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Abstract 

Sunitinib is a potent multiple tyrosine kinase receptor inhibitor which possesses powerful 

anti-cancer properties. However, adverse cardiovascular events have been reported in 

treated patients. 

Mitogen activated protein kinase (MAPK) signalling cascades play significant roles in the 

development of cardiac hypertrophy in response to external stresses. Interestingly, Sunitinib 

has been shown to produce an inhibitory effect on MAPK signalling. The stress signalling 

protein mitogen activated kinase kinase 7 (MKK7) is an elective upstream regulator of the c-

Jun N-terminal kinase (JNK) pathway and is downstream to apoptosis signalling kinase 1 

(ASK1). Specific deletion of MKK7, JNK and ASK1 in hearts has been shown to increase the 

sensitivity of cardiomyocytes to external stresses. 

This thesis investigates Sunitinib-induced cardiotoxicity in 3 month, 12 month and 24 month 

old male Sprague-Dawley rats. Then, tests the involvement of the ASK1/MKK7/JNK and the 

protein kinase C α (PKCα) pathways in Sunitinib‐induced cardiotoxicity in 3 month ages rats. 

The evaluation of potential cardioprotective compounds: NQDI-1 and 2Cl-IB-MECA were 

also investigated. Changes in cardiac injury specific microRNAs (miRNAs): miR-1, miR-27a, 

miR-133a and miR-133b levels and cancer specific miRNAs: miR-15a, miR-16-1 and miR-155 

were measured in response to Sunitinib and cardioprotective adjunct therapy in both left 

ventricular tissue and the HL60 cell line. 

Sunitinib produced a detrimental effect on haemodynamic function and significantly 

increased infarct size in all age groups tested. However, in the 24 month and 12 month 

groups the increase in infarct size was not as pronounced as in the 3 month group. Also, 
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haemodynamic dysfunction was present in all age groups, however, the level of dysfunction 

varied between the age groups tested. Ageing also demonstrated opposing expression 

patterns of cardiac injury specific miRNAs and MKK7 phosphorylation levels. 

The adjunct therapy NQDI-1 partially attenuated Sunitinib-induced cardiotoxicity by 

facilitating a reduction in infarct size. However, NQDI-1 did not attenuate Sunitinib-induced 

declines in haemodynamic function. Interestingly, NQDI-1 attenuated Sunitinib’s inhibition 

of ASK1/MKK7/JNK pathway and enhanced the anti-cancer properties of Sunitinib in HL60 

cells. 

The adjunct therapy IB-MECA abrogated both increases in infarct size and the declines in left 

ventricular developed pressure produced by Sunitinib treatment. However, the decline in 

heart rate was not attenuated by IB-MECA. IB-MECA attenuated Sunitinib’s inhibition of 

MKK7 and JNK phosphorylation and the increase in PKCα phosphorylation in left ventricular 

tissue. Furthermore, IB-MECA did not jeopardise Sunitinib’s anti-cancer properties. 

In conclusion, data from this thesis demonstrated that Sunitinib caused cardiotoxicity in all 

age groups. Also, data highlighted the complexity of cellular signalling mechanisms 

produced by Sunitinib-induced cardiotoxicity. Inhibition of the ASK1/MKK7/JNK pathway 

and activation of PKC could be involved in Sunitinib-induced cardiotoxicity. However, the 

MKK7 signalling was altered by ageing. The use of miRNAs as markers for Sunitinib-induced 

cardiac injury and anti-cancer capabilities were inconclusive. However, both NQDI-1 and IB-

MECA possess promising cardioprotective properties and did not diminish the anti-cancer 

properties of Sunitinib in HL60 cells. 
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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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NRTKs are a family of intracellular proteins which relay intracellular signals. Both RTKs and 

NRTKs are enzymes which catalyse the transfer of γ phosphate from adenosine triphosphate 

(ATP) to target proteins (Lemmon and Schlessinger 2010). Numerous cytoplasmic signalling 

pathways, including Ras/Raf mitogen-activated protein kinase (MAPK) pathway and the 

protein kinase C (PKC) pathway have been shown to be regulated by NRTKs (Pawson 1995). 

Activation of these NRTKs elicits a downstream signalling cascade, culminating in cell 

proliferation related processes, including DNA synthesis, mitosis, cell growth, migration and 

differentiation (Madhusudan and Ganesan 2004, Schlessinger 2014), all of which are vital in 

normal cell growth (Figure 1.2). 
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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 
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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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1.3 Tyrosine kinase inhibitors 

There are many TK abnormalities associated with a number of cancer types. For this reason, 

the tyrosine kinase inhibitor (TKI) class of anti-cancer pharmaceuticals were designed and 

created (Krause and Van Etten 2005). 

