphorylation of contractile, metabolic and pro-survival proteins from the left and 

right ventricle when assessed in explanted failing human hearts (Su et al., 2015), which may 

have had an impact on the results collated in the present study.  

 

6.4.6. Future considerations 

As discussed above (section 6.4.5) the AAC model comes with limitations that should be 

considered in future. Firstly, larger experimental groups will certainly be required due to the 

variability that exists with using this model and power calculations signifying a required 
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group size of 20-25 for functional and molecular experiments. It would also be useful to 

extend the study duration to increase the severity of symptoms (further reduction in 

function and greater degree of hypertrophy and remodelling). This would be helpful for 

determining the therapeutic efficacy of perhexiline and FPER-1, as well as possible side 

effects. Alternatively, the severity of symptoms could be increased by using a smaller needle 

size for constriction, such as 29-gauge which has been used in other AAC studies (Niu et al., 

2004; Xu et al., 2013). 

 

Additional markers for cardiac dysfunction/failure should also be considered in conjunction 

with the echocardiographic measurements. This would include measurements of arterial 

blood pressure which is deemed a useful diagnostic and prognostic marker of HF (Braz 

Nogueira, 2017). This has been achieved in previous pressure overload studies (Luther et al., 

2012; Gu et al., 2015) and can easily be done non-invasively using a tail cuff. Cardiac mRNA 

expression or plasma levels of biochemical markers such as atrial natriuretic peptide (Sato et 

al., 2012) could also be assessed in addition to BNP which was measured in the plasma alone 

in the present study. Moreover, cardiac histopathology would be a valuable marker of 

hypertrophy and fibrosis to assess disease progression and drug-induced protection. With 

regards to drug treatment, additional doses of FPER-1 require testing to determine its 

therapeutic range and the dose required to retain all of perhexiline’s observed effects.   

 

Lastly, based on the molecular results in this chapter, additional proteins such as SERCA and 

ryanodine receptor involved in contractility (Armoundas et al., 2007; Lu et al., 2011) and 

UCP2 (Akki et al., 2008) could be assessed to expand the cardioprotective mechanisms of 
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perhexiline and FPER-1 in AAC mice. Directly measuring FA and glucose oxidation/utilisation 

as well as ATP production would also be important. 

 

6.4.7. Conclusion 

In the present chapter the in vivo murine model of AAC-induced cardiac hypertrophy and 

progression to HF was used to determine whether daily oral treatment with perhexiline or 

FPER-1 would delay disease progression. The results revealed that both drugs attenuated 

hypertrophic growth and cardiac remodelling in AAC mice. Cardiac systolic function was also 

improved following 70 mg/kg perhexiline treatment in AAC mice. In contrast, the novel 

derivative FPER-1 did not improve function in AAC mice thereby not fully replicating the 

effects of its parent drug, despite being present at a higher plasma concentration than 

perhexiline. The molecular mechanisms by which perhexiline acted in vivo appeared to 

involve a decrease in PLB activity, which may be involved with the improvement in cardiac 

function that it induced. Moreover, treatment with both perhexiline and FPER-1 was 

associated with a decrease in UCP3 expression, which may have contributed to or have been 

caused by the attenuation of hypertrophy and remodelling induced by both drugs. 
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7.1. Heart failure and metabolic modulation  

Heart failure (HF) is a severe clinical syndrome, affecting around 26 million people worldwide 

(Ambrosy et al., 2014). Although evidence-based pharmacological interventions exist for 

heart failure with reduced ejection fraction (HFrEF), morbidity and mortality remain high. 

Furthermore, there are no established agents for heart failure with preserved ejection 

fraction (HFpEF); accountable for over half the HF population (Borlaug and Kass, 2011). As 

such, novel pharmacological agents are urgently required. It is becoming increasingly 

recognised that metabolic impairment occurs in both types of HF, including mitochondrial 

dysfunction, oxidative stress and disrupted cardiac substrate utilisation (Siddiqi et al., 2013; 

Tuomainen and Tavi, 2017). Substrate utilisation offers the most potential for 

pharmacological targeting, therefore, metabolic drugs such as perhexiline, which modulate 

this, are considered for clinical use (Noordali et al., 2018). Perhexiline has proved successful 

clinically, but its highly polymorphic metabolism by cytochrome P450 2D6 (CYP2D6) and 

toxicity when at high concentrations remain problematic, despite the establishment of an 

effective therapeutic dose (Horowitz et al., 1986) and an appropriate drug-loading regimen 

