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1. Introduction 

1.1 General introduction 

Research within this thesis tested novel intracellular pathways associated with Sunitinib 

induced cardiotoxicity in 3 month, 12 month and 24 month aged Sprague-Dawley rat hearts. 

Then explored novel adjunct therapies which have the potential to reduce cardiac injury, by 

targeting key cardiotoxicity linked pathways in 3 month rats. The effect of specific adjunct 

therapy options was also investigated in a cancer cell model, examining the effects of the 

adjunct therapy drugs on Sunitinib’s antineoplastic properties. Finally, the use of microRNAs 

(miRNAs) as indicators of both cardiac injury and cancer development were also 

investigated. 

This introductory chapter summarises the anti-cancer effects of Sunitinib, potential 

mechanisms for Sunitinib-induced cardiac injury, the impact of ageing on Sunitinib induced 

cardiotoxicity, intracellular signalling pathways involved in Sunitinib-induced cardiotoxicity, 

potential cardioprotective adjunct therapies and miRNAs as potential biomarkers for cardiac 

injury and cancer progression. 

1.2 Tyrosine kinases in cancer 

The number of people diagnosed with cancer each year is drastically increasing (Siegel, 

Miller and Jemal 2015). Globally, it is estimated that 14.1 million new cancer cases are 

diagnosed each year (Torre et al. 2015). This increase is due to a combination of people 

living long enough for a detectable tumour to manifest, and vast improvements in the 
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methods of diagnosis. Fortunately, the number of people surviving cancer is also increasing 

due to effective new treatments. 

Decades of rapid advancements in cancer research, has generated a wealth of knowledge, 

revealing the profound involvement of genome alterations during cancer development 

(Stratton, Campbell and Futreal 2009, Vogelstein et al. 2013). Cancer can arise through 

oncogene gain of function mutations, or mutations which cause a loss of tumour repressor 

genes function (Vogelstein et al. 2013). Both forms of genetic alteration can result in the 

progression of normal cells transforming into cancer cells (Ciriello et al. 2013). 

Normal healthy cells have a protective mechanism which initiates programmed cell death in 

response to the activation of oncogene and suppression of tumour suppressor mutations 

(Roos and Kaina 2013). In contrast, cancer cells have evolved to tolerate genome 

complexity, which enables them to avoid apoptosis, commence uncontrolled proliferation 

and abnormal differentiation (Fernald and Kurokawa 2013). In particular, tyrosine kinases 

have been identified as a specific class of proteins which are involved in the progression of 

many cancers (Gschwind, Fischer and Ullrich 2004). 

1.2.1 Tyrosine kinases in cancer development 

Receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases (NRTKs) are a family of 

kinase proteins which have a pivotal role in signal transduction processes of the cell 

(Schlessinger 2000, Schlessinger 2014). Epidermal growth factor receptor (EGFR), vascular 

endothelial growth factor receptor (VEGFR) and platelet derived growth factor receptor 

(PDGFR) are key members of the RTK family (Robinson, Wu and Lin 2000). Structurally, 

RTK’s comprise of an amino-terminal extracellular domain for ligand binding, characterised 
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by an immunoglobulin-like sequence, a lipophilic transmembrane segment and an 

intracellular carboxyl-terminal domain (Figure 1.1). Ligand binding causes a conformational 

change in protein structure, which allows RTK oligomerisation and auto-phosphorylation of 

tyrosine residues residing on the cytoplasmic domain (Figure 1.1) (Hubbard et al. 1994, 

Heldin 1995). 
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Figure 1.1: Structure of the human VEGFR-2. 

This tyrosine kinase receptor consists of 1356 amino acids. The extracellular domain is composed of 7 

immunoglobulin (IG) -like domains. The 2nd and 3rd IG-like domains are responsible for VEGF binding. 

The intracellular domain consists of 2 kinase domains and the C-terminal tail. The intracellular 

domain contains 5 highlighted tyrosine residues (Y951, Y1054, Y1059, Y1175 and Y1214) which are 

involved in SH2 domain binding of a number of signalling molecules (Holmes et al. 2007). 
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Figure 1.2: Schematic overview of tyrosine kinase signalling pathways and potential therapeutic 

targets. 

Receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases (NRTKs) are vital in many cellular 

processes. RTKs and NRTKs are proto-oncogenes and in cancer their activities can be upregulated and 

their expression levels can be increased. Therefore, they are promising targets for cancer therapy. 

Therapeutics can target: 1) the cytoplasmic domain of RTKs where the tyrosine kinase domain is 

situated, this prevents the intracellular signalling process of the target RTK from occurring. 2) Block 

ligand binding to the RTK, which prevents activation of the RTK protein. 3) Antibodies could be used 

to modulate the ligand, which can reduce the rate of RTK activity. 4) The use of RNA interference and 

antisense technology could be used to induce gene silencing and reduce RTK protein levels on cells. 5) 

Gene therapy in immune cells could be used to target cancer cell antigens. 6) Inhibition of NRTKs such 

as SrC and 7) BCR-ABL prevents signal transduction from RTKs. 8) therapies can also target 

downstream signal transduction pathways to specifically modulate a cellular function. Inhibition of 

each of the potential therapy targets listed could result in the reduction in cellular processes such as 

39 | P a g e 

Some materials have been removed from this thesis due to Third Party Copyright or confidentiality 
issues. Pages where material has been removed are clearly marked in the electronic version. The 
unabridged version of the thesis can be viewed at the Lanchester Library, Coventry University



cell proliferation, angiogenesis, cell migration and gene transcription. As well as, initiation of cell 

cycle senescence and apoptosis. (Madhusudan and Ganesan 2004). 

Tyrosine kinases (TKs) are involved in many cases of tumorigenesis and their genes 

encompass the largest class of oncogenes (Porter and Vaillancourt 1998, Blume-Jensen and 

Hunter 2001). In the event of abnormal TK signalling, malignant transformation can occur. 

Malignant transformation in the process by which cells acquire the properties of cancer. 

During this process, mutations within TKs and their respective ligands can lead to over-

expression of TKs or their ligands. This produces enhanced TK activity, which causes 

uncontrolled cell proliferation and tumour formation (Robertson, Tynan and Donoghue 

2000). 

An example of a TK gene involved in cancer is the Von Hipple-Lindau gene (VHL). Normally, 

VHL is a notable tumour suppressor gene. However, in approximately 80 % of cases of renal 

cell carcinoma, VHL is inactivated by deletion, mutation or methylation (Motzer et al. 2006). 

Inactivation of VHL causes an increase in FLT3 expression as well as an up regulation of 

hypoxia inducible factor 1, which induces the accumulation of proteins essential for 

adaption to low oxygen levels, such as vascular endothelial growth factor (VEGF) (Kaelin Jr 

2008). This encourages the formation of new blood vessels through a process describes as 

angiogenesis. 

1.2.1.1 Angiogenesis in cancer as a result of tyrosine kinases 

During tumour growth, RTK VEGFR are highly expressed by hypoxic cells (Carmeliet and Jain 

2000). The binding of VEGF to VEGFR initiates the recruitment of endothelial cells, this 
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stimulates proliferation and migration of the endothelial cells and therefore blood vessel 

formation (Goel and Mercurio 2013). 

Angiogenesis is essential for enabling tumours to grow larger than 1-2 mm3 (Hanahan and 

Weinberg 2011). Vessel formation in a tumour increases the availability of oxygen and other 

vital nutrients for the cancer cell mass to expand further. As tumours expand and 

metastasize, the characteristic symptoms of cancer (pain, fatigue, weight loss and 

dyspnoea) become more apparent (Walsh, Donnelly and Rybicki 2000). 

RTKs, such as VEGFR, PDGFR and proto-oncogene c-Kit (c-KIT) are heavily involved in tumour 

development (Cao 2013, Matsumoto et al. 2013, Yao et al. 2013). These protein families 

promote angiogenesis and vascular permeability. 

In cancer, tumour cells secrete VEGF which binds to VEGFR located on endothelial cells 

(Carmeliet 2005). This initiates vessel migration and formation, enabling the delivery of a 

blood supply to the tumour (Figure 1.3) (Otrock, Makarem and Shamseddine 2007). In 

addition to this, high levels of PDGFR and c-KIT are expressed in many tumours types 

(Heinrich et al. 2002, Hicklin and Ellis 2005). Activation of these proteins promotes tumour 

angiogenesis, proliferation and metastasis and therefore these proteins are suitable targets 

for treatment of many cancers. A class of very potent chemotherapy agents have been 

developed which inhibit TKs and therefore angiogenesis and they will be discussed later in 

this chapter (Shojaei 2012). 
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Figure 1.3: Schematic summarising tumour angiogenesis: 

Angiogenic factors such as VEGF and PDGF are released by tumour cells, in response to hypoxic 

conditions. This induces the recruitment of vascular and lymphatic endothelial cells, which are 

incorporated into the tumour vasculature, through the activation of dimerised VEGFR and PDGFR. 

Through this process pre-existing vessels begin to migrate and proliferate towards the tumour mass. 

This establishes the blood supply to the tumour (adapted from Cristofanilli, Charnsangavej and 

Hortobagyi 2002). 
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1.2.1.2 Angiogenesis of the heart as a result of tyrosine kinases 

In addition to cancer progression, angiogenesis is also a vital process during heart 

development (Oka et al. 2014). Similarly to tumours, as the heart develops and grows, the 

demand of oxygen and nutrients increases. To prevent the necrosis of oxygen and nutrient 

deficient tissue, angiogenesis is initiated (Riley and Smart 2011). Like in tumour cells, 

hypoxic regions of the heart release pro-angiogenic factors. Kobayashi et al (2017) 

demonstrated that high levels of VEGFA were present in the hypoxic tissue within mouse 

hearts (Kobayashi et al. 2017). As previously mentioned in figure 1.3, VEGF has a vital role in 

tumour angiogenesis. This highlights the similarities in processes of angiogenesis in tumour 

and heart tissues. Due to these similarities, potent anti-cancer agents which possess anti-

angiogenic properties can have detrimental effects in the heart. 

There are many cardiotoxic effects associated with anti-angiogenic agents, such as 

hypertension, arrhythmia, bleeding, venous thrombosis, pulmonary embolism, arterial 

thrombosis, coronary heart failure, left ventricle (LV) dysfunction and oedema (Shah and 

Morganroth 2015). The heart is highly susceptible to drug induced toxicity due to its high 

energetic metabolic demand and lack of regeneration capabilities (MacLellan and Schneider 

2000, Kaakeh et al. 2012). 

Shortly after birth, the cell-cycle activity of cardiomyocytes rapidly declines (Lee 2010). 

Because of this, cardiac hypertrophy is essential for heart growth and adaption to increasing 

work-loads (Foglia and Poss 2016). Therefore, pharmaceutical compounds which reduce 

metabolic activity or cause a loss of cardiomyocytes have the potential to cause adverse 

cardiovascular events, including heart failure (Xin, Olson and Bassel-Duby 2013). 
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in patients has led to the development of new generation TKIs such as Sunitinib (Serrano et 

al. 2017). 

1.3.1 The tyrosine kinase inhibitor: Sunitinib 

1H-Pyrrole-3-carboxamide, N-(2-(diethylamino) ethyl)-5-((Z)-(5-fluoro-1, 2-dihydro-2-oxo-

3H-indol-3-ylidene) methyl)-2, 4-dimethyl- or Sunitinib is an indolinone derivative multi-

targeted tyrosine kinase inhibitor (Figure 1.4). Sunitinib features effective antineoplastic 

activity through inhibition of angiogenesis, cell proliferation, positive regulation of apoptosis 

and the inhibition of signal transduction (Christensen 2007). 

Sunitinib is an effective treatment of GIST, pancreatic neuroendocrine tumour (PNET) and 

renal cell carcinoma (RCC) (Le Tourneau, Raymond and Faivre 2007). It is estimated that in 

2015 there were 1 million people diagnosed with GIST, 1.4 million people diagnosed with 

PNET and 1.9 million diagnosed with RCC (Torre et al. 2015). It has been predicted that the 

number of diagnosed cases of GIST, PNET and RCC are increasing annually, which indicates 

that a large number of the population are potentially being treated with Sunitinib currently, 

though the exact number of patients is not available (Torre et al. 2015). 

Sunitinib (Sutent, Pfizer) is available in 12.5 mg, 25 mg, 37.5 mg and 50 mg size capsules. 

Dosing information is provided by the patient’s doctor upon receipt of their prescription. 

Dosing varies from person to person and this is mostly determined by the type of cancer 

being treated, either RCC, GIST or pancreatic neuroendocrine tumour PNET. However, all 

doses are administered by mouth, once daily (Pfizer, 2017). 

For the treatment of RCC and GIST, 50 mg of Sunitinib is recommended and the dosing cycle 

consists of 28 days on-treatment and 14 days off-treatment. The number of cycle repeats is 
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Figure 1.4: Chemical structure of Sunitinib (Remko, Bohác and Kováciková 2011). 

1.4 Drug-induced cardiotoxicity and Sunitinib 

As most cells in the human body proliferate and differentiate, it is difficult to produce 

chemotherapy drugs which are entirely selective for cancer cells. There is a limited 

knowledge base surrounding tissue specific cellular signalling pathways. This makes it 

almost impossible to predict the effect chemotherapy agents will have on the various 

tissues of the body. In particular, anti-angiogenic therapies have commonly caused: fatigue, 

hyperthyroidism, dyspnoea, gastrointestinal issues, cutaneous, anaemia, and cardiotoxic 

effects (Bhojani et al. 2008). 

It is well established that chemotherapy agents have the potential to cause adverse effects 

in cardiomyocytes (Raschi et al. 2010). The cell biology of cardiomyocytes displays a 

substantial degree of similarity to that of cancer cells. Both have active stress signalling and 
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high-energy consumption (Cheng and Force 2010). Therefore, cardiomyocytes are highly 

susceptible to the cytotoxic effects of chemotherapy. 

Many chemotherapy agents have been found to have cytotoxic effects on cardiomyocytes 

which can result in cardiac infarction, leading to a reduction in left ventricular ejection 

fraction (LVEF) in the heart (Monsuez et al. 2010). In addition to this, chemotherapy can 

induce cardiac repolarisation abnormalities such as QT prolongation, arrhythmia which is 

linked with myocardial dysfunction has also been found (Strevel, Ing and Siu 2007). 

Unfortunately, many prescription drugs have been withdrawn from the market, as a 

consequence of these unpredicted cardiotoxic side-effects in patients (Botelho et al. 2016, 

Onakpoya, Heneghan and Aronson 2016). This therefore, illustrates a deficiency in cardiac 

safety analysis in preclinical trials (Morganroth 2007). 