TKIs are a very selective class of anti-cancer drugs. Previous anti-cancer therapeutics have 

been nonspecific cytotoxic drugs which target proliferating cells (Sawyers 2004). However, 

TKIs are selective for specific molecular TK targets. Initially, TKIs were designed to target 

tyrosine kinases by competitive inhibition of the ATP binding site (Zhang, Yang and Gray 

2009). As RTKs and NRTKs are often over expressed in many cancers, inhibition of RTKs and 

NRTKs prevents cellular signalling transduction of pathways responsible for excessive cell 

growth and proliferation. 

For example, the TKI Imatinib promotes natural killer cell (NK cell) activation, which 

upregulates the tumour suppressor interferon gamma (IFN‐γ) (Borg et al. 2004). This feature 

of Imatinib has been exploited in the clinic and is used in the treatment of chronic 

eosinophilic leukaemia and gastrointestinal stromal tumours. However, Imatinib has been 

found to be less selective than originally thought, intolerance or resistance to Imatinib 

occurs is approximately 15-20% of cases (Hochhaus et al. 2009). Commonly, Imatinib 

resistance occurs in response to a point mutation in the ABL1 kinase domain of BCR-ABL1, 

which prevents Imatinib from binding (Burgess et al. 2005). In addition, in 90% of 

gastrointestinal stromal tumour (GIST) cases a secondary cKIT mutation is found which 

prevents Imatinib from binding (Heinrich et al. 2008). The high levels of Imatinib resistance 
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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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determined by the patient’s doctor. Whereas, PNET required 37.5 mg of Sunitinib daily, 

without an off-treatment period and the length of treatment is determined by the patient’s 

doctor. Dose interruptions or adjustments of 12.5 mg may be recommended based on 

individual safety and tolerability (Pfizer, 2017). 

Sunitinib inhibits cellular signalling associated with tumour formation by targeting multiple 

RTKs involved in tumour angiogenesis and proliferation (Motzer et al. 2006). In particular, 

Sunitinib is an inhibitor of VEGFR and PDGFR, c-KIT, colony stimulating factor-1 receptor 

(CSF-1R), Fms-like tyrosine kinase-3 receptor (FLT-3) and glial cell line-derived neurotrophic 

factor receptor. These TKs have a significant role in the development of clear-cell carcinoma. 

Sunitinib inhibits TKs by competitively binding to the ATP-binding site domain of a number 

of receptor tyrosine kinases, notably: VEGFR‐1, ‐2 and ‐3, PDGFR‐α and –β, (O'Farrell et al. 

2003, Roskoski Jr. 2007). Sunitinib’s blockage of the ATP-binding domain leads to the 

inhibition of dysregulated or over-expressed TKs involved in the regulation of cell 

proliferation and cell survival. In addition, Sunitinib has anti-angiogenic properties. Sunitinib 

reduces blood supply to a tumour by targeting TKs such as VEGFR and PDGFR. This results in 

deprivation of nutrient to the tumour and prevents metastasis (Rini 2007). 
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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 factor α receptor (TNFαR) (Varfolomeev et al. 1998, Gonzalvez and Ashkenazi 

2010). This elicits a signal via specialised adaptor proteins, resulting in Caspase (cysteine 

protease) mediated cell death (Janicke et al. 1998). 

In addition, the intrinsic pathway is activated in response to DNA or cellular damage (Fulda 

and Debatin 2006). This process involves the translocation of tBID, a pro-apoptotic protein, 

to mitochondria, which causes the release of cytochrome c (Wei et al. 2000). This again 

results in a Caspase cascade, causing either death receptor ligation or the release of 

mitochondria apoptotic mediators (Inoue et al. 2009). However, other forms of cell death 

are also increased in cardiac muscle cells in response to Sunitinib treatment, such as 

autophagy and programmed necrosis (Zhao et al. 2010). 

In contrast, autophagy is a catabolic process in which misfolded proteins and cellular 

organelles are degraded. Autophagy occurs during conditions such as nutrient deficiency 

and hypoxia, which can be produced during Sunitinib treatment (Osawa and Shibuya 2013). 

Autophagy involves the cleavage of microtubule-associated protein 1 light chain 3 (LC3) by 

autophagin-4 (Atg-4) to generate LC3-I. Through the action of Atg-3 and Atg-7, LC3-I is 

further processed to LC3-II (Kroemer and Levine 2008). This results in the generation of 

phagophores. Phagophores are double membrane vesicles which grow and close around 

isolated cellular components. These components are then delivered to the lysosome, which 

enzymatically degrades the selected component (Tooze and Yoshimori 2010). Autophagic 

programmed cell death involves prolonged auto-digestion, during which there is a high 

turnover rate of proteins and organelles and the cell is pushed beyond its survival threshold 

(Tsujimoto and Shimizu 2005). 
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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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LVEF assessment lacks sensitivity and changes are only detected once a significant amount 

of damage has occurred to the heart (Cardinale and Cipolla 2016). 