(Philpott et al., 2004). Therefore, a novel analogue of perhexiline, fluoroperhexiline-1 (FPER-

1), which has a similar chemical structure, in vitro drug potency and in vivo myocardial 

selective accumulation, in the absence of CYP2D6 metabolic liability has been developed and 

synthesised by Signal Pharma.  
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7.2. Summary of thesis aims  

Against this background, the aim of the work in this thesis was to first determine whether 

perhexiline and FPER-1 could improve cardiac haemodynamics ex vivo in an isolated mouse 

heart Langendorff model, pre- and post-global ischaemia (Chapter 3) and to explore 

potential cardioprotective molecular mechanisms (Chapter 4).  

 

The secondary aim was to determine whether perhexiline and FPER-1 could delay 

progression from left ventricular (LV) hypertrophy to failure in vivo and elucidate the 

molecular mechanism(s) by which perhexiline and FPER-1 act in this model (Chapter 6). To 

achieve this it was first necessary to identify an optimal and safe drug dose and route of 

administration (Chapter 5), followed by establishing, in Birmingham, the in vivo model using 

abdominal aortic constriction (AAC) (Chapter 6).  

 

7.3. Effects of perhexiline and FPER-1 in the ex vivo Langendorff model 

Myocardial ischaemia is a common feature of HF, resulting from diminished cardiac output 

to the heart itself and reduced myocardial blood flow reserve (van Veldhuisen et al., 1998). 

This culminates in impaired oxygen supply, a major cause of LV dysfunction and metabolic 

impairment (e.g. reduced substrate oxidation, adenosine triphosphate (ATP) depletion) 

observed in HF (de Boer et al., 2003). Ischaemia also induces aberrant cardiac remodelling 

(Remme, 2000) and diastolic dysfunction (particularly during exercise) (van Veldhuisen and 

de Boer, 2016). Moreover, ischaemic heart disease is causally implicated in HFrEF and 

recently identified as an important prognostic factor for HFpEF (Vedin et al., 2017). Thus, it 

was of particular interest to test the effects of perhexiline and FPER-1 in ischaemia and on 
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subsequent reperfusion. Perhexiline has proven therapeutic value in cardiovascular diseases 

characterised by ischaemia such as angina (Phan et al., 2009b) and aortic stenosis (Unger et 

al., 1997) although recent clinical trials suggested it was ineffective in ischaemia/reperfusion 

(Drury et al., 2015; Senanayake et al., 2015). 

  

To accomplish this, in Chapter 3, hearts were perfused with a high-fat buffer on the 

Langendorff system, given that fatty acid overload occurs in HF (Lopaschuk et al., 2010) and 

following ischaemia i.e. post-myocardial infarction (Mueller and Ayres, 1978). Under these 

conditions, 2 μM perhexiline not only enhanced cardiac inotropy and lusitropy during 

normoxia, but also protected the heart following global ischaemia, by attenuating the 

increase in LV end-diastolic pressure (LVEDP), improving coronary flow rate (CFR) and 

attenuating hypercontracture magnitude. Additionally, the novel derivative FPER-1 at 10 μM, 

but not 2 μM, replicated the positive inotropic and lusitropic effects of perhexiline in 

normoxia, and FPER-1 also replicated the post-ischaemic improvements in LVEDP, CFR and 

hypercontracture. Interestingly, in contrast to 2 μM perhexiline, 10 μM FPER-1 unfavourably 

increased LVEDP in normoxia whilst FPER-1 at both doses favourably augmented LV 

developed pressure (LVDP) post-ischaemia, indicating a positive inotropic effect.  

 

These ex vivo findings indicate that perhexiline and especially FPER-1, would have 

therapeutic potential in clinical situations of ischaemia/reperfusion, such as coronary artery 

bypass graft (CABG) surgery, whilst also suggesting FPER-1 would be required at plasma 

levels ~5-fold higher than perhexiline to have its full effects. However, it must be 

acknowledged that the effect of either drug on infarct size post-ischaemia was not tested 
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which should certainly be done in future studies. Moreover, the disparity between the 

present results and the disappointing effects of perhexiline in CABG patients (e.g. Drury et 

al., 2015) may be associated with the fact that the present study was performed on 

otherwise healthy young hearts, whereas CABG was necessarily performed on diseased older 

hearts. It seems therefore reasonable to argue that further studies on diseased mouse 

hearts are required to better understand the conditions under which these drugs are 

effective. The present results also indicate that these agents may be therapeutic in HF given 

that increases in LVEDP occur in HFrEF and HFpEF and are correlated with HF-related 

mortality (Mielniczuk et al., 2007), whilst changes in Langendorff cardiac haemodynamics 

were predicative of changes in ejection fraction (EF) in failing rabbit hearts (Pye et al., 1996).  