1.4.1 Sunitinib induced cardiotoxicity 

Due to Sunitinib’s broad intracellular molecular targets and many unpredicted off-target 

interactions, there is a plethora of side effects associated with its use (Aparicio-Gallego et al. 

2011). Adverse cardiovascular effects have frequently been observed during and post-

Sunitinib treatment in the clinic (Li et al. 2016). Cardiotoxicity produces alterations to 

haemodynamic flow, electrocardiographic (ECG) readings and LVEF (Monsuez et al. 2010). 

1.4.2 Mechanisms of Sunitinib-induced cardiotoxicity 

The exact mechanism by which cardiotoxicity is induced is still under consideration. It has 

been suggested that mitochondrial interactions with drugs such as anthracyclines causes the 

accumulation of reactive oxygen species (ROS) (Gouspillou et al. 2015). Lipids, proteins, 
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oxidative phosphorylation enzymes and mitochondrial DNA (mtDNA) are particularly 

susceptible to damage caused by ROS (Horenstein, Vander Heide and L'Ecuyer 2000, Sawyer 

et al. 2010). 

Experimental investigation of the effect of Sunitinib on cardiomyocytes demonstrated a 

dose dependant reduction in cardiomyocyte survival (Chiusa et al. 2012). Sunitinib-induced 

cytotoxicity has been associated with an increased level of ROS generation (Zhuang et al. 

2011). ROS damage can cause ATP synthesis disruption, which reduces the expression of 

sarcoplasmic reticulum calcium ATPase mRNA. This results in a decrease in heart 

contractility due to an increase in calcium levels within the cell, which results in Sunitinib-

induced arrhythmia (Hare 2001). 

Mutations of mtDNA can be caused by high levels of ROS (Ishikawa et al. 2008). This in turn 

can cause faulty oxidative phosphorylation machinery to be produced, as well as a decline in 

cardiac glutathione peroxidase activity, which can lead to further ROS being produced, 

inducing the formation of the mitochondrial permeability transition pore (mtPTP) (Brookes 

et al. 2004, Doenst, Nguyen and Abel 2013). High levels of ROS generated cellular damage 

induces cellular dysfunction and programmed cell death. 

Programmed cell death is crucial for organ homeostasis as it controls cell numbers and 

eliminates damaged or abnormal cells. Apoptosis is the most typical form of programmed 

cell death. In very simplified terms, during apoptosis: cells shrink, undergo nuclear 

fragmentation, chromatin condensation, chromosomal DNA fragmentation and RNA 

degradation (Hengartner 2000), all of which results in cell death. Apoptosis is activated by 

two main pathways: the extrinsic and the intrinsic. The extrinsic pathway involving the 

binding of specific ligands to death receptors (DR) such as DR3, DR4, DR5, Fas and tumour 
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Necrosis is a process of caspase-independent cell death. Necrosis occurs in response to 

physical or chemical trauma on the cell, causing ATP depletion, dysfunctional Ca2+ 

regulation, mitochondrial abnormalities, increased ROS generation and stress signalling 

activation (Vanlangenakker, Berghe and Vandenabeele 2012). During this process, cellular 

organelles swell and the plasma membrane ruptures. 

High levels of drug-induced cardiomyocyte cell death have a particularly destructive effect 

on the heart. As a consequence of cell death, areas of the heart lose the ability to function 

efficiently. This causes the heart to initiate cardiac remodelling, in an attempt to adapt to 

the increased level of stress and work load. The structure and function of cardiomyocytes is 

changed by cardiac remodelling and can produce decreased levels of cardiac output and 

lead to heart failure (Munzel et al. 2015). It is therefore important to investigate the level of 

drug-induced cytotoxicity a compound causes and to predict whether a compound has the 

potential to produce adverse cardiovascular events. 

1.4.3 Investigation in to Sunitinib-induced cardiotoxicity 

Adverse cardiovascular events are believed to be a result of lack of Sunitinib’s specificity and 

selectivity. Karaman et al., (2008) demonstrated that Sunitinib bound to 57 out of 317 

kinases tested. Sunitinib also causes depletion in ATP levels, due to the off-target inhibition 

of AMP-activated protein kinase (AMPK) or the inhibition of the ribosomal s6 kinase (RSK) 

complex (Force, Krause and Van Etten 2007, Kerkela et al. 2009). Cardiomyocytes have very 

limited ATP stores as the heart requires a lot of energy for constant contraction. In normal 

conditions the depletion of ATP leads to an increase in AMP and increased levels of 

activated AMPK, which activates catabolic pathways to limit the cellular consumption of ATP 
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(Kudo et al. 1995, Kudo et al. 1996). However, during Sunitinib treatment, the inhibition of 

AMPK prevents this energy-conserving process, which exacerbates the ATP decline further. 

This decline in ATP levels has been shown to cause mitochondrial dysfunction and initiate 

cell death processes. 

In addition to this, Sunitinib has been shown to inhibit RSK. In normal conditions RSK 

regulates cellular survival by inhibiting the activation of the pro-apoptotic factor BCL-2 

antagonist of cell death (BAD). However, during Sunitinib treatment, BAD is not inhibited. 

This enables activated Bad to initiate the caspase cascade and produce higher levels of 

apoptosis in the heart (Hasinoff, Patel and O'Hara 2008). Through the inhibition of AMPK 

and RSK, Sunitinib reduces the level of efficiently functioning cardiomyocytes in the heart, 

which causes a decline in heart contractility and therefore cardiac function (Kerkela et al. 

2009) (Figure 1.5). The severe reduction in ATP and increased levels of apoptosis in 

cardiomyocytes associated with Sunitinib treatment could be responsible for the adverse 

cardiovascular events found in the clinic such as QT interval prolongation and declines in 

LVEF (Hartmann et al. 2009). 
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Figure 1.5: Schematic describing potential intracellular mechanisms of Sunitinib-induced cardiomyocyte apoptosis. 

Inhibition of AMPK prevents the regulation of eukaryotic elongation factor-2 (EEF2), mammalian target of rapamycin (mTOR) and acetyl-Coenzyme A 

carboxylase which are responsible for energy consuming processes such as protein translation and lipid biosynthesis. This causes a severe ATP depletion. 

Sunitinib also inhibits RSK, which causes the release of BAD from RSK regulation. BAD can then activate BCL2 associate X protein (BAX) and cytochrome c 

release, which can initiate the intrinsic apoptotic pathway. Cardiomyocyte cell death and declines in ATP levels have been associated with compensatory 

cardiac hypertrophy and left ventricular (LV) dysfunction in the heart (Force, Krause and Van Etten 2007). 
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The following studies highlight the concerning level of cardiotoxicity associated with 

Sunitinib in the clinic. In a study by Chu et al. (2007), 97 patients with Imatinib-resistant GIST 

were given repeated cycles of Sunitinib over a 2 year period. During this time, 75 of the 

patients were enrolled into a cardiovascular study. 20% of patients undertaking Sunitinib 

treatment had a more than 50% decrease in LVEF, 8% of patients developed congestive 

heart failure and 1% developed myocardial infarction (Chu et al. 2007). This highlights the 

concerning level of cardiotoxicity which Sunitinib can generate over a long period of 

treatment. 

In another study by Narayan et al. (2017), the level of Sunitinib-induced cardiotoxicity 

detected in patients receiving routine clinical treatment for metastatic renal cell carcinoma 

was assessed by echocardiography and biomarker phenotyping. Patients were assessed 3.5, 

15 and 33 weeks after initiation of Sunitinib treatment. At each assessment, the cardiotoxic 

associated symptoms such as LVEF decline and cardiac damage were measured. An LVEF 

reduction of more than 10 % was considered to indicate LV dysfunction. The biomarkers 

Troponin I and B-type natriuretic peptide were assessed as predictors of LV dysfunction. All 

patients receiving Sunitinib treatment demonstrated declines in LVEF. In addition, 9.7 % of 

patients experienced substantial declines in LV function. Most cardiovascular events 

occurred within the first cycle of Sunitinib treatment. However, the majority of patients 

recovered to baseline after cardiovascular management (with anti-hypertensive drugs) and 

a Sunitinib dose reduction (Narayan et al. 2017). However, as this study was carried out over 

a short time, it is possible that latent adverse cardiovascular symptoms of Sunitinib 

treatment may have occurred after the “follow-up” visits ceased. In addition, patients with 

pre-existing cardiovascular conditions were excluded from this study. Therefore, this study 
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does not accurately account for the population who receive Sunitinib in the clinic, as 

patients may have pre-existing cardiovascular conditions when they initiate treatment. 

Chu et al. (2007) identified more severe cardiovascular complications in the participants of 

their study. This is likely to be due to the study taking place over a 2 year time period, which 

meant that latent cardiovascular events caused by Sunitinib treatment were identified. Chu 

et al. also used a patient population that had received Imatinib treatment for GIST in the 

past. This may have increased the patients’ susceptibility to Sunitinib-induced cardiotoxicity. 

However, both studies used a middle-aged population with a mean age of 56 (Chu et al. 

2007) and 63 (Narayan et al. 2017), whereas in the clinic, patients of all ages receive 

Sunitinib treatment. It would be interesting to see if the level of Sunitinib-induced 

cardiotoxicity varies with age. 

1.4.4 Impact of age during drug-induced cardiotoxicity 

Life expectancy at birth has increased substantially due to a combination of medical 

advances and improved quality of life. However, as a person ages, there is usually a decline 

in physical, social and cognitive function. In particular, ageing of the heart is a major risk 

factor for developing heart failure (Poulose and Raju 2014). Ageing in the heart is associated 

with left ventricular hypertrophy, diastolic dysfunction, heart valve degeneration, increased 

cardiac fibrosis, and decreased maximal exercise capacity (Dai, Rabinovitch and Ungvari 

2012, Morita et al. 2009, Shioi and Inuzuka 2012). In addition, in later life many patients 

suffer with comorbidities, such as cancer, heart disease and diabetes. Therefore, in the clinic 

it is important for patient age to be considered before a potential cardiotoxic agent is 

administered. 
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Currently, there is very little information investigating the effect of Sunitinib treatment on 

an ageing population. Existing studies demonstrate similar levels of cardiotoxicity between 

patients <70 and >70 years old. However, elderly patients are more likely to display signs of 

fatigue, hypertension and stroke than younger patients (Hutson et al. 2014, Jang et al. 

2016). The exact cause of this difference has not been fully investigated. 

Historically, the use of rodents is essential in the drug discovery and development process 

(Vandamme 2014). Their use allows characterisation of disease pathophysiology, evaluation 

of mechanism of action of existing drugs, discover new drug targets and biomarkers and to 

estimate clinical dosing regimens and determine safety margins and toxicity. However, 

generally, a healthy “young” male animal of around 9-12 weeks, is dosed with an agent and 

the toxic effects are monitored. This does not accurately represent the total patient 

population, such as the elderly patients. 

Also, as cardiotoxicity is one of the leading causes of drug attrition, it is now critical that 

early detection of drug-induced cardiotoxicity is established. At the clinical level it would be 

extremely beneficial to establish molecular markers which could be used to predict cardiac 

injury. Currently, preclinical cardiac safety assessments involve detection of cardiac injury 

biomarkers, such as troponin (Mair et al. 1995), as well as measurement of changes in 

cardiac morphology in organ and animal models. The identification of the specific cellular 

signalling processes involved in Sunitinib-induced cardiotoxicity could enable the 

development of effective cardioprotective therapy, without limiting Sunitinib’s anti-cancer 

properties. 
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1.4.5 The relevance of the isolated Langendorff heart model in determining 

cardiotoxic side effects 

Since its availability on the market in 2006, Sunitinib has been reported to produce adverse 

cardiovascular events. It has been reported that 20% of Sunitinib patients have experienced 

significant declines in left ventricular ejection fraction (LVEF), while 47% hypertension and 

8% developed congestive heart failure (Chu et al., 2007; Motzer et al., 2007). Also, many 

patients did not experience cardiovascular side effects until two or more years after 

treatment (Chu et al., 2007), which highlights that the current preclinical studies include 

insufficient testing for the prediction of cardiac safety. 

Henderson et al. 2013, demonstrated that the Langendorff isolated heart assay was a 

sensitive and predictive model for assessing changes in heart function induced by the 

tyrosine kinase inhibitors: Sunitinib, Sorafenib and Erlotinib. As a positive control for cardiac 

damage, Henderson et al. used carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

(FCCP) and isoproterenol along with modified Henseleit Krebs (MHK), while verapamil was 

used as a negative controls for cardiac damage to establish the cardiac injury caused by 

Sunitinib, Sorafenib and Erlotinib (Henderson et al., 2013). 

In this thesis, the main method for analysing cardiac function in the response to Sunitinib 

perfusion (in the absence or presence of adjunct therapy) is the langendorff heart perfusion 

model (Bell, Mocanu and Yellon 2011). This technique involves the perfusion of the heart in 

a retrograde manner through the aorta. A cannula is inserted into the aorta and the 

retrograde perfusion forces the aortic valve to close. This forces direct perfusion of the 

coronary arteries (Langendorff 1895). 
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The heart can beat unaided, therefore, left ventricular function can be assessed. A balloon 

connected to a pressure transducer is inserted into the left ventricle and is used to monitor 

heart rate and left ventricular developed pressure. Coronary flow is measured by collecting 

the ejected perfusate (Bell, Mocanu and Yellon 2011). 

One of the key benefits of using the Langendorff heart assay is that important aspects of in 

vivo conditions can be replicated, allowing insight into whole-organ function. This enables 

the monitoring of changes to heart function in response to drug under simulated 

physiological conditions (Hwang et al., 2010). 

The use of the isolated Langendorff heart technique also allows the perfusion volume and 

content to be controlled. It has been reported that the clinical steady state blood 

concentrations of Sunitinib are between 0.01 and 1 µM in cancer patients treated with 

Sunitinib (Doherty et al., 2012, Goodman et al., 2007), therefore the chosen concentration 

of 1 µM of Sunitinib for this thesis was clinically relevant. A precise concentration of drug 

can be administered to the heart via the Langendorff technique, whereas in comparison, it 

would be difficult to establish clinically relevant concentrations of Sunitinib at the heart in 

an in vivo model due to variations in species size, metabolic activity, drug absorption and 

clearance (Toutain et al., 2010). 

In addition to this, the Langendorff model enables the study of Sunitinib-induced changes to 

cardiac function in the absence of neurogenic and hormonal influences (Anderson et al., 

2006). This is ideal for the study of compounds targeted for the use in humans in other 

species as there is an absence of external factors acting upon the heart, which may differ 

between species (Toutain et al., 2010). However, in relation to the clinic, it is important to 
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consider these variables as they may interfere with the pharmacokinetics and 

pharmacodynamics of a drug. 