Many proteins have been characterised as indicators of cardiac damage. Cardiac troponins 

(cTn) are deemed to be the “gold standard” biomarker of cardiac injury. cTn have a critical 

role in the contraction of the heart (Westfall and Metzger 2004). Elevation in cTn levels 

correlates with the extent of injury to the heart and they are highly selective and sensitive 

biomarkers (Korff, Katus and Giannitsis 2006). However, measurement of cTn does not 

identify the cause of cardiac injury. Therefore, assessment of proteins which are potentially 

associated with drug-induced cardiotoxicity should be carried out. 

Sunitinib has been shown to alter the properties of the signal transduction pathways 

associated with RTKs in cancer cells. The main signalling pathways which have been 

identified are the PI3K, AKT, protein kinase C (PKC) and mitogen-activated protein kinase 

(MAPK)/ Ras signalling cascades (Figure 1.6). However, very little research has been carried 

out investigating the effect of Sunitinib on these pathways in the heart. 

In general, the PI3K pathway has been studied more extensively. It has previously shown to 

be vital in cardiomyocyte cell survival (Jiang et al. 2016). Changes in the PKC family and 

MAPK signalling have been associated with cardiac hypertrophy, arrhythmia and cardiac 

injury (Rose, Force and Wang 2010). 

We investigated the involvement of a MAPK cascade which included, apoptosis signalling 

kinase 1 (ASK1), mitogen-activated protein kinase kinase 7 (MKK7) and c-Jun NH2-terminal 

kinase (JNK) in Sunitinib‐induced cardiotoxicity. Plus, briefly measured changes in PKCα 

phosphorylation levels in Sunitinib induced cardiotoxicity. 
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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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1.5.1 The stress activated mitogen-activated kinase kinase 7 (MKK7) pathway 

Mitogen-activated kinase kinase 7 (MKK7) is a member of the MAP kinase kinase (MAPKK) 

super family. MAPKKs facilitate a variety of cellular functions in response to exogenous and 

endogenous stimuli (Foltz et al. 1998). The human mkk7 gene is located on chromosome 19 

(mkk7 gene location in rodents: chromosome 8 in mouse and chromosome 12 in rat) 

(Tournier et al. 1999). The MKK7 transcript is alternately spliced to generate a group of 

MKK7 proteins with different N‐termini (α, β and γ) and different C‐termini (1 and 2) 

(Tournier et al. 1999). All of the splice variants contain the S-K-A-K-T motif in the kinase 

domain. This motif contains the serine and threonine residues by which MKK7 is 

phosphorylated by several MAP Kinase Kinase Kinases (MKKKs) (Takekawa, Tatebayashi and 

Saito 2005). To facilitate phosphorylation of the serine and threonine the MKKKs must dock 

to the DVD site of MKK7, which is found in its C-terminus region (Takekawa, Tatebayashi and 

Saito 2005). 

MKK7 is responsible for the regulation of JNK, a protein which will be discussed later in the 

chapter. Activation of MKK7 signal transduction results in vital cellular processes including: 

proliferation, differentiation, apoptosis and tumorigenesis (Schramek et al. 2011). 

Interestingly, MKK7 has been shown to have an important role in embryonic development. 

Deletion of the MKK7 gene in mice results in embryonic lethality (Wang, Destrument and 

Tournier 2007). Therefore, much of the research investigating the functionality of MKK7 has 

been carried out in mouse embryonic fibroblasts. The deletion of the mkk7 gene was shown 

to produce reduced levels of proliferation and cause premature cell senescence through the 
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                initiation of G2/M cell cycle arrest in response to UV‐ and γ‐irradiation (Wada et al. 2004). 

Therefore, it is possible that MKK7 could be involved in stress signalling in the heart. 

1.5.1.1 MKK7 signalling in the heart 

A number of studies have investigated the involvement of MKK7 in the development of 

cardiac complications. Wang et al., (1998) investigated the role of MKK7 in cardiac 

hypertrophy. Transgenic neonatal cardiomyocytes were produced which expressed a 

constitutively active mutant of MKK7 (Wang et al. 1998). Using this mutant, Wang et al., 

demonstrated a direct increase in JNK activation by MKK7, which produced characteristic 

indicators of cardiac hypertrophy. This therefore demonstrates that increased levels of 

MKK7 may be responsible for the progression of cardiac hypertrophy. 

This was further investigated by Wang et al., (2008) who demonstrated the inhibition of 

MKK7 by growth arrest and DNA-damage-inducible beta (GADD45B) counteracted the 

cardiomyocyte hypertrophy and elevated atrial naturetic factor (ANF) caused by MKK7 

overexpression (Wang et al. 2008). However, as these studies were only conducted in 

cardiomyocytes, it is difficult to determine whether MKK7 would produce a hypertrophic 

effect in vivo. 