 

Regarding potential mechanisms, the results of Chapter 4 demonstrated for the first time, 

that in Langendorff hearts, both perhexiline and FPER-1 increased phospholamban (PLB) 

phosphorylation at Ser16 and Thr17 in normoxia, consistent with PLB inhibition, but had no 

effect on CPT1B, or other metabolic pathways. This novel finding revealed that these 

‘metabolic' agents can target non-metabolic pathways, but also provided an explanation for 

their positive inotropic and lusitropic effects during normoxia. The fact that neither drug 

affected PLB phosphorylation in ischaemia indicates that the positive inotropic effects of 

FPER-1 post-ischaemia must involve other mechanisms and raises the question of whether 

the influences of both drugs on PLB are O2-dependent.   

 

Although perhexiline is a potent CPT1 inhibitor, it is argued that this is not its 

cardioprotective mechanism (George et al., 2016). In agreement with this, the present study 
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revealed that 2 μM perhexiline had no significant effect on CPT1B expression in normoxia or 

ischaemia, despite improved function under both conditions. This accords with previous 

reports that perhexiline had no effect on CPT1B activity in ischaemic mouse hearts (Kennedy 

et al., 2000) or during ischaemia/reperfusion, in CABG patients (Drury et al., 2015). 

Interestingly, in the present study, FPER-1 at 10 μM only, decreased CPT1B expression in 

ischaemia, but had no obvious additional effects post-ischaemia relative to 2 μM FPER-1 or 

perhexiline. Therefore, the role of CPT1B remains unclear. 

 

Recently, it was proposed from an in vivo study on healthy mice that perhexiline increases 

pyruvate dehydrogenase (PDH) activity and therefore, upregulates glucose metabolism (Yin 

et al., 2013). The present study substantiated this idea, providing new evidence that during 

ischaemia, perhexiline dephosphorylates PDH, consistent with PDH activation, and that 

Ser293 and Ser300 are the target sites of action. Importantly, FPER-1 had comparable effects 

to perhexiline demonstrating that this action is preserved in this derivative. Furthermore, the 

present findings showed for the first time that both drugs increased GSK3αβ 

phosphorylation at Ser21/9 in ischaemia, suggesting GSK3αβ inactivation. Since GSK3 is an 

upstream inhibitor of PDH (Hoshi et al., 1996), GSK3αβ inhibition would be expected to 

promote PDH activity. In contrast, Akt and ERK1/2 activity, cardioprotective proteins 

upstream of GSK3αβ, were unaffected by either drug, as judged by the absence of increased 

phosphorylation. 

 

The expression of redox-sensitive proteins TXNIP, ANT and UCP3 were also investigated 

given their role in oxidative stress and myocardial ischaemia (Tsutsui et al., 2011). The study 
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design did not allow assessment of the effects of ischaemia alone on their expression, but 

this could be resolved in future studies. Nevertheless, the results of Chapter 4 indicated that 

neither perhexiline nor FPER-1 affected TXNIP, UCP3 or ANT expression in normoxia or 

ischaemia. It would be interesting in future studies to follow their expression in reperfusion.       

 

In summary, the results of Chapter 4 provided new evidence that perhexiline and FPER-1 are 

capable of improving cardiac metabolism under ischaemic conditions. Together with the 

results of Chapter 3, they indicated that the improvements in post-ischaemic function were 

in part due to perhexiline’s and FPER-1’s ability to upregulate glucose metabolism. 

 

7.4. Effects of perhexiline and FPER-1 in vivo 

The dosing studies in Chapter 5 demonstrated in healthy mice, that 1-week daily oral gavage 

of 70 mg/kg perhexiline achieved plasma levels within the established therapeutic range at 1 

and 8 h, and was non-toxic as judged by liver histology and plasma ALT levels. At the same 

dose, FPER-1 plasma levels were much higher, consistent with its altered metabolism, but 

also non-toxic. Admittedly, it was predictable that plasma levels following daily dosing with 

70 mg/kg perhexiline would fall below the therapeutic level within the 24 h between doses 

and limit its therapeutic capability. Furthermore, although plasma levels of FPER-1 were 

better maintained than perhexiline, whether 70 mg/kg would be effective could only be 

discerned in the functional studies of Chapter 6. 