Therefore, the isolated Langendorff heart model is essentially an ideal method for 

determining the cardiac safety of a compound at clinically relevant concentrations prior to 

clinical trials. It can measure drug effect on left ventricular developed pressure, heart rate 

and coronary flow. The ability to predict potential cardiotoxic effects in the early stages of 

preclinical testing would be of a great benefit to future drug development as extremely 

cardiotoxic compounds could be eliminated from selection earlier. Also, from a clinical point 

of view, the Langendorff technique could be used to identify potential risks of the drug’s 

which make it to market, enabling clinicians to monitor and manage possible side effects. 

However, as previously mentioned the effect of drug metabolism, drug interactions, pre-

existing conditions, as well as neurogenic and hormonal influences cannot be measured by 

the Langendorff technique. In addition, the Langendorff model uses acute drug 

administration over a period of 125 minutes, therefore it does not represent the dosing 

used in the clinic, where cycles of Sunitinib treatment could be administered for months 

(Pfizer, 2017). 

Therefore, in vivo and clinical studies would provide further insight into the potential 

cardiotoxic effects of a drug which have been highlighted by the Langendorff technique. 

1.5 Intracellular signalling pathways associated with Sunitinib 

cardiotoxicity 

As previously mentioned, traditionally, the methods used to identify patients at risk of 

cardiotoxicity involve the monitoring of cardiac function by measurement of LVEF. However, 
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Figure 1.6: Schematic of the possible effects of Sunitinib on intracellular mechanisms in a cancer cell. 

The inhibition of RTKs by Sunitinib reduces the level of PI3K/AKT/mTOR, MAPK and PKC signalling, which produces the anti-tumour effects of Sunitinib. 

Inhibition of the same pathways in the heart have been liked to cardiac dysfunction (Aparicio-Gallego et al. 2011). 
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growth factor, epidermal growth factor, reactive oxygen species, and environmental stress 

such as hypoxia, ischaemia and radiation (Rosette and Karin 1996). 

JNK is a member of the MAPK family (Minden and Karin 1997). In mammalian genomes: 

jnk1, jnk2 and jnk3 encode a family of 3 JNK isoforms: JNK1, JNK2 and JNK3. The jnk1 gene is 

located on chromosome 10 in humans (chromosome 14 of mice and chromosome 16 of 

rats), jnk2 is located on human chromosome 5 (chromosome 11 of mice and chromosome 

10 of rats) and jnk3 is located on chromosome 4 of humans (chromosome 5 of mice and 

chromosome 14 of rats) (Davis 2000). There are a total of 10 splice variants, meaning that 

each jnk gene codes 2-4 alternatively spliced transcripts, each of 46 to 55 kDa in size 

(Casanova et al. 1996). The difference in transcript occurs in the subdomain IX and the C-

terminal, making it difficult to identify the exact functional properties of each splice variant. 

JNK1 and JNK 2 are ubiquitously expressed, whereas JNK3 is mostly expressed in the brain, 

heart and testis (Wagner and Nebreda 2009). 

The JNK signalling cascade comprises of a 3 tier phosphorelay system: MAP kinase kinase 

kinases (MKKK’s) phosphorylate MAPKKs and MAPKKs phosphorylate the MAPKs, in this 

case, JNK (Davis 2000). 

There are at least 20 MKKKs, 14 of which are known to contribute to JNK activation 

(Dhanasekaran et al. 2007). In addition to this, scaffold proteins such as JNK interacting 

protein (JIP), play an important role in the mediation of signalling complexes (Whitmarsh et 

al. 2001). Scaffold proteins facilitate the assembly of protein complexes (Good, Zalatan and 

Lim 2011, Su, Xu and Zhang 2015). Like many JNK-interacting proteins, JIP1 contains the 

conserved JNK-binding domain (Ho et al. 2006). Complex formation increases the proximity 

of relevant signalling proteins, allowing efficient cell signalling. In the JNK MAP kinase 
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Many studies investigated the structure and function of ASK1 (Bunkoczi et al. 2007). In its 

resting state, ASK1 forms a homo-oligomer, which is stabilised by the C-terminal coiled-coil 

domain of the protein (Saitoh et al. 1998). In addition, the N-terminal of ASK1 is bound to 

the reduced redox-regulated protein thioredoxin (Saitoh et al. 1998). During cellular 

oxidative stress thioredoxin becomes oxidised. This oxidation causes the formation of a 

disulphide bridge between Cysteine 32 and 35 residues. This causes a conformational 

change in the structure of thioredoxin, exposing the hydrophobic region of ASK1. This 

mechanism results in the disassociation of thioredoxin from the N-terminal of ASK1 and 

allows auto-phosphorylation to occur at the threonine 838 site of the activation loop 

(Bunkoczi et al. 2007). Therefore, oxidation of thioredoxin causes the dissociation of the 

heterodimer and activates ASK1 so that it can initiate its MAPK cascade. 

ASK1 has been shown to initiate pro-apoptotic effects in cells. In 1999, Zhang et al. 

demonstrated that anti-cancer drugs such as cisplatin have direct agonistic effects on ASK1 

and the pro-apoptotic pathway (Zhang, Chen and Fu 1999). 

To further investigate the role of ASK1 on apoptosis, Tobiume et al. (2001) used ASK1 

knockouts (ASK1-/-) in mice to show that ASK1 is a vital mediator of apoptosis in response to 

oxidative cellular stress (Tobiume et al. 2001). Sustained activation of JNK and p38 pathways 

was lost when cells were treated with TNF and H2O2. Embryonic fibroblasts demonstrated 

resistance to apoptosis during oxidative cellular stress. This demonstrated that removal of 

ASK1 protected cells from apoptosis. 

Liu et al. (2009) created transgenic mice with cardiac-specific inducible over expression of 

ASK1 (Liu et al. 2009). Interestingly, this mutation did not induce cardiac hypertrophy. 

However, an increased level of myocyte cell death was detected. This resulted in a 
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significantly increased susceptibility to cardiomyopathy and in some cases myocardial 

infarction. This study shows the importance of ASK1 in cell death of cardiomyocytes. A drug 

which is an agonist of the ASK1/MKK7/JNK pathway is highly likely to cause cardiotoxicity. 

He et al. (2003) demonstrated that ASK1 has an essential role in the regulation of cardiac 

contractile function. Cardiac troponin T (cTnT) is a substrate of ASK1. The induction of 

mutations at the ASK1 phosphorylation sites (T194/S198) of cTnT reduced activation of cTnT 

by ASK1 and caused contractile dysfunction in cardiomyocytes. Furthermore, 

overexpression of constitutively active ASK1 induced an increase in cTnT phosphorylation 

and inhibited shortening of cardiomyocytes (He et al. 2003). This highlights the importance 

of ASK1 in the regulation of cardiac contractile function. 

Moreover, by investigating the effect of ischemia-reperfusion on ASK1-/- compared to wild 

type mice, Watanabe et al. (2005) showed that ASK1 is involved in necrosis as well as 

apoptosis. Wild type mice exhibited a significant increase in necrotic injury (Watanabe et al. 

2005). However, ASK1-/- mice displayed a significant reduction in infarct size. Additionally, 

cellular studies revealed that ASK1-/- cardiomyocytes were more resistant to H2O2 and Ca2+ 

induced apoptosis and necrosis (Watanabe et al. 2005). This suggests that inhibition of ASK1 

could have a cardioprotective effect. 

1.5.4 PKC in cardiac function 

The PKC family are Ca2+, diacylglycerol (DAG), and/or phospholipid-activated 

serine/threonine kinases (Newton 2001). Structurally, PKC proteins are defined by a highly-

conserved C-terminal, catalytic domain, which contains the motifs required for ATP or 

substrate binding. A flexible hinge region separates the C-terminal region from the N-
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between 1997 and 2011 revealed that Doxorubicin treatment was a strong predictor of 

heart failure later in life (Shantakumar et al. 2016). It has been suggested that patients who 

have survived cancer after being treated with Sunitinib, may also develop heart failure later 

in life (Lenihan and Cardinale 2012). 

It has been hypothesised that cardiovascular damage occurs as a result of negative effects 

on structural and functional properties of the endothelium and cardiomyocytes, during 

chemotherapy treatment (Svilaas et al. 2016). This has highlighted the requirement for 

further understanding of the mechanisms of Sunitinib-induced cardiotoxicity so that a 

mechanism of cardioprotection can be used. 

The use of cardioprotective therapies in combination with Sunitinib has been previously 

investigated. However, the ability of these treatments to protect the heart has been limited 

due to Sunitinib targeting >30 different kinases. Notably, the inhibition of angiogenic growth 

factors and the compromise of energy homeostasis through inhibition of AMPK by Sunitinib 

are thought to be key in the development of cardiotoxicity (Izumiya et al. 2006, Kerkela et 

al. 2009). To counteract this, the use of angiotensin-converting enzyme (ACE) inhibitors, 

Beta-blockers and AMPK agonists have been proposed as cardioprotective agents (Dirix, 

Maes and Sweldens 2007, Hasinoff, Patel and O'Hara 2008). 

ACE inhibitors have been shown to prevent the decline in LVEF associated with the use of 

high-dose chemotherapy agents (Cardinale et al. 2006). However, ACE inhibitor treatment 

did not produce long-term cardioprotective effects. Over the 6 years following a 

combination of ACE inhibitor and anthracycline treatment patients produced progressive 

declines in left ventricular end-systolic wall stress, though this was still not as severe 

patients who received anthracycline alone (Silber et al. 2004). Beyond 6 years, the benefits 
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of ACE inhibitors were diminished and further cardiac dysfunction was identified (Lipshultz 

et al. 2002). Yet, interestingly, the combination of ACE inhibitors and Beta-blockers has been 

shown to be highly effective against hypertension and reductions in LVEF in patients 

receiving Trastuzumab (Oliva et al. 2012). During Sunitinib treatment, ACE inhibitors are 

administered to manage hypotension (Joensuu et al. 2011). However, there is no clinical 

evidence suggesting that the use of ACE inhibitors or Beta-blockers will produce sufficient 

cardioprotective effects against Sunitinib-induced cardiotoxicity. 

Furthermore, AMPK agonists have been predicted as potential cardioprotective agents. An 

AMPK-constitutively active mutant in cardiomyocytes treated with Sunitinib demonstrated 

partial resistance to Sunitinib-induced apoptosis (Kerkela et al. 2009). Interestingly, 

Metformin has been shown to improve left ventricular function by increasing AMPK activity 

(Gundewar et al. 2009, Zhou et al. 2001), (Shen, Ke and Wu 2017). Also, Metformin has 

produced cardioprotective effects against Doxorubicin-induced cardiotoxicity, by 

attenuating Doxorubicin-induced oxidative stress, energy starvation and structural changes 

in the myocardium (Ashour et al. 2012). However, Metformin lacks cardioprotective abilities 

against Sunitinib treatment in cardiomyocytes (Hasinoff, Patel and O'Hara 2008). It is 

therefore vital to further investigate potential cardioprotective agents to reduce the risk of 

cardiovascular events associated with Sunitinib therapy. 

1.6.1 ASK-1 inhibitor: NQDI-1 

Ethyl 2, 7-dioxo-2, 7-dihydro-3H-naphtho [1, 2, 3-de] quinoline-1-carboxylate (NQDI-1) is a 

selective inhibitor for ASK-1. It has a Ki of 500nM and IC50 of 3µM for ASK1 (Volynets et al. 
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2011). However, as this is a relatively new drug the mechanism of inhibition is not yet fully 

characterised. 

Presently, there is no published data where NQDI-1 has been used in heart tissue. However, 

NQDI-1 has been shown to protect cells against apoptosis, attenuate hypoxic and ischaemic 

cerebral injury and ischaemic renal injury (Eter 2013, Hao et al. 2016, Nomura et al. 2013). 

Inhibition of ASK1 with NQDI-1 has been shown to completely prevent caspase 3 and 

caspase 9 activation and cell death in neuronal cells, after treatment with H202 (Nomura et 

al. 2013). This confirms the involvement of ASK1 in ROS induced cell death and highlights 

the protective properties of NQDI-1. 

Furthermore, the administration of NQDI-1 to animal models of acute ischaemic renal 

failure caused attenuation of renal dysfunction and also reduced the level of apoptosis 

compared to untreated animals (Eter 2013). This demonstrated the ability of NQDI-1 to 

protect against ischaemic injury by the inhibition of ASK1 and therefore, apoptosis and 

oxidative stress. 

Similarly, a study investigating the effect of NQDI-1 treatment on neonatal rats which have 

received brain hypoxia ischaemia (Hao et al. 2016). Hao et al. (2016) found that NQDI-1 

attenuated hypoxic-ischaemic cerebral injury by inhibiting cellular apoptosis. Untreated 

animals with brain injuries were found to have increased levels of ASK1 in neurons and 

astrocytes compared to sham controls, which confirms the involvement of ASK1 signalling in 

cerebral injury. 

Interestingly, in hamsters expressing severe cardiomyopathy phenotypes, ASK1 inhibition 

has been shown to supress the progression of ventricular remodelling and fibrosis of 
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Adenosine is the endogenous ligand of the adenosine receptor family. The affinity of 

adenosine varies between the 4 adenosine receptor subtypes. The A1 and A2A subtypes have 

a strong binding affinity for adenosine, whereas the A3 and A2B have a lower affinity 

(Fredholm et al. 2011). In normoxic conditions, adenosine concentrations are in the low 

nano-molar range, however, its levels may rise due to high levels of ATP dephosphorylation 

in response to a high metabolic rate or hypoxic conditions. 

Binding of adenosine initiates either an increase of intracellular cyclic adenosine 

monophosphate (cAMP) by A2A and A2b adenosine receptor subtypes or inhibition of cAMP 

activity by A1 and A3 adenosine receptor subtypes (Figure 1.8) (Fredholm et al. 2011). cAMP 

regulates important cellular processes such as, immune function, growth differentiation, 

gene expression and metabolism. An imbalance of cAMP signalling has been implicated in a 

number of pathologies, including: diabetes, inflammation and heart diseases (Guellich, 

Mehel and Fischmeister 2014, Levy, Zhou and Zippin 2016, Miller et al. 2013). Therefore, 

regulation of vital cell signalling pathways such as cAMP, through pharmacological 

adenosine receptor activation or inhibition is of high interest. 

In particular, activation of the A3AR with IB-MECA has been shown to inhibit cAMP 

accumulation (Abedi et al. 2014). In addition to this, activation of A3ARs with IB-MECA has 

also been shown to increase the levels of PLC (Abbracchio et al. 1995). PLC is an upstream 

regulator of cellular signalling processes involving PKC and calcium dependant signalling 

pathways (Rohacs 2013) (Figure 1.8). 
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1.7 microRNAs as indicators of cardiotoxicity and cancer. 