Mitchell et al., (2006) used a transgenic mouse model with cardiac specific activated 

mutants of MKK7 to assess changes in gene expression, using cDNA microarrays (Mitchell et 

al. 2006). Over 200 genes were significantly changed compared to control animals. The 

altered genes were synonymous with restrictive cardiomyopathy phenotypes. This suggests 

that increased levels of MKK7 increases susceptibility of an individual to develop 

cardiomyopathy. 
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Contrastingly, Liu et al. (2011) used cardiac specific MKK7 knock-out, mouse models to 

demonstrate the involvement of MKK7 in heart failure. A pressure overload was exerted on 

the heart, through transverse aortic constriction (TAC). After a week, the MKK7 knock-out 

mice began to exhibit deterioration of ventricular function and signs of heart failure, 

compared to both sham wild type and TAC wild type mice. Liu et al. (2011) also carried out 

cell death assays which measured proteins associated with apoptosis and cardiomyocyte 

dysfunction such as ANP, BNP, Troponin I, TGF‐β, MnSOD, p53, BAX and BAD (Liu et al. 

2011). They found a significant increase in cardiomyocyte apoptosis, alongside elevated 

levels of MnSOD and p53. It was determined that MKK7 has a vital role in protecting the 

heart from hypertrophic remodelling and cardiomyocytes apoptosis during stress. Also, the 

requirement of MKK7 to prevent the transition into heart failure (Liu et al. 2011). 

The above studies therefore highlight the vital role of MKK7 in the maintenance of heart 

homeostasis. An up regulation of MKK7 demonstrated an increase in cardiac hypertrophic 

and heart failure phenotypes (Wang et al. 1998). However, if MKK7 is removed entirely from 

cardiomyocytes, there is profound cardiomyocyte cell death and susceptibility to heart 

failure is increased (Liu et al. 2011). 

1.5.1.2 MKK7 signalling in cancer 

MKK7 has also be shown to be an appropriate target for anti-cancer therapy. Inactivation of 

MKK7 signalling in murine lung and mammary cancer demonstrated that MKK7 had an 

important role in delaying the progression of malignancies (Schramek et al. 2011). This 

highlights the potential tumour suppressor role of MKK7. 
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In addition, Tang et al. (2012) found an up-regulation of MKK7 in hepatoma cells with 

Alpinetin treatment. Alpinetin is a novel plant flavonoid, which possess strong anti-tumour 

properties. Through this up-regulation, cell cycle arrest occurred in the G0/G1 phase of the 

cell cycle (Tang et al. 2012). This suggests that by agonistic modulation of MKK7 it may be 

possible to both enhance anticancer properties of chemotherapy agents, as well as, limit 

apoptosis as the cell cycle is arrested. 

This thesis aims to investigate the involvement of MKK7 in Sunitinib induced cardiotoxicity. 

MKK7 contains an ATP binding domain with sequence homology to that of the target 

proteins of Sunitinib. It is therefore possible that Sunitinib has an inhibitory effect on the 

JNK signalling cascade (Aparicio-Gallego et al. 2011). With reduced MKK7 activity 

demonstrating both an incline towards cardiomyocyte damage and a reversal of anti-

tumour effects of chemotherapy, it would be interesting to assess both the changes in 

expression levels and levels of phosphorylated MKK7 in the presence of Sunitinib. 

In the future, it may possible to identify a link between MKK7 expression and TKI induced 

cardiotoxicity. It is also possible that MKK7 inhibition has a vital role in the progression of 

TKI induced cardiotoxicity. It is imperative to investigate this so that preventative treatment 

can be discovered. 

1.5.2 Down-stream pathway mediator from MKK7: c-Jun NH2-terminal Kinase 

(JNK) 

As a consequence of exposure to stressful stimuli, mammalian cells elicit a cellular response 

in the form of c-Jun NH2-terminal Kinase (JNK) activation (Raman, Chen and Cobb 2007). 

Stimuli include cytokines, interleukin‐1, transforming growth factor‐β, platelet‐derived 
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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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pathway, JIP1 holds all three member kinases together, allowing efficient catalysis, reducing 

cross talk and ensuring specific signalling (Moon and Park 2014, Whitmarsh 2006). 

The MKKKs directly phosphorylate MKK4 and MKK7. JNKs are phosphorylated on Thr and 

Tyr residues within a Thr-Pro-Tyr motif of the protein kinase subdomain VIII, specifically by 

MKK7 (Kishimoto et al. 2003). Activation of this MAP-kinase signalling cascade generally 

results in phosphorylation of JNK nuclear substrates, leading to regulation of gene 

expression. Activating protein 1 (AP-1) is a collective name for transcription factors which 

modulate a variety of DNA binding sites, such as Jun, Fos or ATF (Karin, Liu and Zandi 1997). 