 

In Chapter 6, the in vivo model of cardiac hypertrophy progressing to HF was established for 

the first time at Birmingham. The model was successful as survival rates post-surgery were 
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high and importantly, significant reproducible cardiac hypertrophy, remodelling and cardiac 

dysfunction (i.e. 20% fall in EF) were achieved by week 5. However, the progressive fall in EF 

to 50% at 5 weeks post-AAC may be more representative of mild LV dysfunction or HFpEF 

than HFrEF (LVEF <40%) and thus, in retrospect, extending the study length to achieve HFrEF 

may have allowed for more complete assessment of the efficacies of both drugs.  

 

Nevertheless, the present findings showed that gavage treatment with each drug produced 

significant improvements. To elaborate, 70 mg/kg perhexiline improved cardiac function and 

contractility (improved EF and fractional shortening), whereas both 70 mg/kg perhexiline 

and FPER-1 attenuated LV hypertrophy and abrogated end-diastolic cardiac remodelling, but 

aortic and mitral valve variables were unchanged. The preferential effect of both drugs on 

diastolic parameters, as observed in the Langendorff model, is particularly promising given 

that diastolic dysfunction is a key trait of HFpEF and that the majority of pharmacological 

interventions for HF focus on improving systolic function alone (Loudon et al., 2016).   

 

Regarding molecular mechanisms in this AAC model, the work in Chapter 6 demonstrated 

that perhexiline, though not FPER-1, inhibited PLB activity (judged by increased PLB 

phosphorylation at Thr17). This effect suggests improved Ca2+ cycling contributed to the 

marked improvement in cardiac function induced by perhexiline. This is also consistent with 

the lack of FPER-1 effect on PLB activity and cardiac function in AAC mice. Given that FPER-1 

at a dose 5-fold greater than perhexiline was equally effective in attenuating PLB activity in 

the Langendorff preparation, it would be interesting to test a higher FPER-1 dose on PLB and 

cardiac function in AAC mice.  



Chapter 7 

257 
 

Neither perhexiline nor FPER-1 altered CPT1B expression, nor PDH, GSK3αβ, Akt or ERK1/2 

phosphorylation in AAC mice, but it should be noted that their phosphorylation were not 

changed in vehicle-treated AAC mice. Given the ex vivo findings of Chapters 3 and 4 which 

showed that during ischaemia, both perhexiline and FPER-1 did modulate PDH and GSK3αβ 

activity, and that FPER-1 also inhibited CPT1B, it is reasonable to conclude that the HF 

severity achieved in the present study was not accompanied by sufficient myocardial 

ischaemia for either drug to show these effects. Therefore, it would be interesting to test 

both drugs in an AAC model that progressed to frank HF, especially because metabolic 

dysregulation becomes more pronounced as disease severity increases (Chaanine et al., 

2017).  

 

Lastly, regarding the redox-sensitive proteins, TXNIP and ANT expression were unaltered in 

the vehicle-treated or drug-treated AAC mice. Any difference in UCP3 levels in vehicle-

treated AAC mice was not significant; however, both perhexiline and FPER-1 significantly 

decreased UCP3 expression. This provides novel evidence that UCP3 may be one the earliest 

of these redox-sensitive proteins to begin to change expression during HF development and 

that it is also a metabolic target for perhexiline and FPER-1. Increased UCP3 expression is 

correlated with oxidative stress, which causes contractile dysfunction, and leads to fibrosis 

that contributes to cardiac hypertrophy and remodelling (Tsutsui et al., 2011). Thus, it is 

possible that both perhexiline and FPER-1 achieved their beneficial effects on cardiac 

hypertrophy and remodelling in part by modulating UCP3, but it also probable that UCP3 

expression was reduced as a consequence of the drug-induced changes in hypertrophy and 

remodelling. Moreover it is likely that additional mechanisms remain to be identified.  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Chaanine%20AH%5BAuthor%5D&cauthor=true&cauthor_uid=28619984
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Together, the results of the present AAC study indicated that perhexiline and FPER-1 have 

the ability to delay HF progression. Similar to the Langendorff study, these therapeutic 