The short non-coding RNAs known as microRNA (miRNA) are approximately 22 nucleotides 

long and perform the negative regulation of mRNA transcripts by repressing translation or 

mRNA degradation (Bagga et al. 2005). miRNAs are directed by sequence specific, Watson-

Crick pairings between the miRNA nucleotides and the complimentary sites found within the 

3’ untranslated region of its target mRNA (Bartel 2004). Once bound to the complimentary 

region, the miRNA prevents the target mRNA from being translated (Figure 1.9). For mRNA 

targets, this has a direct effect on protein levels (Baek et al. 2008). 

Regulation through miRNAs is vital during prenatal development. This was demonstrated by 

the deletion of Dicer protein, which is responsible miRNA biogenesis (Bernstein et al. 2003) 

(Figure 1.9). This deletion caused arrested development and lethality during gastrulation. 

As well as this, specific Dicer deletions in the heart of mice did not affect gastrulation. 

However, mice carrying this deletion demonstrated altered cardiac contractility as a result 

of sarcoplasmic disarray. This caused a decline in cardiac function, leading to heart failure 

and eventually lethality (Chen et al. 2008). This highlights the importance of miRNA 

regulation of cardiac function in addition to development. 

miRNAs have been shown to be involved in cardiomyocyte differentiation and response to 

stress. Changes in miRNA levels have been associated with cardiac injury (Babiarz et al. 

2011). Van Rooji et al. (2008) investigated the expression of miRNAs during cardiac 

hypertrophy, which is caused in response to stress (van Rooij, Marshall and Olson 2008). 

More than 12 miRNAs were found to be up or down-regulated in response to stress induced 

cardiac hypertrophy. The miRNAs are up- or down-regulated during heart failure are could 
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potentially be selective markers for cardiac injury (van Rooij and Olson 2007). miRNA 

expression profiling has identified miRNAs which are linked to cardiovascular injury, 

therefore miRNAs have been implicated as predictors of cardiac damage. The 4 miRNAs 

known to be associated with such cardiac injury we have focused on are miR-1, miR-27a, 

miR-133a and miR-133b (van Rooij et al. 2006). 
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Figure 1.9: Schematic showing the process of the microRNA (miRNA) processing pathway and 

miRNA’s role in the inhibition of gene expression at a translational level. 

Firstly, miRNA undergoes transcription by RNA polymerase II/III. The primary transcript (>1kb) folds 

into a local stem-loop structure known as pri-miRNA, which contains the miRNA sequence. Pri-miRNA 

is then processed in the nucleus by the Drosha and DGCR8 Microprocessor complex into a shorter 

hairpin-shaped RNA of ~65 nucleotides known as pre-miRNA. Pre-miRNA is exported to the cytoplasm 

through a nuclear pore by the exportin 5-Ran-GTP transport complex. Upon entering the cytoplasm, 

the pre-miRNA is cleaved by Dicer (regulated by cofactors, TRBP in humans) close to the terminal 

loop, leaving a small RNA duplex. The loop is degraded. The small RNA duplex is loaded onto an AGO 

protein to form an effector complex known as the RNA-induced silencing complex (RISC). The AGO 

protein removes the passenger strand from the RNA duplex, leaving the mature miRNA. The mature 

miRNA can now base pair with its mRNA target, initiating processes such cleavage, repressing 

translation and de-adenylation of the target mRNA. (Winter et al. 2009). 
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1.7.1 miR-1 and miR-133a 

miR-1 is co-expressed with miR-133a as they are located on the same miRNA cluster. In the 

heart and they regulate the cardiac conduction system, maintaining heart beat rhythm 

(Zhao and Srivastava 2007, Zhao et al. 2007). During cardiac disease, there is an altered 

expression of these miRNAs, suggesting that they are important modifiers of gene 

expression in the progression of heart failure (Vegter et al. 2016). 

Yang et al., (2007) demonstrated in coronary heart disease and in infarcted rat hearts there 

is an over expression of miR-1 and this caused a reduced level of conduction during muscle 

contraction (Yang et al. 2007). This is as result of miR-1’s inhibitory role on the potassium 

channel, potassium voltage-gated channel subfamily J member 2 (KCNJ2) and gap-junction 

protein connexin. A reduction in myocyte repolarisation is a causative factor in patients with 

a long QT interval (Chen et al. 1999b). 

In addition to this, another target of miR-1 is Hand2, a protein which has a role in cardiac 

morphogenesis. This inhibition or “knock-out” of Hand2 results in ventricular myocyte 

failure (Srivastava 2006). This suggests that over-expression of miR-1 promotes apoptosis. Ai 

et al (2010) showed an up-regulation of miR-1 in the circulation of patients who have acute 

myocardial infarction (Ai et al. 2010). 

He et al (2011) found miR-1 to be down regulated during ischaemia reperfusion, but up-

regulated by ischaemic post conditioning (He et al. 2011). This suggests a potential 

cardioprotective effect of miR-1. However, Gidlof et al (2013) found no change in expression 

in patients who had experienced myocardial infarction (Gidlöf et al. 2013). Gidlof suggested 
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and needs to be further investigated to gain a clear picture as to whether up- or down-

regulation of these molecules is directly proportional to the extent of cardiac damage. For 

this reason, the study of proteomics and protein biomarkers is generally investigated 

alongside miRNAs. 

1.7.4 The involvement of miRNA in cancer 

In addition, the expression pattern of miRNAs is frequently dysregulated in tumour cells (Lin 

and Gregory 2015). These miRNAs have important gene regulation functions as they interact 

with their specific target mRNA(s) and induce RNA silencing and therefore regulate the level 

of translation of target proteins (figure 1.9). It has been reported that a large number of 

miRNA genes are located in cancer associated genomic regions. Because of this, miRNAs 

have been reported in many types of cancer, including: breast, colon, haemolytic, liver, lung 

and thyroid (Reddy 2015). 

miRNAs could be used as potential biomarkers for cancer diagnostics as previous studies 

have shown that miRNA expression profiles can be used to distinguish between healthy 

tissue and cancerous tissue (Cheng 2015). Studies have shown that over-expression of miR-

155 and deletion of the miR-15a/16 cluster will cause initiation of B cell lymphomas, 

especially in diffuse large B cell lymphomas, Hodgkin lymphomas, and certain types of 

Burkitt lymphomas (Costinean et al. 2006, Klein et al. 2010). The gene of miR-155 was 

previously described as an avian leucosis virus, proviral DNA insertion site or the BIC 

oncogene. This BIC oncogene (RNA) was shown to associate with myc, a regulator gene 

which codes for a transcription factor. This association induced haematopoietic tumours 

(Tam, Ben-Yehuda and Hayward 1997). Therefore, over-expression of miR-155 induced 
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haematopoietic cancers, however miR-155 deficient mice have been shown to produce 

defective B and T cells (Rodriguez et al. 2007). This suggests that miR-155 is required for 

normal immune function. 

Contrastingly, is has been alluded that the miR-15a and miR-16-1 cluster of miRNAs are 

tumour suppressor genes. This cluster is located on chromosome 13 (13q14) and is often 

found to be deleted in cases of chronic lymphocytic leukaemia (CLL) and prostate cancer 

(Rowntree et al. 2002, Bonci et al. 2008). Additionally, point mutations downstream of the 

miR-16-1, which reduces expression of miR-16-1 has been observed in CLL cases (Calin et al. 

2005). 

The knowledge of changes in up/down regulation of specific miRNAs could identify tumour 

miRNA expression signatures specific to the tumour type (Calin and Croce 2006). 
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2. Materials and Methods 

2.1 Animals and ethical procedure 

Adult male Sprague-Dawley rats (300-350 g in body weight) were purchased from Charles 

River UK Ltd (UK) and housed suitably in the Coventry University Animal House (Coventry, 

UK). All animals received humane care and free access to a standard diet following “The 

Guidance on the Operation of the Animals (scientific procedures) Act of 1986” (Porta et al. 

2013). This project received ethical approval from Coventry University (UK). All efforts were 

made to minimize animal suffering and to reduce the number of animals used in the 

experiments. Rats were sacrificed by cervical dislocation (Schedule 1 Home Office 

procedure). 

Female rats were not considered for this thesis as the hormone cycling associated with the 

female anatomy has the potential to add an additional uncontrollable variable (Buoncervello 

et al. 2017). In addition, previous studies have shown that oestrogens play an important role 

in cardiovascular injury through regulation of cardiac stem cells and protection against 

oxidative stress (Kuhar et al. 2007 and Lagranha et al. 2010). 

2.2 Reagents 

2.2.1 Drugs 

N-(2-diethylaminoethyl)-5-[(Z)-(5-fluoro-2-oxo-1H-indol-3-ylidene) methyl]-2,4-dimethyl-1H-

pyrrole-3-carboxamide (Sunitinib Malate), 2,7-Dihydro-2,7-dioxo-3H-naphtho[1,2,3-de] 

quinoline-1-carboxylic acid ethyl ester (NQDI-1) and 2-chloro-N6-(3-Iodobenzyl) adenosine-
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The Langendorff system forces fluid to retrogradely flow into the aorta. The aortic valve is 

closed under pressure and as a consequence the perfusate enters the coronary arterial 

vasculature through the ostia at the aortic root. The perfusion buffer flows through the 

vascular bed and drains into the right atrium (Bell, Mocanu and Yellon 2011, Langendorff 

1895). Effluent is ejected from the heart chambers, generating a flow representative of the 

vasodilation and vasoconstriction of the blood vessels within the hearts. Measurements of 

left ventricular pressure and heart rate can be measured by the insertion of a 

force/pressure transducer system into the left ventricle (Figure 2.1). 

This preparation was originally applied to the study of heart biology by physiologists and 

biochemists. The isolated heart model is also used by pharmacologists to assess the effects 

of various drugs on cardiac muscle contraction, heart rate and coronary vasculature. In 

addition, the Langendorff system is essential in the study of the effect of changes in gene 

expression and protein levels as this allows the identification and development of novel 

therapies which protect cardiac tissue from damage. 
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Figure 2.1: Schematic of Langendorff experimental apparatus. 

Oxygenated perfusate (Kerbs buffer) flows via gravitational force through the cannulated aorta of a 

rat heart. The perfusate is forced retrogradely to the coronary arteries of the rat heart. The Thermal 

chamber is a warming jacket surrounding the heart, maintaining the temperature of the heart at 37 

°C. An iso-volumic balloon is inserted into the left atrium. This is connected to the force transducer 

which is connected to a computer and records changes in heart rate (bpm) and left ventricular 

developed pressure (mmHg). Perfusate that leaves the heart is measured and coronary flow (ml/min) 

can be calculated (Skrzypiec-Spring et al. 2007). 

2.3.2 Langendorff protocol 

Rats were sacrificed by cervical dislocation and conformation of death by exsanguinations 

(Schedule 1 Home Office procedure) and confirmed by exsanguination. Afterwards the 

hearts were immediately excised and placed into ice-cold (<4 °C) Krebs Henseleit buffer (KH) 

(118.5 mM NaCl, 25 mM NaHCO3, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1.7 mM 

CaCl2, and 12 mM glucose, pH 7.4). The hearts were mounted onto the Langendorff system 
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immediately after dissection procedure and retrogradely perfused with KH buffer (Figure 

2.1). The KH buffer was continuously gassed with 95 % O2 and 5 % CO2 and maintained at 37 

± 0.5 °C using a water-jacketed Langendorff system and organ chamber. 

The left atrium was removed and a latex iso-volumic balloon was carefully introduced into 

the left ventricle and inflated by 2 ml of H2O (Figure. 2.1). Functional recordings were taken 

via a physiological pressure transducer connected to a Powerlab (AD Instruments Ltd. 

Chalgrove, UK) and visualised on a monitor. Left ventricular pressure (LVDP) and heart rate 

(HR) were measured by the Powerlab system (Figure. 2.2). Coronary flow (CF) was measured 

by collecting the perfusate, and was recorded as the volume (ml) of fluid pumped out of the 

heart in one min divided by the weight of the heart. 

Each Langendorff assay was conducted for 145 mins: 20 min stabilisation period followed by 

125 mins of drug or vehicle perfusion in normoxic conditions. All recordings were measured 

at regular intervals (every 5 mins for the first 55 mins and every 15 mins after that till the 

end of the experiment). 

The specific drug treatments are listed in Chapters 3, 4 and 5. 

Hearts were then either weighed, wrapped in plastic film and stored at -20 °C overnight for 

2, 3, 5-Triphenyl-2H-tetrazolium chloride (TTC) staining (see section 2.4) or the left ventricle 

was dissected free and collected and was divided into two parts: one half was immersed in 

500 µl of RNAlater and stored at -20 °C for microRNA (miRNA) (see section 2.6) or mRNA 

(see section 2.7) analysis by real-time PCR analysis, while the other half was wrapped in foil, 

snap frozen in liquid nitrogen and stored at -80 °C for Western blot analysis (see section 

2.9). 
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2.3.3 Quantifying Langendorff haemodynamic results 

Raw data recorded from Labchart 7 with PowerLAB (ADInstruments, New Zealand) readings 

provided the haemodynamic analysis of HR and LVDP parameters. CF measurements were 4 

manually recorded by collecting perfusate for 1 min at each time point. Each time point was 

normalised to the average of the last 10 mins of the stabilisation period of each parameter. 

Figure 2.2: Screen shot of the trace produced during a control Langendorff experiment in LabChart. 

1) is the trace peak length, this is the pressure exerted in the left ventricle during a heartbeat. 2) The 

LVDP reading was 119.1 mmHg for an average of 6 secs. 3) Each peak represents a heartbeat. 4) The 

number of beats in 6 secs for this trace was 27 beats, multiply this number by 10 to give 270 beats 

per min. 

2.3.4 Haemodynamic data analysis 

Haemodynamic data were analysed using Microsoft Excel. HR and LVDP were calculated as 

the percentage of the last 10 minutes of the stabilisation and coronary flow was first corrected 

for heart weight and then calculated as the percentage of the average of the last 10 minutes 

of the stabilisation period. 

Graphs were plotted in GraphPad Prism (version 5.03, GraphPad Software, Inc. USA). 
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All statistical analysis was done by one-way ANOVA or student’s t-test using the IBM 

program SPSS, (USA) with the LSD post hoc test. Data expressed as mean ± SEM P-values < 

0.05 were considered statistically significant. 