In JNK signalling, AP-1 typically binds to the c-Jun DNA binding site. In addition to this, JNK 

proteins associate with proteins of the plasma membrane, implying a more complex 

functionality of JNK than just gene regulation (Gupta et al. 1996). At a cellular level, 

activation of JNK results in either apoptosis or promotion of cell survival. The choice of fate 

seems to depend on the cell type and on the stimulating signal (Chang and Karin 2001). 

In cardiomyocytes, JNK signalling is vital for the maintenance and organisation of the 

cytoskeleton and sarcomere structure (Windak et al. 2013). The c-Jun AP-1 molecule has 

been found to specifically stimulate α‐adrenergic growth response in cardiomyocytes 

(Taimor et al. 2004). Furthermore, by abrogating endogenous AP-1 activation, it is possible 

to inhibit cardiomyocyte hypertrophy (Omura et al. 2002). Using Cre-loxP mediated 

transgenisis another group have shown that a constitutively active JNK mutant in mice leads 

to cardiac hypertrophy and pathology in adult hearts (Petrich, Molkentin and Wang 2003). 

This highlights the crucial role of AP-1 in the progression of cardiac remodelling as a result of 

stressful conditions. 
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Many JNK knock out models have been used to determine the role of JNK in the 

development of cardiac dysfunction (Kaiser et al. 2005, Tachibana et al. 2006). Tachibana et 

al. (2006) demonstrated with the selective deletion of all three JNKs (jnk1-/-, jnk2-/- and jnk3-

/-) cardiac hypertrophy ensued when a pressure over load is applied in mice (Tachibana et al. 

2006). However, JNK1-/- mice in particular displayed significant reductions in fractional 

shortening and eventually developed cardiac dysfunction after 12 weeks. Kaiser et al. (2005) 

demonstrated the importance of JNK in ischaemia-reperfusion injury. They showed that a 

reduction in JNK activity in the heart resulted in a reduced level of cardiac injury and cellular 

apoptosis (Kaiser et al. 2005). However, by using mouse models which over express MKK7 in 

the heart; the same group demonstrated an increase in c-Jun Kinase activity but also cause 

significant protection against ischaemia-reperfusion injury (Kaiser et al. 2005). This all in all 

highlights the complexity of JNK signalling. 

1.5.3 Upstream mediator from MKK7: apoptosis signal-regulating kinase 1 

(ASK1) 

Apoptosis signal-regulating kinase 1 (ASK1) is a member of the MAPKKK family. Generally, 

MAPKKK’s have an essential role in cellular stress by directly phosphorylating MAPKKs, such 

as MKK7. ASK1 is an upstream activator of MKK7 and a regulator of the JNK pathway (Ichijo 

et al. 1997). 

ASK1 has been shown to be activated by a variety of stimuli, such as oxidative stress, 

endoplasmic reticulum stress, calcium overload, and lipopolysaccharide and stress signalling 

ligands such as TNFα (Ichijo et al. 1997, Saitoh et al. 1998, Chen et al. 1999a). 
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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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terminal regulatory domain. Differences found in the N-terminal categorise the PKC proteins 

into the distinct PKC subfamilies, which are classed as conventional (α, βI, βII and γ), novel 

(δ, ε, θ and η) and atypical (ζ and Ι/λ) (Steinberg 2008). 

In general, PKC proteins are involved in the regulation of cell survival, growth, proliferation, 

migration and apoptosis (Poole et al. 2004). Interestingly, the PKC isoforms behave 

differently depending on cell type and location within the cell. For example, there is 

evidence demonstrating translocation of PKC isozymes to the nucleus allows PKC to 

modulate the cell cycle. Specifically, PKCα and PKCε regulate cyclins D1 and D3 (Detjen et al. 

2000, Fima et al. 2001). Therefore, PKC can affect the G1/S-phase of the cell cycle, which is 

the stage at which a cell becomes predisposed to either become quiescent or differentiate 

and initiate proliferation (Arand and Sage 2017). 

All of the PKC isozymes are expressed in human and rat heart tissue. In particular, PKCα, βI, 

βII and γ are expressed in the ventricles (Simonis et al. 2007). However, the most prevalent 

isoform in the human heart is PKCα. 

Due to its impact of cell survival and high prevalence in the heart, PKCα is considered to be 

essential in a number of cardiac functional processes (Hahn et al. 2003). Braz et al. 2004, 

demonstrated with the deletion of the PKCα gene (Prkca) that PKCα is a negative regulator 

of heart contractility in mice (Braz et al. 2004). The same study also demonstrated that the 

deletion of Prkca prevented the onset of heart failure associated with long-term pressure 

overload in a genetic model of dilated cardiomyopathy. A similar study by Hambleton et al. 

(2007) confirmed these findings by using a cardiomyocyte specific double negative Prkca 

knock‐out transgenic mouse model and PKCα inhibitory compounds (Hambleton et al. 