effects involved both metabolic and non-metabolic mechanisms. On this basis the main 

findings of this thesis, with proposed mechanisms, are presented in Figure 7.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. Proposed ex vivo and in vivo mechanisms of action of perhexiline and FPER-1 
In both the Langendorff and abdominal aortic constriction (AAC) model, perhexiline was demonstrated to be 
cardioprotective, involving metabolic (GSK3αβ, PDH or UCP3) and non-metabolic (PLB) protein pathways. It is 
also probable that the changes in UCP3 expression observed in the AAC model were a consequence of the 
drug-induced reduction in hypertrophy and remodelling. FPER-1 replicated all beneficial effects in the 
Langendorff model and retained the ability to attenuate hypertrophy and remodelling in the in vivo model by 
targeting the same molecular pathways as perhexiline. FPER-1, and not perhexiline, also decreased carnitine 
palmitoyltransferase 1B (CPT1B) expression ex vivo, but this did not appear to induce any additional protective 
effects. Therefore, as discussed in section 7.4, the role of CPT1B inhibition remains unclear.  

FPER-1, fluoroperhexiline-1; GSK3αβ, glycogen synthase kinase 3αβ; PDH, pyruvate dehydrogenase; PLB, 
phospholamban; UCP3, uncoupling protein 3.
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7.5. Future considerations 

Both the Langendorff global ischaemia model and the AAC pressure overload model used for 

the work in this thesis are well-established techniques for assessing cardiovascular integrity 

and pharmacological efficacy (Liao et al., 2012; Gomes et al., 2013). Future work on 

perhexiline and FPER-1 in both models would be beneficial to further explore their 

therapeutic potential. Importantly, the studies in this thesis are the first to investigate FPER-

1, thus it would be imperative to assess a range of FPER-1 doses in both models as only two 

ex vivo concentrations and one in vivo dose were tested. In this manner a therapeutic range 

for FPER-1, which would be useful and safe to test clinically, could be established. 

 

As previously discussed, increasing the severity of the AAC model by creating a smaller 

stenosis and/or prolonging the study duration would be essential to fully assess the ability of 

these agents to reduce HF progression and metabolic dysregulation. It would also be 

interesting to assess cardiac haemodynamics in hearts from AAC mice (vehicle and drug-

treated) on the Langendorff system, in addition to echocardiography. Moreover, the present 

AAC study assessed the effects of perhexiline and FPER-1 in a model of progression to failure 

rather than established HF. This may explain some of the disparities between the present 

findings and those of clinical studies, in which perhexiline was administered when 

hypertrophy/HF had already developed. Thus, investigating these drugs in the AAC model 

after HF has developed to see if they can correct dysfunction would also be useful. 

 

Regarding cardioprotective mechanisms of perhexiline and FPER-1, additional metabolic 

proteins such as UCP2 should be considered as well as those involved in cardiac contractility-
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relaxation. Furthermore, directly assessing ATP production, oxidative phosphorylation and 

substrate oxidation/utilisation would be valuable in determining whether the observed 

protein changes lead to improvements in cardiac energetics and metabolic efficiency. 

 

7.6. Concluding remarks 

The primary aims of the work in this thesis were to determine the therapeutic potential of 

perhexiline, whether the novel derivative FPER-1 is capable of replicating these effects, and 

to gain insights into possible molecular mechanisms. These aims were accomplished in that 

the work in this thesis provides both complementary and novel findings on the 

cardioprotective potential and mechanisms of perhexiline and most importantly 

demonstrates that FPER-1 can reproduce these effects ex vivo and in vivo. Both agents had 

positive inotropic and lusitropic effects during normoxia and improved post-ischaemic 

recovery in the Langendorff-perfused isolated mouse hearts. Furthermore, both drugs 

attenuated cardiac hypertrophy and remodelling in vivo in the murine AAC model, 

demonstrating their potential to delay HF progression. Perhexiline at a therapeutic dose also 

alleviated cardiac dysfunction, but this was not replicated by FPER-1 indicating that the 

optimal efficacious dose of FPER-1 still requires investigation. Their mechanisms of action 

were shown to involve metabolic (GSK3αβ, PDH or UCP3) and non-metabolic (PLB) proteins 

highlighting that perhexiline-mediated protection is not restricted to CPT1 modulation. 

Overall, the work in this thesis provides promising evidence for the clinical use of perhexiline 

and FPER-1 for the treatment and management of HF. 
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