2.4 Triphenyltetrazolium Chloride Assay 

2.4.1 Background of the triphenyltetrazolium chloride assay 

2, 3, 5-Triphenyl-2H-tetrazolium chloride (TTC) staining is one of the most conventional 

methods for detection of infarcted areas of the heart in animal experiments. TTC is reduced 

to triphenyltetrazolium formazan in areas where dehydrogenase activity is present and 

stains the tissue red. Dehydrogenase activity is evident of the presence of functional 

mitochondria; therefore, red stained tissue is viable. Tissue which is not stained and appears 

pale is fibrous and infarcted (Figure. 2.3). 

2.4.2 Triphenyltetrazolium Chloride Assay protocol 

After a Langendorff experiment whole hearts were stored at -20 °C over-night. The following 

day the hearts were sliced into 2 mm thick transverse sections and incubated in 0.1 % TTC 

solution in phosphate buffer (2 ml of 100 mM NaH2PO4.2H2O and 8 ml of 100 mM NaH2PO4, 

pH 7.4) at 37 °C for 15 mins and fixed in 10 % formaldehyde for 4 hrs. 

After 4 hrs, the formaldehyde solution was removed and heart slices were placed between 

two Perspex sheets and compressed by bulldog clips. The heart slices were blinded and 

traced onto acetate sheets using different coloured markers to represent areas of infarct 

and viable tissue. The viable tissue stained red and infarct tissue appeared pale (Figure. 2.3). 
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Figure 2.3: TTC stained heart slice, highlighting the areas of 1) infarcted tissue and 2) viable tissue. 

2.4.3 Triphenyltetrazolium Chloride Assay data analysis 

The acetate film was scanned into a computer and by using computerised planimetry 

(Imagetool 3.0, UTHSCSA). Measurements of total heart slice area, total area of infarcted 

tissue (Infarct) and area of viable tissue (Risk) was recorded. The calculation: (Infarct/Risk) x 

100 provided the infarct to risk ratio (%). The infarct to risk ratio (%) was calculated for each 

slice and then an average was taken for an infarct ratio of the whole heart. Statistical 

analysis of infarct sizes within drug treatment groups was carried out using One-way ANOVA 

or Students T-test using the SPSS software package (IBM, USA). 

2.5 Reverse transcription and real-time PCR 

The polymerase chain reaction (PCR) is one of the key technologies used in present-day life 

sciences. The process involves repeated heating and cooling cycles of a solution of DNA, 

gene specific DNA primers, DNA polymerase and dNTPs. Generally, the PCR mixture is 

heated to 94-96 °C which allows denaturation of the double stranded DNA. The mixture is 

then cooled to approximately 50-65 °C to allow the annealing of primers to the target DNA 
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transcript. DNA polymerase then extends the primers, copying the target section of DNA at 

an optimum temperature of approximately 70-74 °C. This process is then repeated 40 times. 

This results in exponential amplification of the unique DNA target. DNA is amplified for 

purposes such as diagnosis and monitoring of genetic diseases, forensics and the study of 

gene function. 

However, in addition to this, PCR can be used to quantify gene expression. A target 

messenger RNA (mRNA) or micro RNA (miRNA) is reverse transcribed using the reverse 

transcriptase enzyme. This reaction produces complimentary DNA (cDNA). The amount of 

cDNA produced by the reverse transcription process is relative to the original amount of 

target mRNA or miRNA. With the addition of a fluorescent marker with in specific primers, 

PCR can then be used to quantify the relative level of the original mRNA from the cDNA 

(Figure. 2.4). 
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Figure 2.4: Schematic of real-time PCR using TaqMan or SYBR Green. 

TaqMan: 1) The primers and probes which are labelled with a fluorophore (R) and a quencher (Q)) 

anneal target sequence. While the fluorophore and quencher are in close proximity, the fluorescent 

signal is blocked 2) Polymerase performs elongation of the primers by adding nucleotides. Elongation 

continues until taq Pol falls off, generating the product of cycle 1. During elongation, the probe is 

displaced, enabling the fluorescent signal to be emitted. 3) Fluorescence can be detected as the 

probe is degraded. The intensity of fluorescence corresponds to the number of DNA copies. SYBR 

Green: 1) Before the PCR reaction SYBR Green is free in the reaction mix solution and a small amount 

of fluorescence is emitted. 2) As primers are extended by Taq polymerase, SYBR Green is inserted into 

the double stranded DNA. 3) After many template replications occurs there are more concentrated 

levels of SYBR Green which emit fluorescence. The fluorescence increases as strands are replicated 

(Thornton and Basu 2011). 
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Quantitative reverse transcriptase PCR was used to analyse the expression of cardiac injury 

specific miRNAs (miR-1, miR-27a, miR-133a and miR-133b), as well as miRNAs involved in 

cancer development (miR-155, miR-15a and miR-16-1), and MKK7 mRNA. 

Following Langendorff perfusion, hearts were dissected and the left ventricle was removed 

and chopped into small pieces. The tissue was transferred into 2ml RNA/DNA free microfuge 

tubes and 1 ml of RNAlater (Ambion life technologies, UK) was added to them and stored at 

-20 °C until analysis by real-time PCR. 

2.6 Reverse transcription and real-time PCR: for the determination 

of microRNA expression in the myocardium protocol 

2.6.1 RNA extraction 

It is possible to extract high-quality miRNA from a variety of tissue and cell sources. 

Commonly, RNAs are extracted by chemical extraction and then purified by solid-phase 

extraction. Chemical extraction uses concentrated chaotropic salts such as guanidinium 

thiocyanate, in combination with phenol and chloroform. The general steps include cell lysis 

to disrupt cell structure to produce a lysate, nuclease inactivation and separation of RNA 

from cell debris. After, centrifugation at a high speed the lysate-guandinium thiocyanate-

phenol-chloroform solution shows visible separation of RNA from DNA, protein and cell 

debris. RNA is found in the top clear layer of the mixture. This method provides isolation of 

very pure RNA; however, the RNA requires desalting. Desalting is achieved by solid-phase 

extraction. Therefore, ethanol is added and the solution is passed through a glass-fibre 
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filter. The glass fibre immobilises the RNA and is only released when a non-ionic solution is 

added. This will produce ultra-pure RNA. 

2.6.1.1 Lysing heart tissue 

The homogeniser (IKA Overtechnical T25) was cleaned with RNase/DNase free ethanol, ZAP 

solution and RNase free H20. The RNAlater solution was discarded and 1 ml of lysis buffer 

solution (mirVANA kit, Ambion, UK) was added to the microfuge tubes on ice. The samples 

were then homogenised AT 12000 rpm using the IKA Overtechnical T25 in ice, making sure 

that the samples remained cool to prevent denaturation of the RNAs. 30 µl of Homogenate 

Additive (mirVANA kit, Ambion, UK) was added and the tubes were incubated on ice for 10 

mins. 

2.6.1.2 Lysing HL60 cells 

After drug incubation (described in chapter 5) HL60 cells were transferred to centrifuge 

tubes and centrifuged at 1000rpm for 10 mins. The supernatant was removed and the cell 

pellet was resuspended in 1ml of phosphate buffered saline (PBS). The cells were 

centrifuged again at 1000rpm and resuspended in PBS. The cells were then kept on ice. 

The PBS was then removed and 600 µl of Lysis/Binding solution (mirVANA kit, Ambion, UK) 

was added. To fully lyse the cells the lysate was vortexed. 60 µl of Homogenate additive 

(mirVANA kit, Ambion, UK) was added and the tubes were incubated on ice for 10 mins. 

2.6.2 miRNA isolation (heart tissue and HL60 cells) 

300 µl of chloroform was added to the tubes. The samples were vortexed and centrifuged at 

12,000 rpm for 5 mins at room temperature. The upper phase (containing RNA) was 
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transferred to new RNase free microfuge tubes and the lower phase was discarded. The 

upper phase volume was estimated and a 1.25 X volume of RNase free ethanol was added. 

This was centrifuged through a spin column into a collection tube for 15 secs at 12,000 rpm 

at room temperature. The effluent was discarded and the spin column was washed with 500 

µl of Wash Solution 1 (mirVANA kit, Ambion, UK) and then centrifuged for 15 secs at 12,000 

rpm at room temperature. The effluent was discarded. The spin column was now washed 

with 500 µl Wash Solution 2/3 (mirVANA kit, Ambion, UK) twice, centrifuging for 15 secs at 

12,000 rpm at room temperature. The spin column was then centrifuged for 1 min at 12,000 

rpm in an emptied collection tube. 

The spin column was placed in a new RNase free collection tube and 50 µl of 95°C warm 

RNase free water was added to it. This was incubated for 1 min on ice. The spin column/ 

collection tubes were centrifuged for 20 secs, at 12,000 rpm, at room temperature. The 

collected effluent contained the extracted miRNA. 

The RNA quantity and quality were measured by a nanochip bioanalyser (Quiagen) and 

nanoid spectrophotometry (Nanoid Technology, Delaware, USA). Extracted miRNA was 

stored at -80 °C until further analysis. 

2.6.3 Reverse transcription reaction of target miRNAs 

500 ng of miRNA (either from tissue or cell) was reverse transcribed into cDNA for using 

primers specific for U6 snRNA, hsa-miR-155, hsa-miR-15a, hsa-miR-16-1, rno-miR-1, hsa-

miR-27a, hsa-miR-133a or hsa-miR-133b using the Applied Biosystems MicroRNA Reverse 

Transcription Kit (Applied Biosystems, USA) according to the manufacturer's instructions. 
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DNA/RNA free microfuge PCR tubes were labelled and the substances added to each tube 

are found in table 2.1. 

Table 2.1: The recipe for each PCR tube during the reverse transcription and PCR of the miRNAs. 

Please note only the miRNA primers of interest were added. 

Multi reverse transcriptase 1 µl 

100mM Dntp 0.2 µl 

10x RT buffer 3 µl 

RNase inhibitor 0.2 µl 

U6 snRNA RT PCR primer 0.5 µl 

rno-miR-1 RT PCR primer 0.5 µl 

hsa-miR-27a RT PCR primer 0.5 µl 

hsa -miR-133a RT PCR primer 0.5 µl 

hsa -miR-133b RT PCR primer 0.5 µl 

hsa-miR-15a RT PCR primer 0.5 µl 

miR-16-1 RT PCR primer 0.5 µl 

hsa-miR-155 RT PCR primer 0.5 µl 

miRNA (from extracted from sample) 500 ng/µl (using nanodrop results) 

H2O Make up to 30 µl 

The reverse transcription PCR reaction was performed with the following setup: 16 °C for 30 

min, 42 °C for 30 mins and 85 °C for 5 mins and then at 4 °C (until used for real-time PCR or 

stored). cDNA was stored at -20 °C until further analysis. 
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plate 
1 1 2 3 4 5 6 7 8 9 10 11 12 

A 

B 

C 

D 

E 

F 

G 

H 

U6 U6 U6 U6 U6 U6 U6 U6 U6 U6 U6 U6 

miR-1 miR-1 miR-1 miR-1 miR-1 miR-1 miR-1 miR-1 miR-1 miR-1 miR-1 miR-1 

miR-27a miR-27a miR-27a miR-27a miR-27a miR-27a miR-27a miR-27a miR-27a miR-27a miR-27a miR-27a 

miR-133a miR-133a miR-133a miR-133a miR-133a miR-133a miR-133a miR-133a miR-133a miR-133a miR-133a miR-133a 

miR-133b miR-133b miR-133b miR-133b miR-133b miR-133b miR-133b miR-133b miR-133b miR-133b miR-133b miR-133b 

miR-155 miR-155 miR-155 miR-155 miR-155 miR-155 miR-155 miR-155 miR-155 miR-155 miR-155 miR-155 

miR-15a miR-15a miR-15a miR-15a miR-15a miR-15a miR-15a miR-15a miR-15a miR-15a miR-15a miR-15a 

U6 miR-1 miR-27a miR-133a miR-133b miR-155 miR-15a miR-16-1 
plate 

2 1 2 3 4 5 6 7 8 9 10 11 12 

A miR-16-1 miR-16-1 miR-16-1 miR-16-1 miR-16-1 miR-16-1 miR-16-1 miR-16-1 miR-16-1 miR-16-1 miR-16-1 miR-16-1 

Figure 2.6: Template for the qPCR reaction for miRNAs (U6, miR-1, miR27a, miR-133a, miR-133b, miR-155, miR-15, and miR-16-1) in one drug treatment 

group (n=6). 

Yellow=1n, blue=2n, red=3n, green=4n, orange=5n, navy=6n and black= non-template control. Shown on 96 well PCR plates. 
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2.7 Reverse transcription and real-time PCR analysis of MKK7 

mRNA in heart tissue 

Following Langendorff perfusion, hearts were dissected and the left ventricle tissue was 

removed and chopped into small pieces. The tissue was transferred into 2 ml RNA/DNA free 

microfuge tubes and 500 µl of RNAlater (Ambion life technologies, UK) was added to them 

and stored at -20 °C until required, or the tissue was snap frozen and stored at -80 °C until 

later use. 

2.7.1 mRNA isolation from heart tissue 

For RNA isolation 2 different kits were used. The Oligo (dT) cellulose isolation kit (Ambion, 

UK) for pure mRNA and TRIzol plus RNA purification kit (Invitrogen, UK). 

2.7.1.1 Oligo (dT) cellulose mRNA isolation kit 

The homogeniser (IKA Overtechnical T25) was cleaned with RNase/DNase free ethanol 

(Fischer, UK), ZAP solution and RNase free H20 (Ambion, UK). The RNAlater solution was 

discarded and 600 µl of lysis buffer solution (Albion life technology, UK) was added to the 

microfuge tubes. The samples where then homogenised on ice. A volume of 1400 µl dilution 

solution (Albion life technology, UK) was added to the homogenised solution and was 

centrifuged at 14,000 rpm using the MIKRO 200R Zentrifugen, Hettich, UK for 15 mins at 4 

°C. The supernatant was transferred into fresh RNase/DNase free microfuge tubes. A tube of 

Oligo (dt) Cellulose (Ambion, UK) was added to the lysate and incubate at room 

temperature for 15 mins with gentle agitation and rocking. The Oligo cellulose step allows 
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the hybridization between poly (A) sequences found on most mRNAs and the Oligo (dT) 

Cellulose. 

Next, the samples were centrifuged at 6,000 rpm for 3 mins at room temperature. The 

supernatant was discarded and the pellet was resuspended in 1 ml of Lysate Wash (Ambion, 

UK) by vortexing (Vortex-Genie 2, Scientific industries, USA). The lysate/Oligo (dT) cellulose 

mixture was centrifuged at 6,000 rpm for 3 mins at room temperature. The supernatant was 

discarded and 600 µl of Lysate Wash was added. The sample was then vortexed to 

resuspend the pellet. 