2007). This demonstrated that the inhibition of PKCα in cardiomyocytes provides protection 
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against heart failure and dilated cardiomyopathy, by enhancing contractility of the heart. In 

addition to this, significantly increased levels of PKCα were found in the left and right 

ventricular homogenates of rat hearts after surgically induced myocardial infarction and had 

developed heart failure (Wang et al. 2003). This further implicates PKCα in cardiac 

dysfunction. 

As PKCα has been shown to have a vital role in the heart, it would be interesting to identify 

whether PKCα’s signalling is effected by Sunitinib treatment. Further understanding of 

specific proteins involved in Sunitinib induced cardiotoxicity could enable the development 

of effective adjunctive treatments. 

1.6 Cardioprotection by adjunctive therapy 

The introduction of more targeted therapies, such as Sunitinib has resulted in considerable 

improvements in cancer survival rates. As cancer becomes more of a chronic illness, long 

and short-term cardiotoxic effects of chemotherapy are being reported at an increasing 

rate. An assessment of Sunitinib’s long-term safety in 5739 patients revealed that moderate 

cardiovascular events occurred in 24% of patients and severe cardiovascular events 

occurred in <1% of patients (Porta et al. 2016). In addition, Surveillance of a Medicare 

database identified 171 out of 670 patients aged >65 years who received Sunitinib or 

Sorafenib had cardiovascular event (Jang et al. 2016). It was revealed that the majority of 

cardiovascular events occurred during the first year of treatment. However, as more 

research is concentrated on the cardiac safety of chemotherapy agents, it is beginning to 

become apparent that lasting long-term damage to the cardiovascular system ensues. In 

Denmark, a nationwide cohort study of patients diagnosed with soft tissue sarcoma 
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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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hamster hearts (Hikoso et al. 2007). It could be possible that NQDI-1 has protective 

properties in the heart. 

This highlights the pharmacological potential of NQDI-1 in the protection of whole organs 

from cellular damage. As well as this, due to the level of cellular damage caused as a result 

of many drug treatments and its characteristic ability to reduce tissue infarction, NQDI-1 

may be a potential cardioprotective agent for Sunitinib induced cardiotoxicity. 

1.6.2 A3 adenosine receptor: IB-MECA 

1-[2-Chloro-6-[[(3-iodophenyl) methyl] amino]-9H-purin-9-yl]-1-deoxy-N‐methyl‐β‐D‐

ribofuranuronamide (IB-MECA) is a selective A3 adenosine receptor (A3AR) agonist 

(Fishman et al. 2001). The A3AR is one of the four distinct adenosine receptors: A1, A2A, A2B 

and A3. 

Adenosine receptors are a part of the G protein-coupled receptor (GPCR) family. GPCRs are 

one of the largest and diverse membrane protein families, which are coded by over 800 

genes in the human genome (Fredriksson et al. 2003). GPCRs are characterised by 7 

transmembrane spanning, α‐helical domains, which are separated by alternating 

intracellular and extracellular loop regions. The N-terminus and extracellular loops are 

responsible for ligand binding (Carlsson et al. 2010). When a ligand binds to the central 

binding pocket, the receptor experiences a conformational change through the fifth and 

sixth transmembrane helix, this exposes a cavity which enables the coupling of G proteins to 

the receptor (Scheerer et al. 2008). The G proteins which associate with GPCRs form a 

heterotrimeric complex, including the Gα, Gβ and Gγ subunits (Figure 1.7). In the GPCRs 

active‐state, the Gα is directly bound to the intracellular loops, which function as the 
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             guanine nucleotide exchange factor (GEF). During G protein activation, the Gα exchanges a 

guanosine diphosphate (GDP) for a guanosine triphosphate (GTP). This causes the G protein 

to dissociate from the GPCR and then regulate effector proteins, including cyclic AMP 

(cAMP) and phospholipase C (PLC) (Figure 1.7). The intracellular C-terminus of the G protein 

heterotrimer contains the serine/threonine phosphorylation sites for protein kinases. This 

allows regulation of a variety of intracellular signalling pathways such as PKC, MAPK, PKA, 

and GRK (Rosenbaum, Rasmussen and Kobilka 2009). 
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Figure 1.7: Classical structure of G protein coupled receptors and their activation. 

In a resting state the GPCR made up of 7 tras-membrane helices is bound with a Gα protein. The Gα protein is bound to a GDP and the Gβ and Gγ subunits. 

Upon ligand binding, the receptor becomes active. This causes the Gα subunit to dissociate from the GPCR and the Gβ and Gγ subunits, as the GDP is 

exchanged for a GTP. The Gα is now able to activate other signalling molecules within the cell (Li et al. 2002). 
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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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Figure 1.8: Schematic of the downstream targets of the A3 adenosine receptor (A3AR). 

The Gα subunit dissociates from the A3AR and the Gβγ subunits. The G protein can now: open the 

KATP channels, inhibit the catalytic activity of adenylyl cyclase (AC) and therefore the production of 

cAMP. 2) Activate PLC, which in turn increases cellular levels of Ca2+ and PLC induces PI3K and AKT 

phosphorylation. Stimulate RhoA and PDL activate MAPK family proteins including ERK, JNK and P38. 

All of which results in the regulation of various transcription factors, shown in the nucleus (Borea et 

al. 2015). 

1.6.2.1 Cardioprotection by IB-MECA through the activation of A3ARs 

A3AR have an important role in the regulation of the cardiovascular system. A3ARs are 

highly expressed in cardiomyocytes and activation of the A3AR has been shown to provide 

protective effects against myocardial ischaemia (Liu et al. 1994, Maddock, Mocanu and 
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Yellon 2002, Hussain et al. 2014). IB-MECA has been shown to have powerful 

cardioprotective effects against cardiac damage caused by hypoxia, ischemia/reperfusion 

injury and anti-cancer treatment with Doxorubicin (Shneyvays et al. 2002). 

The key cardioprotective functions of IB-MECA are to reduce ischemia and infarct size, 

following ischaemia reperfusion injury. This is thought to be achieved through many cellular 

mechanisms. Firstly, activation of mitochondrial KATP channels has been shown to be critical 

in A3AR activation (Zhao and Kukreja 2002). A3AR cause the activation of PKC, nuclear 

factor kappa‐light‐chain enhancer of activated B cells (NF‐κB), inducible nitric oxide synthase 

(iNOS), MAPK/ERK and Akt/PI3K stress signalling pathways (Xu et al. 2006). 

In a study by Emanuelov et al. (2010), Doxorubicin treatment led to left ventricular 

dysfunction due to mitochondrial dysfunction and Ca2+ overload in cardiomyocytes with 

reduced ATP production (Emanuelov et al. 2010). There was an increased level of Ca2+ in the 

cytosol and in the mitochondria, due to the limited uptake of Ca2+ from the sarcoplasmic 

reticulum (SR), which caused insufficient Ca2+ levels in the SR to mediated contraction. Co-

administration of IB-MECA attenuated the harmful effect of Doxorubicin by restoring the SR 

Ca2+ levels through activation of sarcoplasmic reticulum Ca2+ ATPase ATP2A2 (SERCA2a), 

thus preventing Ca2+ overload in cardiomyocytes and restoring the function of the 

mitochondria. 

It is therefore possible that co-treatment of IB-MECA during Sunitinib therapy could be used 

to modulate the stress signalling created by Sunitinib induced cardiotoxicity and offer a 

protective effect. 
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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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other studies were too focused of the acute stage of myocardial infarction and used much 

smaller cohorts. 

miR-133a is known to have the opposite effect to miR-1 in cardiovascular tissue during 

cardiovascular diseases. The down-regulation of miR-133a is associated with cardiac 

hypertrophy (van Rooij et al. 2006, Care et al. 2007). Liu et al., (2008) demonstrated that 

miR-133a is important in maintaining healthy cardiomyocytes (Liu et al. 2008). The knock-

out of miR-133a generated abnormalities in important cell survival pathways and was found 

to be lethal in most cases, suggesting a role in development. Survivors developed 

myocardial fibrosis and eventually died of heart failure. In addition, miR-133a targets small 

RhoA and Cdc42, which are GTP-binding proteins involved in hypertrophy (Care et al. 2007). 

Suppression of miR-133a allows hypertrophy to occur. These findings suggest that miR-133a 

has an anti-apoptotic and hypertrophic role (Xu et al. 2007). 

Also, it has been established that miR-133a has a partial complimentary target site in the 

3’UTR region of ether-a-go-go (ERG). This implies that miR-133a inhibits ERG when it is over 

expressed. A reduction in ERG levels causes the delayed myocyte repolarisation attributed 

to a long QT interval (Xiao et al. 2007). 

1.7.2 miR-27a 

Research has indicated that miR-27a is up-regulated during cardiac hypertrophy and heart 

failure (van Rooij et al. 2006). By using virus mediated small interfering RNA (siRNA) against 

Dicer, Nishi et al. (2011) demonstrated that miR-27a indirectly regulates myosin heavy chain 

β (MHC‐β) through its inhibitory role on thyroid hormone receptor β1 (TRβ1) (Nishi et al. 
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2011). TRβ1 negatively regulates MHC‐β, therefore, over expression of miR‐27 increases 

MHC‐β levels. An increase in MHC‐β is associated with cardiac hypertrophy. 

However, Dong et al (2009) found an increased expression of miR-27a in non-infarcted heart 

tissue compared to infarcted heart tissue (Dong et al. 2009). Additionally, Marfella et al 

(2013) found a significant decrease in miR-27a in patients who have suffered with severe 

heart attack and a further decrease after 1 year of cardiac resynchronization therapy 

(Marfella et al. 2013). This suggests that miR-27a has an important role in the progression of 

heart failure. Any change in expression could be a result of cardiac damage. 