The lysate/Oligo (dT) cellulose slurry was transferred to a spin column and collection tube 

and centrifuged at 7,000 rpm for 20 secs. The flow through was discarded and the spin 

column was transferred to a fresh collection tube. A volume of 100 µl of RNA Storage 

solution (Ambion, UK) which has been warmed to 68-75 °C was added to the spin column 

and the mixture was agitated to create a paste like solution and centrifuged for 20 secs at 

7,000 rpm. The spin column was left in the same collection tube and 100 µl RNA Storage 

solution was added again and spun for 20 secs at 7,000 rpm. The collected effluent 

contained the poly (A) tail linked mRNA. 

A volume of 200µl 2x Binding solution (Ambion, UK) was added to the Oligo (dT) cellulose in 

the spin column and mixed gently. The previously collected poly (A) tail linked mRNA 

effluent was transferred back to the spin column, vortexed and incubated at 68-75 °C for 5 

mins. Next, the solution was incubated at room temperature for 15 mins with gentle 

agitation. After, the mixture was transferred to a new spin column and fresh collection tube. 

The tubes were spun at 7,000 rpm for 20 secs and the effluent was discarded. 
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A volume of 500 µl Wash solution 1 (Ambion, UK) was added to the spin column, which was 

vortexed and centrifuged at 6,000 rpm for 3 mins and the flow through was discarded twice. 

Afterwards, the column was washed twice with 500 µl of Wash Solution 2 (Ambion, UK) by 

vortexing and centrifugation at 6,000 rpm for 3 mins. 

The spin column was placed into a fresh collection tube. A volume of 200 µl RNA storage 

solution (68-75°C) was added. The mixture was agitated and centrifuged at 7,000 rpm for 20 

secs. The purified mRNA concentrate was collected from the bottom of the collection tube. 

Nanodrop (Nanoid Technology, Delaware, USA) at 260 nm was used to determine the 

amount of purified mRNA. The mRNA was then stored at -80 °C until further analysis. 

Generally, the nanodrop was unable to measure the amount of mRNA present. Therefore, 

we used 10 µl of mRNA for each reverse transcription and also used a second mRNA 

isolation kit to verify results. 

2.7.1.2 Total RNA isolation by the TRIzol plus PNA purification kit. 

The homogeniser (IKA Overtechnical T25) was cleaned with RNase/DNase free ethanol 

(Fischer, UK), ZAP solution and RNase free H20 (Ambion, UK). Then, 50mg of snap frozen 

tissue, which had been collected following the Langendorff perfusion experiment was 

homogenised in 1 ml of TRIzol reagent, Invitrogen (UK). The lysate was then incubated at 

room temperature for 5 mins to allow full dissociation of nucleoprotein complexes. 200 µl of 

chloroform was added to the lysate and then shaken vigorously by hand for 15 secs. This 

was then incubated at room temperature for 2-3 mins. The sample was then centrifuged at 

12000 rpm for 15 mins at 4 °C, using the MIKRO 200R Zentrifugen (Hettich, UK). After 
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centrifugation, the mixture was separated into a lower, red phenol-chloroform phase, an 

interphase and a colourless upper phase, which contained the RNA. 

Approximately 600 µl the upper phase was transferred to a fresh RNase-free tube. The same 

volume of 70 % ethanol was added and mixed well by vortexing. 

Up to 700 µl of the ethanol/RNA solution was transferred to a spin cartridge in a collection 

tube. This was then centrifuged at 12000 rpm for 15 secs, at room temperature. The flow-

through was discarded and spin column was re-inserted into the same collection tube. This 

was repeated until all of the ethanol/RNA solution had been passed through the spin 

column. 

The total RNA was trapped in the spin cartridge. The spin cartridge was washed firstly with 

700 µl of Wash Buffer 1, centrifuged at 12000 rpm for 15 secs. The flow-through was 

discarded and the spin column was inserted into a new collection tube. Next, the spin 

column was washed with 500 µl of Wash Buffer 2 and centrifuged at 12000 rpm for 15 secs. 

The flow-through was discarded and the spin column was re-inserted into the same 

collection tube. The spin column was again washed with 500 µl of Wash Buffer 2, 

centrifuged at 12000 rpm for 15 secs, the flow-through was discarded and re-inserted into 

the collection tube. To dry the spin column, the collection tube and spin column was 

centrifuged at 12000 rpm for 1 min. The spin column was then inserted into a recovery 

tube. 

100 µl of RNase free water was added to the centre of the spin cartridge and incubated at 

room temperature for 1 min. The spin tube and the recovery tube were then centrifuged at 

14000 rpm for 2 mins at room temperature. The recovery tube contained the purified RNA. 
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This was then nano-dropped (Nanoid Technology, Delaware, USA) to quantify the amount of 

total RNA extracted and stored at -80 °C until required. 

2.7.2 Reverse transcription PCR reaction: 

MKK7 real-time PCR reactions were normalised to GAPDH mRNA expression levels. GAPDH 

is a house keeping gene, therefore should be expressed at a consistent level. 

Primers (all from Invitrogen, Life Technologies, UK): 

GAPDH Forward primer: GAACGGGAAGCTCACTGG 

GAPDH Reverse primer: GCCTGCTTCACCACCTTCT 

MKK7 forward primer: CCCCGTAAAATCACAAAGAAAATCC 

MKK7 reverse primer: GGCGGACACACACTCATAAAACAGA 

RNase/DNase free microfuge PCR tubes were labelled (one set for MKK7 primers and one 

for GAPDH) and to each tube for MKK7 or GAPDH the following was added (tables 2.3 and 

2.4): 
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Table 2.3: The recipe for each PCR tube during the reverse transcription and PCR of the MKK7 or 

GAPDH mRNAs using the Oligo (dT) cellulose mRNA isolation kit. 

Multi reverse transcriptase 1 µl 

100mM dNTP 0. 2 µl 

10x RT buffer 2.5 µl 

RNase inhibitor 0.2 µl 

Forward primer of target mRNA 1 µl 

Reverse primer of target mRNA 1 µl 

mRNA (from sample) 10 µl 

H2O 9.1 µl 

Table 2.4: the recipe for each PCR tube during the reverse transcription and PCR of the MKK7 or 

GAPDH mRNAs using the TRIzol plus RNA purification kit 

Multi reverse transcriptase 1 µl 

100mM dNTP 0. 2 µl 

10x RT buffer 2.0 µl 

RNase inhibitor 0.2 µl 

Forward primer of target mRNA 0.2 µl 

Reverse primer of target mRNA 0.2 µl 

mRNA 1000ng (from sample) ---

H2O Make up to 20µl 

117 | P a g e 





1 2 3 4 5 6 7 8 9 10 11 12 

A 

B 

C 

D 

E 

F 

G 

H 

MKK7 MKK7 MKK7 MKK7 GAPDH GAPDH GAPDH GAPDH 

MKK7 MKK7 MKK7 MKK7 GAPDH GAPDH GAPDH GAPDH 

MKK7 MKK7 MKK7 MKK7 GAPDH GAPDH GAPDH GAPDH 

MKK7 MKK7 MKK7 MKK7 GAPDH GAPDH GAPDH GAPDH 

MKK7 MKK7 MKK7 MKK7 GAPDH GAPDH GAPDH GAPDH 

MKK7 MKK7 MKK7 MKK7 GAPDH GAPDH GAPDH GAPDH 

MKK7 MKK7 MKK7 MKK7 GAPDH GAPDH GAPDH GAPDH 

MKK7 MKK7 GAPDH GAPDH 

Figure 2.7: Real-time PCR template. 

Yellow: normoxic control samples, Red: Sunitinib (1µM) samples, Blue: NQDI-1 (2.5 µM) samples, Green: NQDI-1 (2.5 µM) with Sunitinib (1 µM) samples, 

Black: Non-template Control samples (all in duplicate). 
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CTR = CT value for GAPDH, and 

CTX = CT value for the MKK7 mRNA. 

2.7.5 MKK7 mRNA measurement data analysis 

Fold changes in the mRNA expressions were presented in bar chart graphs and assessed for 

statistical differences using ANOVA or Students t-test using GraphPad Prism version 5 

(GraphPad Software, Inc. USA) and SPSS software (IBM, USA). All values were expressed as 

mean ± SEM. P-values of P < 0.05 was considered statistically significant. 

2.8 MTT assay for analysis of cytotoxicity 

2.8.1 MTT assay background 

Similar to the TTC tissue staining assay, the MTT assay is based on the conversion of a 

tetrazolium salt, MTT (3- [4, 5 –dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide) into 

formazan crystals by functioning mitochondria. Within the mitochondria succinate 

dehydrogenase cleaves the tetrazolium ring of MTT, leaving insoluble purple formazan. The 

formazan concentration can be measured by optical density. 

In principle, when mitochondria are active MTT is reduced by dehydrogenase enzymes, 

which produces a colour change in the solution to purple. Therefore, the MTT assay 

measures cell viability by assuming mitochondrial activity is present in live cells. An increase 

in formazan crystals production and therefore a stronger purple colour represents a higher 
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number of viable cells. Lack of formazan crystals and a purple colour denotes low cell 

viability levels. 

2.8.1.1 HL60 cell MTT assay protocol 

Human leukaemia cancer cell line (HL60) were cultured in RPMI 1640 media without L-

Glutamine, which was supplemented with 10 % foetal bovine serum (FBS), 2 mM L-

glutamine, HEPES and 0.1 % antibiotic solution (10 000 U/ml penicillin and 10 000 µg/ml 

streptomycin) (Biosera, UK) in a T75 cm2 flask and incubated at 37 °C, 95 % O2 and 5 % CO2 

in a Nuaire incubator (triplered laboratory technology, UK). 100 µl of HL60 cells were 

transferred to a 96-well plate at a cell density of 1x105 cells/ml and then incubated over 

night at 37°C in the Nuaire incubator. 20 µl of filtered, sterile drug was added to each well. 

The specific drug treatments used are described in chapters 4 and 5. 

The 96-well plated containing the drug treated HL60 cells was then incubated for 24 hrs at 

37 °C in the Nuaire incubator. The plate was removed from the incubator and 50 µl of 

filtered, sterile MTT solution (5 mg MTT powder/ml PBS) was added to each well. The 96-

well plate was then incubated for 24 hrs at 37 °C in the Nuaire incubator. Once removed 

from the incubator, the 96-well plate was centrifuged at 1000 rpm (using a plate centrifuge). 

The supernatant was removed and discarded. Then, 50 µl of DMSO was added to each well 

to lyse the cells and release the purple formazan crystals. The level of formazan created was 

detected by spectrophotometry on the plate reader (Anthos Labtech AR 2001 Multiplate 

Reader (Anthos Labtec Instruments, Austria) at 492 nm. 
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Nylon mesh was used to filter cells from undigested tissue into restoration buffer (NaCl 116 

mM, KCL 5.4 mM, MgSO4 0.4 mM, glucose 10 mM, Taurine 20 mM, Pyruvate 5 mM, NaHPO4 

0.9 mM, Creatine 5 mM, CaCl2 50 µM, 2 g BSA and 1% antibiotic solution (10 000 U/ml 

penicillin and 10 000 µg/ml streptomycin), pH 7.4 at 37 °C). The CaCl2 concentration was 

increased to regular intervals to a final concentration of 1.25 mM. 

Cardiomyocytes were counted using a haemocytometer and resuspended in restoration 

buffer at a density of 100,000 cells/ml. The cells were then aliquoted into a 24 well plate (1 

ml per well) and the treatment groups are described in chapter 5. The cells were then 

incubated at 37 °C at normoxic conditions in the Nuaire DH autoflow CO2 air jacketed 

incubator (Caerphilly, UK) for 2 hrs. 

2.11 Flow cytometry 

Flow cytometry is a widely used method for analysing the expression of cell surface and 

intracellular molecules. Rapid measurements of illuminated particles or cells are made as 

they flow in a fluid stream past a sensing point. The flow cytometer has the ability to count 

cells and record the light scattering (both optical and fluorescent) feature of each of the 

cells being investigated. This may be as a result of cell staining with dyes or fluorescently 

tagged monoclonal antibodies, which target extracellular surface proteins or intracellular 

proteins of interest. As the amount of fluorescent probe present in a cell is proportional to 

the level of molecule or protein of interest, it is possible to quantify the relative amount of 

molecule or protein present in a number of cells. Light from a laser beam acts as an 

excitation source. As the light hits the fluorescent particle, the fluorophore is excited and 

emits a different wavelength of light. The intensity of the light emitted is measured for each 
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cell by the flow cytometer. The level of light emitted is directly proportional to the level of 

target molecule or protein present. 

In addition, the light scattering caused by a cell can provide structural and morphological 

information of cells. This allows the flow cytometer to distinguish between cell types. 

2.11.1 Flow cytometry analysis for p-MKK7 in drug treated cardiomyocytes 

Following cardiomyocyte isolation, the drug treated cells were transferred into labelled 1.5 

ml microfuge tubes and centrifuged at 1,200 rpm for 2 mins. The supernatant was discarded 

and the cell pellets were resuspended in 250 µl of 3 % formaldehyde in phosphate buffered 

saline (PBS). Cells were then fixed for 10 mins at 37 °C and then put on ice for 1 min before 

being centrifuged at 1,200 rpm for 2 mins. The supernatant was removed and 250 µl of ice 

cold methanol (90 %) was added. The cells were incubated on ice for 30 mins and were 

stored at -20 °C until required. 

Next, the cells were washed with incubation buffer (0.5 % BSA in PBS) twice and blocked for 

10 mins with incubation buffer. Then cells were centrifuged at 1,200 rpm for 2 mins. 

The cells were then stained with phosphor-MKK7 antibody at a 1:100 concentration and a 

fluorescent conjugated secondary antibody (Alexa flour@488 conjugated secondary 

antibody) (1:100) was added. Cells were incubated in the dark for 1 hour at room 

temperature. 

The cells were then centrifuged at 1,200 rpm for 2 mins, supernatant removed and then 

washed with incubation buffer twice. Afterwards, they were spun a final time at 1,200 rpm 
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and the pellet was resuspended in 500 µl PBS. Samples were analysed using flow cytometry 

on the FL1 channel (FACS, Becton Dickinson, Oxford, UK). 

2.11.2 Quantifying Flow cytometry results 

Expression levels were measured using flow cytometry. The flow cytometry machine shines 

a laser beam on to the cells and the fluorophore attached to the secondary antibody is 

excited and emits a light of a different wave length, which only happens when it is bound to 

the conjugated MKK7 secondary antibody. Alexa Fluor is excited by a 488 nm laser and 

emits light at 519 nm. The flow cytometry machine then detects the intensity of florescence 

emitted at 519 nm and this is directly proportional to the level of activated MKK7 within the 

cardiomyocytes. Total MKK7 levels were also determined using the same protocol to allow 

normalisation of samples. 

2.11.3 Data analysis 

Results were expressed as mean % of total MKK7 levels and presented as bar chart graphs in 

GraphPad prism (version 5.03, GraphPad Software, Inc. USA). Data was analysed using One-

way ANOVA with the LSD post hoc test or Students t-test when only 2 groups are being 

compared by the SPSS (IBM, USA) program. 
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3. Ageing results in different responses to Sunitinib 

induced cardiotoxicity: Investigating the 

involvement of MKK7 and miRNAs in Sunitinib 

cardiotoxicity. 

3.1 Abstract 

The anti-cancer drug, Sunitinib is linked to adverse cardiovascular events. However, its 

impact on ageing is under investigated. Mitogen activated kinase kinase 7 (MKK7) has been 

shown to be involved in cardiac injury development. Sunitinib-induced cardiotoxicity in 3, 12 

and 24 month old male Sprague-Dawley rats and the associated involvement of MKK7 was 

investigated. 

Isolated Langendorff-perfused hearts were treated with Sunitinib (1 µM) for 125 min, whilst 

cardiac function and infarct size were measured. Left ventricular cardiac samples were 

analysed by qRT-PCR for expression of MKK7 mRNA or cardiac injury associated microRNAs 

(miR-1, miR-27a, miR-133a and miR-133b). Western blot analysis measured MKK7 

phosphorylation (p-MKK7). 

Infarct size was significantly increased in all age groups. Haemodynamic alterations were 

observed following Sunitinib administration, left ventricular developed pressure (LVDP) was 

decreased in all age groups, while heart rate (HR) was decreased only in the 3 month and 12 

month groups. 
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Sunitinib treatment decreased miR-27a levels in all age groups, while miR-133a and miR-

133b levels were increased in 3 month, but decreased in the 24 month groups. MKK7 mRNA 

levels and p-MKK7 levels were significantly decreased in the 3 month group following 

Sunitinib treatment. However, MKK7 mRNA levels were increased in the 24 month group 

and p-MKK7 levels were increased in 12 month group following Sunitinib treatment. 

This study highlights the complexity of drug-induced cardiotoxicity in the ageing heart. Plus, 

the involvement of cardiac injury associated miRNAs and MKK7 in age related response to 

Sunitinib-induced cardiotoxicity. 

3.2 Introduction 

Life expectancy has increased substantially due to a combination of medical advancements 

and improved quality of life (Chetty et al. 2016). With the ever-expanding elderly 

population, the number of elderly patients with cancer is unfortunately increasing (Torre et 

al. 2015). 

The median age of patients diagnosed with cancer is 66 years, and the risk of developing 

cancer increases with age in both males and females (Stewart and Wild 2017). Due to ageing 

of the population and the cardiotoxic nature of cancer treatment, there is an increasing 

number of elderly patients with cancer and comorbid cardiovascular diseases (Atkinson et 

al. 2007). It is therefore vital to unravel the pathways linked to development of 

cardiovascular diseases during anti-cancer treatment in elderly cancer patients. 

Ageing of the heart involves progressive deteriorations in its structure and function, and is a 

leading risk factor for cardiovascular morbidity and mortality (Hagström et al. 2016). In 
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proteins (Roskoski 2007, Shukla et al. 2009). Hence, it might be possible that Sunitinib could 

have an inhibitory effect on the MKK7 signalling cascade. As inhibition of MKK7 activity has 

been directly correlated with an increase in cardiomyocyte damage (Liu et al. 2011), it 

would be interesting to assess changes in MKK7 expression levels, in the presence of 

Sunitinib, at various age stages. Establishing an age dependant involvement of MKK7 during 

Sunitinib-induced cardiotoxicity would enhance our understanding of cardiac ageing 

pathways, during stress stimuli and could lead to reform of anti-cancer therapy, by 

implementing effective adjunct therapy. 

This study investigates for the first time the involvement of the MKK7 pathway in the 

Sunitinib-induced cardiotoxicity at various age stages via the assessment of cardiac function 

and injury on ageing rat hearts using a Langendorff perfused heart model. Three age groups 

of Sprague-Dawley rats were used: Young (3 months), Middle-aged (12 months) and Elderly 

(24 months). Furthermore, the differential expression patterns of cardiotoxicity-linked: 

miRNAs miR-1, miR-27a, miR-133a and miR-133b, is determined within the specific age 

groups. 

The miRNAs investigated during this study (i.e. miR-1, miR-27a, miR-133a and miR-133b) 

produce differential expression patterns during the progression of heart failure (Akat et al. 

2014, Tijsen, Pinto and Creemers 2012). Changes in cardiac injury specific miRNA profiles 

could indicate the level of Sunitinib-induced cardiac injury and whether age contributes to 

the level of cardiac injury generated by Sunitinib. Plus, the stress signalling molecule, MKK7 

was investigated at an mRNA and protein level, to identify whether it is involved in 

Sunitinib-induced cardiotoxicity in all age groups. 

135 | P a g e 



3.2.1 Hypothesis 

The use of the isolated Langendorff heart model will demonstrate that Sunitinib treatment 

will have adverse effects on the haemodynamic function of the heart, increase in the infarct 

size to risk ratio and effect the expression profiles of miRNAs associated with myocardial 

injury compared to normoxic controls in all age groups. Also, the level of cardiotoxicity will 

differ between age groups. 

3.3 Materials and methods 

3.3.1 Materials 

Sunitinib malate and triphenyl-tetrazolium chloride were purchased from Sigma Aldrich (UK) 

and dissolved in dimethyl sulphoxide (DMSO) and stored at -20 °C. Krebs perfusate salts 

were from Fisher Scientific (UK). Ambion MicroPoly(A)Purist kit, Ambion mirVana miRNA 

Isolation Kit, Reverse Transcription Kit, Applied Biosystems MicroRNA Reverse Transcription 

Kit, TaqMan Universal master mix II (no UNG), MKK7 mRNA primers, Applied Biosystems 

primers assays (U6, rno-miR-1, hsa-miR-27a, hsa-miR-133a, and hsa-miR-133b) were 

purchased from Life Technologies (USA). The iTaq Universal SYBR Green Supermix was 

purchased from BioRad (UK). Phospho-MKK7 (Ser271/Thr275), Total MKK7 rabbit mAb 

antibodies and anti-rabbit IgG, HRP-linked antibody and anti-biotin, HRP-linked antibody 

were purchased from Cell signalling technologies (UK). 

3.3.2 Animals and Ethics 

Adult male Sprague-Dawley rats (300-350 g in body weight); were purchased from Charles 

River UK Ltd (UK) and housed suitably, received humane care and had free access to 
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standard diet according to “The Guidance on the Operation of the Animals (scientific 

procedures) Act of 1986”. 30 rats were aged until 12 month old (500-600g in body weight) 

and 30 rats were aged until 24 months old (650-750g in body weight). Animals were 

selected at random for drug treatment groups and the collected tissue was blinded for 

infarct size assessment. The experiments were performed after approval of the protocol by 

the Coventry University Ethics Committee. All efforts were made to minimize animal 

suffering and to reduce the number of animals used in the experiments. A total of 79 

animals were used for this study and the data from 64 rats were included, while data from 

15 rats were excluded from analysis due to the established haemodynamic exclusion 

criteria. 

3.3.3 Langendorff perfusion model 

Rats were sacrificed by cervical dislocation and death was confirmed by exsanguination 

(Schedule 1 Home Office procedure) and the hearts were rapidly excised and placed into 

ice-cold Krebs Henseleit (KH) buffer (118.5 mM NaCl, 25 mM NaHCO3, 4.8 mM KCl, 1.2 mM 

MgSO4, 1.2 mM KH2PO4, 1.7 mM CaCl2, and 12 mM glucose, pH7.4). The hearts were 

mounted onto the Langendorff system and retrogradely perfused with KH buffer. The pH of 

the KH buffer was maintained at 7.4 by gassing continuously with 95 % O2 and 5 % CO2 and 

maintained at 37 ± 0.5 °C using a water-jacketed organ chamber. The left atrium was 

removed and a latex iso-volumic balloon was carefully introduced into the left ventricle and 

inflated up to 5-10 mmHg. Functional recordings (LVDP and HR) were taken via a 

physiological pressure transducer and data recorded using Powerlab, AD Instruments Ltd. 

(UK). Coronary flow (CF) was measured by collecting and measuring the volume of perfusate 
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for 1 minute, thereafter it was disposed of. All haemodynamic parameters were measured 

at 5 minute and then 15 minute intervals after 35 minutes of drug treatment. 

Each Langendorff study was conducted for 145 minutes: a 20 minute stabilisation period 

and 125 minutes of drug or vehicle perfusion in normoxic conditions. Generally, the hearts 

became stable after 10 minutes, therefore all haemodynamic parameters were normalised 

to the last 10 minutes of the stabilisation period to take into account the variations between 

individual starting HR, LVDP and CF levels. Hearts were included in the study with a LVDP 

between 80-150 mmHg, a HR between 225-325 beats per minute, and a CF between 3.5-

12.0 ml/g (weight of the rat heart) during the stabilisation period. Haemodynamic effects 

are presented as a percentage of the mean stabilisation period for each parameter to allow 

clear comparison across drug groups. The maximal change in LVDP, HR, and CF were 

calculated by calculating mean ± SEM at the specific time points in Control and Sunitinib 

treated hearts in all 3 age groups. The single time point showing the maximal drop or 

increase in LVDP, HR, and CF was selected from this calculation. 

Sunitinib malate (1 µM) was administered throughout the perfusion period. The dose of 1 

µM Sunitinib was chosen in line with previous studies (Henderson et al. 2013). Langendorff 

perfused hearts treated with vehicle (i.e. DMSO) were recorded as Control group. The 

hearts were then weighed and either stored at -20 °C for TTC staining or the left ventricular 

tissue was dissected free and immersed in RNAlater from Ambion (USA) for qRT-PCR or snap 

frozen by liquid nitrogen for Western blot analysis. 
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the Bond-P polyvinylidene difluoride membrane from BioRad (UK) by using the Trans-Blot 

Turbo transfer system from BioRad (UK) and probed for the Phosphorylated (Ser271/Thr275)-

MKK7 (p-MKK7). The blots were stripped by boiling and the PVDF membrane was used for 

total MKK7. The relative changes in the p-MKK7 protein levels were measured and corrected 

for differences in protein loading as established by probing for total MKK7. 

For Western blot analysis, phosphorylated antibody levels were normalised to total 

antibody levels in order to correlate for unequal loading of protein and differential blot 

transfer and to identify the level of active versus inactive protein levels. Results were 

expressed as a percentage of the density of phosphorylated protein relative to the density 

of total protein using Image Lab 4.1 from BioRad (UK). 

3.3.8 Data analysis and statistics 

Results are presented as mean ± standard error of the mean (SEM). The significance of all 

data sets were measured by the IBM SPSS program (USA) or GraphPad Prism version 5 (USA) 

as described in the figure legends. P-values <0.05 were considered statistically significant. 

3.4 Results 

3.4.1 Haemodynamic parameters LVDP, HR and CF 

In this study, we recorded the LVDP, HR, and CF haemodynamic parameters to determine 

whether 1µM Sunitinib produces signs of cardiac dysfunction during a 125 minute 

Langendorff perfusion in 3 month, 12 month and 24 month Sprague-Dawley rat hearts 

(Tables 3.1-3.3, Figures 3.1-3.3). Raw data for each parameter can be found in Tables 3.1-
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3.3. Due to variations within control experiments between the age groups, the raw data has 

also been normalised to the stabilisation period in figures 3.1-3.3. 

3.4.1.1 Left Ventricular Developed Pressure 

The raw data demonstrated that LVDP (mmHg) varied between age groups. There was a 

tendency for the 12 month control group to have a higher LVDP compared to both 3 month 

and 24 month controls. This difference was significant at many of the time points (Table 

3.1). Also, the 12 month group treated with Sunitinib was found to have a significantly 

higher LVDP compared to both 3 month and 24 month controls at many of the time points 

(Table 3.1). 

When drug treatment groups were normalised to the stabilisation period, Sunitinib 

treatment significantly decreased LVDP (% of stabilisation period) in the 3 month and 24 

month age groups compared to their group controls (Figures 3.1 i-iii). There was also a 

tendency for a decline in LVPD in the 12 month group treated with Sunitinib compared to 

control (this was significant at 125 mins when a Student’s T-test was carried out). The time 

points at which significant difference in LVDP occurred between Control and Sunitinib 

groups in the 3 age groups can be found in the appendices (Table 0.1). Sunitinib treatment 

caused a maximum % drop in LVDP at the following time points for each age group: 125 min 

in the 3 month group (Control: 85.26 ± 3.72 %; Sunitinib: 70.39 ± 3.58 %, 17.45 ± 3.96 % 

drop, p<0.001), at 125 min for the 12 month group (Control: 80.32 ± 1.72 %; Sunitinib: 69.47 

± 1.41 %, 13.51 ± 1.61 % drop, p<0.05), and at 95 min for the 24 month group (Control: 

76.70 ± 0.87 %; Sunitinib: 56.08 ± 2.43 %, 26.88 ± 2.83 % drop, p<0.001) (Figure 3.2). The 24 

month group produced the largest drop in LVDP and this was significant compared to the 3 

month group (p<0.05) (Figure 3.2). 
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Table 3.1: Left ventricular developed Pressure (mmHg) raw data values obtained during a 125 minute 

of langendorff control or Sunitinib (1 µM) perfusion. 

Groups: 3 month (n=9), 12 month (n=6) and 24 month (Control: n=3; Sunitinib: n=5) old Sprague-

Dawely rat hearts. Data expressed at mean ± S.E.M. Statistics: 12 month and 24 month vs 3 month 

control: a (p<0.05) and aa (p<0.01); 12 month and 24 month vs 3 month Sunitinib: A (p<0.05) and AA 

(p<0.01); 24 month vs 12 month control: b (p<0.05) and B (p<0.05); 24 month vs 12 month Sunitinib: 

BB (p<0.01) and BBB (p<0.001). Two-way ANOVA, Tukey post hoc. 

LVDP Control Sunitinib 

Time 3 month 12 month 24 month 3 month 12 month 24 month 

0 112.15 ± 3.09 138.50 ± 8.22 118.77 ± 14.43 113.21 ± 3.13 143.82 ± 4.96A 125.82 ± 12.92 

5 123.77 ± 2.96 136.55 ± 5.66 109.83 ± 16.70 138.17 ± 8.01 142.95 ± 5.84 112.06 ± 5.28 

10 119.93 ± 2.90 142.85 ± 16.26 119.97 ± 11.63 131.19 ± 7.22 141.67 ± 6.34 104.18 ± 13.19B 

15 116.01 ± 3.03 140.88 ± 14.27 122.55 ± 8.38 122.76 ± 8.44 140.18 ± 6.15 95.21 ± 11.56BB 

20 116.98 ± 3.46 144.30 ± 11.30 110.01 ± 12.90 112.67 ± 5.98 133.40 ± 5.98 94.77 ± 13.00BB 

25 112.87 ± 3.58 145.90 ± 14.50a 112.78 ± 12.22 112.12 ± 4.99 134.52 ± 4.56 97.86 ± 13.85B 

30 115.84 ± 3.50 145.35 ± 14.71a 115.38 ± 13.53 106.30 ± 5.56 135.07 ± 4.08A 92.37 ± 11.87BB 

35 113.97 ± 4.49 142.13 ± 13.07 111.74 ± 12.62 106.92 ± 3.87 135.93 ± 5.02A 90.16 ± 10.83BBB 

50 110.06 ± 6.35 142.68 ± 9.65a 101.84 ± 12.23b 96.97 ± 5.89 127.00 ± 5.34A 86.77 ± 9.05BB 

65 107.63 ± 7.18 136.48 ± 10.89a 92.16 ± 11.38a,b 92.67 ± 4.65 124.89 ± 6.41A 74.53 ± 4.21BBB 

80 101.16 ± 5.24 134.70 ± 14.11aa 90.00 ± 9.41b 91.29 ± 4.23 116.96 ± 4.93 71.43 ± 6.19BB 

95 98.19 ± 2.23 132.35 ± 8.40aa 90.45 ± 7.44b 92.84 ± 5.48 113.52 ± 6.04 69.83 ± 6.02BB 

110 93.20 ± 2.76 128.00 ± 9.44aa 89.25 ± 7.40b 84.55 ± 4.01 105.05 ± 3.70 72.47 ± 10.48B 

125 92.71 ± 2.31 123.65 ± 6.67a 86.70 ± 7.46 80.16 ± 3.97 97.35 ± 2.86 69.44 ± 8.92 
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Figure 3.1: Representation of changes in LVDP (mmHg) measured during Langendorff experiments 

over time relative to the stabilisation period. 

Starting from drug treatment with control and Sunitinib (1 µM) in: i) 3 month old rats (n = 9), ii) 12 

month old rats (n = 6), iii) 24 month old rats (Control n = 3, Sunitinib n = 5). Data expressed as mean ± 

S.E.M. Statistics: * = p < 0.05, **= p < 0.01 groups compared by Two-way repeated measures ANOVA, 

Bonferroni post hoc test. 
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Figure 3.2: The maximum drop in LVDP during the 125 minute Sunitinib (1 µM) perfusion. 

3 month produces a maximum drop at 125 minutes (n=9), 12 month produces a maximum drop at 

125 minutes (n=6) and 24 month produces a maximum drop at 95 minutes (Control: n=3; Sunitinib: 

n=5), data presented as a percentage reduction in LVDP compared to control at the same point. 

Stats: One-way ANOVA comparing 3 month vs 12 month, 3 month vs 24 month and 12 month vs 24 

month. A = p<0.05 vs 3 month. 

3.4.1.2 Heart Rate 

The HR (beats per min) raw data demonstrated that there was a tendency for the 24 month 

control group to have a lower HR compared to both 3 month and 12 month controls; 

significant differences found at all of the time points (Table 3.2). There were also significant 

differences between the Sunitinib treated groups. The 3 month group had a significantly 

higher HR than the 12 and 24 month groups treated with Sunitinib at time point 80 mins. 

Also, at time point 125 mins, the 12 month group treated with Sunitinib had a significantly 
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lower HR compared to its group control and the 3 month group treated with Sunitinib (Table 

3.2). 

When the HR were normalised to the stabilisation period, Sunitinib treatment significantly 

reduced the HR (% of stabilisation period) of the 3 month and 12 month groups, compared 

to control (Figure 3.3i-ii and Table 3.2)). The 12 month group also experienced significant 

decreases in HR after 80 mins of Sunitinib perfusion, compared to control. 

Throughout the 125 minutes of Sunitinib perfusion the HR for 24 month group was not 

significantly different to control (Figure 3.3iii). The time points at which significant 

difference in HR occurred between Control and Sunitinib groups in the 3 age groups can be 

found in the appendices (Table 0.2). 

Sunitinib treatment resulted in a maximum % drop in HR: at 125 min in the 3 month group 

(Control: 100.48 ± 2.35 %; Sunitinib: 79.78 ± 5.29 %, 20.60 ± 4.97 % drop, p<0.01), at 125 

min for the 12 month group (Control: 98.00 ±3.03 %; Sunitinib: 79.73 ± 3.15 %, 18.64 ± 

2.94% drop, p<0.01), and at 30 min for the 24 month group (Control: 98.23 ± 4.16 %; 

Sunitinib: 87.71 ± 6.02%, 10.97 ± 5.45 % drop, non-significant decrease) (Figure 3.4). There 

were no significant differences in maximum % drop in HR between all of the age groups. 

However, there was a tendency for the maximum % drop in HR to reduce with age increase. 
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Table 3.2: Heart rate (bpm) raw data values obtained during a 125 minute of langendorff control or 

Sunitinib (1 µM) perfusion. 

Groups: 3 month (n=9), 12 month (n=6) and 24 month (Control: n=3; Sunitinib: n=5) old Sprague-

Dawely rat hearts. Data expressed at mean ± S.E.M. Statistics: 12 month and 24 month vs 3 month 

control: a (p<0.05) and aa (p<0.01); 12 month and 24 month vs 3 month Sunitinib: A (p<0.05) and AA 

(p<0.01); 24 month vs 12 month control: b (p<0.05) and bb (p<0.01). Two-way ANOVA, Tukey post 

hoc. 

HR Control Sunitinib 

Time 3 month 12 month 24 month 3 month 12 month 24 month 

0 262.22 ± 6.80 262.00 ± 19.17 196.67 ± 10.80a 275.56 ± 7.93 242.00 ± 13.42 224.00 ± 19.56 

5 257.78 ± 6.56 270.00 ± 19.04 196.67 ± 8.16b 271.11 ± 9.91 238.00 ± 13.87 220.00 ± 23.18 

10 256.67 ± 7.29 262.00 ± 22.75 190.00 ± 7.07a,b 262.22 ± 8.06 240.00 ± 13.23 222.00 ± 24.60 

15 256.67 ± 6.85 262.00 ± 19.81 196.67 ± 10.80a 255.56 ± 7.31 234.00 ± 9.08 220.00 ± 21.51 

20 256.67 ± 6.85 252.00 ± 18.17 193.33 ± 8.16a 250.00 ± 7.50 228.00 ± 8.94 214.00 ± 23.87 

25 262.22 ± 7.86 252.00 ± 20.43 200.00 ± 14.14a 256.67 ± 9.35 234.00 ± 5.70 212.00 ± 20.74 

30 262.22 ± 8.06 254.00 ± 23.08 193.33 ± 14.72a 248.89 ± 7.59 226.00 ± 4.47 208.00 ± 21.62 

35 271.11 ± 7.80 254.00 ± 23.08 190.00 ± 7.07aa 255.56 ± 7.31 234.00 ± 8.37 214.00 ± 19.56 

50 256.67 ± 7.71 252.00 ± 18.17 180.00 ± 7.07aa,b 250.00 ± 7.91 218.00 ± 5.48 216.00 ± 21.10 

65 257.78 ± 8.62 256.00 ± 23.61 183.33 ± 8.16aa,b 254.44 ± 8.86 218.00 ± 5.48 214.00 ± 17.89 

80 255.56 ± 9.86 256.00 ± 20.80 180.00 ± 7.07aa,b 250.00 ± 6.61 200.00 ± 6.12A 212.00 ± 17.82A 

95 261.11 ± 7.99 256.00 ± 25.88 183.33 ± 10.80aa,b 248.89 ± 7.80 208.00 ± 8.22 214.00 ± 14.83 

110 263.33 ± 9.68 258.00 ± 21.62 186.67 ± 8.16aa,b 252.22 ± 7.45 200.00 ± 6.12 216.00 ± 11.51 

125 265.56 ± 9.20 258.00 ± 23.02 180.00 ± 14.14aa,bb 245.56 ± 6.15 194.00 ± 4.47bb,A 216.00 ± 17.89 
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Figure 3.3: Representation of changes in HR (bpm) measured during Langendorff experiments over 

time relative to the stabilisation period. 

Starting from drug treatment of control and Sunitinib (1 µM) in i) 3 month old rats (n = 9), ii) 12 

month old rats (n = 6), iii) 24 month old rats (Control n = 3, Sunitinib n = 5). Data expressed as mean ± 

S.E.M. Statistics: * = p < 0.05, **= p < 0.001 groups compared by two-way repeated measures 

ANOVA, Bonferroni post hoc. 
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Figure 3.4: The maximum drop in HR (bpm) during the 125 minute Sunitinib (1 µM) perfusion. 

3 month produces a maximum drop at 125 minutes (n=9), 12 month produces a maximum drop at 

125 minutes (n=6) and 24 month produces a maximum drop at 30 minutes (control: n=3; Sunitinib 

n=5), data presented as a percentage reduction in HR compared to control at the same point. Stats: 

One-way ANOVA comparing 3 month vs 12 month, 3 month vs 24 month and 12 month vs 24 month. 

3.4.1.3 Coronary Flow 

The CF (ml/min/g) raw data demonstrated that there was a tendency for the 24 month 

control group to have a lower CF compared to both 3 month and 12 month controls. This 

was significant at many of the time points (Table 3.3). There were also significant 

differences between the Sunitinib treated groups. The 12 month group has a significantly 

higher CF than the 3 month group treated with Sunitinib between time point’s 35-95 mins 

and also compared to the 24 month group treated with Sunitinib at time point 65 mins. 

Interestingly, between time points’ 35-65 mins, the 24 month group treated with Sunitinib 

had a significantly higher CF compared to its group control (Table 3.2). 
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When the CF was normalised to the stabilisation period, the CF (% of stabilisation period) 

was not significantly altered in any age group, however, there was a tendency for an 

increase in CF in the first 25 minutes of Sunitinib treatment in the 3 month group (Figure 

3.5i-iii and Table 3.3 of the appendix). 

In response to Sunitinib treatment, the maximum % increase in CF was observed at 10 mins 

in the 3 month group (Control: 89.46 ± 2.98 %; Sunitinib: 106.54 ± 3.69 %, 19.10 ± 3.89 % 

drop, p<0.01), at 5 mins in the 12 month group (Control: 103.17 ± 2.02 %; Sunitinib: 118.93 

± 10.19 %, 15.27 ± 9.02 % drop, non-significant increase), and at 50 mins for the 24 month 

group (Control: 90.30 ± 2.24 %; Sunitinib: 92.98 ± 4.32 %, 2.98 ± 4.28 % drop, NS) (Figure 

3.4). There were no significant differences in maximum % drop in CF between all of the age 

groups (data not shown). It should be noted there were high levels of variation in all groups 

during CF measurement. 
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Table 3.3: Coronary Flow (ml/min/g) raw data values obtained during a 125 minute of langendorff 

control or Sunitinib (1 µM) perfusion. 

Groups: 3 month (n=9), 12 month (n=6) and 24 month (Control: n=3; Sunitinib: n=5) old Sprague-

Dawely rat hearts. Data expressed at mean ± S.E.M. Statistics: 12 month and 24 month vs 3 month 

control: a (p<0.05); 12 month and 24 month vs 3 month Sunitinib: A (p<0.05) and AA (p<0.01); 24 

month vs 12 month control: b (p<0.05); 24 month vs 12 month Sunitinib: B (p<0.05); cc (p<0.01) vs 24 

month control. Two-way ANOVA, Tukey post hoc. 

CF Control Sunitinib 

Time 3 month 12 month 24 month 3 month 12 month 24 month 

0 7.29 ± 0.42 6.94 ± 0.22 3.81 ± 0.17a 6.10 ± 0.80 7.44 ± 0.91 5.57 ± 0.90 

5 7.68 ± 0.38 7.17 ± 0.28 3.81 ± 0.17a 6.18 ± 0.82 8.58 ± 0.79 5.47 ± 0.83 

10 7.93 ± 0.59 7.36 ± 0.42 3.98 ± 0.14a 5.91 ± 0.87 8.32 ± 0.82 5.48 ± 0.57 

15 7.67 ± 0.65 7.40 ± 0.56 3.81 ± 0.12a 5.75 ± 0.75 7.96 ± 0.67 5.09 ± 0.74 

20 7.36 ± 0.50 7.35 ± 0.39 3.73 ± 0.08a 5.85 ± 0.83 7.70 ± 0.76 5.24 ± 0.88 

25 7.21 ± 0.47 7.65 ± 0.45 3.73 ± 0.14a,b 5.87 ± 0.88 8.05 ± 0.71 5.02 ± 1.04 

30 6.79 ± 0.52 7.37 ± 0.38 3.73 ± 0.14 5.58 ± 0.85 8.12 ± 0.70 5.16 ± 0.94 

35 6.91 ± 0.53 7.55 ± 0.42 3.49 ± 0.08b 5.45 ± 0.90 8.24 ± 0.73A 5.10 ± 0.75cc 

50 6.81 ± 0.56 7.55 ± 0.59 3.41 ± 0.05b 4.84 ± 0.93 8.04 ± 0.78A 5.08 ± 0.68cc 

65 6.59 ± 0.58 6.82 ± 0.61 3.41 ± 0.05 4.51 ± 0.85 7.93 ± 0.79AA 4.68 ± 0.58cc,B 

80 6.43 ± 0.51 6.85 ± 0.70 3.41 ± 0.05 4.35 ± 0.85 7.07 ± 0.62 4.54 ± 0.82 

95 6.31 ± 0.57 6.24 ± 0.89 3.25 ± 0.09 4.06 ± 0.62 6.92 ± 0.51A 4.54 ± 0.74 

110 6.12 ± 0.57 6.29 ± 0.93 3.25 ± 0.09 3.89 ± 0.61 6.19 ± 0.55 4.22 ± 0.84 

125 5.93 ± 0.56 5.78 ± 0.76 3.17 ± 0.06 3.89 ± 0.62 5.55 ± 0.72 3.87 ± 0.69 
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Figure 3.5: Representation of changes in CF (ml/heart weight g) measured during Langendorff 

experiments over time relative to the stabilisation period. 

Starting from drug treatment with control and Sunitinib (1 µM) in i) 3 month old rats (n = 9), ii) 12 

month old rats (n = 6), iii) 24 month old rats (Control n = 3, Sunitinib n = 5). Data expressed as mean ± 

S.E.M. Statistical analysis by two-way repeated measures ANOVA, Bonferroni post hoc. 
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