1.7.3 miR-133b 

miR-133b has been found to regulate the development and differentiation of neonatal 

cardiomyocytes by inhibiting the cell cycle protein serum response factor (Ekhteraei Tousi et 

al. 2013). This inhibition decreases cardiomyocyte proliferation (Koutsoulidou et al. 2011). 

The down-regulation of miR-133b has been associated with an increased expression of b-

type natriuretic peptide (BNP), skeletal α‐actin and ANF (Sucharov, Bristow and Port 2008), 

all of which are known biomarkers for cardiotoxicity and muscle damage. 

Additionally, in a clinical setting, increases in miR-133b expression positively correlate with 

an increase in central venous pressure and cardiac output (Wang et al. 2013). Wang et al., 

(2013) also demonstrated that high levels of miR-133b reflect early myocardial injury (Wang 

et al. 2013). 

Although, miRNAs have been thought to be extremely sensitive biomarkers for 

cardiotoxicity, there is a substantial amount of conflicting published data. This suggests that 

the role of miRNAs, miR-1, miR-27a, miR-133a and miR-133b in particular is very complex 
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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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1.8 Aims, objectives and hypothesis 

1.8.1 Aims 

The aims of this thesis were to: 

 Investigate whether Sunitinib induces cardiotoxicity in Langendorff heart models, using 

Sprague-Dawley rats at 3, 12 and 24 months of age. 

 Establish whether the stress signalling MKK7 pathway, as well as PKCα are involved in 

Sunitinib-induced cardiotoxicity. 

 Identify compounds which may have the ability to produce cardioprotective effects 

counteracting the Sunitinib-induced cardiotoxicity while not interfering with the anti-

cancer properties of Sunitinib in HL60 cells. 

1.8.2 Objectives: 

The objectives of this thesis were to: 

 Determine the cardiotoxic effects of a clinically relevant concentration of Sunitinib in a 

Langendorff isolated heart model and study the effect of ageing on the level of Sunitinib-

induced cardiotoxicity. 

 Determine the effects of Sunitinib on signalling proteins of the MKK7 and PKCα pathway. 

 Investigate the level of cardioprotection generated by co-administration of Sunitinib with 

NQDI-1 or IB-MECA. 

 Assess the expression levels of relevant miRNAs to identify cardiac injury and cancer 

progression in cardiac tissue and HL60 cells. 
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1.8.3 Hypotheses 

The Hypotheses of this thesis are listed below: 

 Sunitinib treatment will have adverse effects on the haemodynamic function of the 

heart, increase the infarct size to risk ratio and affect the expression profiles of miRNAs 

associated with myocardial injury compared to vehicle controls. 

 Age will have an effect on the level and formation of cardiotoxicity. 

 The ASK1 inhibitor, NQDI-1 will protect against the cardiotoxic effects of Sunitinib 

treatment. 

 Activation of the A3 adenosine receptor with IB-MECA will protect against the adverse 

effects of Sunitinib treatment. 

 The anti-cancer properties of Sunitinib in HL60 cells will not be affected by adjunct 

therapy of NQDI-1 or IB-MECA. 

 Levels of cancer specific miRNAs will change in response to Sunitinib and the adjunct 

therapies NQDI-1 and IB-MECA treatment of HL60 cells compared to untreated controls 

HL60 cells. 
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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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5′‐N‐methyluronamide (2‐CL‐IB‐MECA/IB‐MECA) were purchased from Sigma-Aldrich (UK) 

and dissolved in dimethyl sulfoxide (DMSO) from Sigma-Aldrich (UK). Sunitinib and NQDI-1 

made up to a stock concentration of 25 mM and IB-MECA made up to 1 mM stock 

concentration. All were stored at -20 °C; aliquots were thawed at room temperature prior to 

experimental use. 

2.2.2 Salts and general reagents 

NaCl, NaHCO3, KCl, MgSO4.7H2O, KH2PO4, CaCl2, Na2HPO4.2H2O, NaH2PO4, NaF, HCl, Glucose, 

Taurine, Sodium dodecyl sulphate, Sodium Pyruvate, HEPES, Creatine, Glycine, Tris base, 

Ethylenediaminetetraacetic acid (EDTA), β‐glycaophosphate, 4‐benzenesulfonyl fluoride 

hydrochloride (AEBSF), glycerol, 2-mercaptoethanol, bromophenol blue, formaldehyde, 

methanol, L-Glutamine, bovine serum albumin (BSA) all purchased from Fischer Scientific, 

UK. 

2, 3, 5-Triphenyl-2H-tetrazolium chloride (TTC), 3- [4, 5 –dimethylthiazol-2-yl]-2, 5 diphenyl 

tetrazolium bromide (MTT), Triton X-100, protease inhibitor cocktail tablets and Phosphate 

buffered saline (Sigma-Aldrich, UK). 

2.2.3 RNA extraction and PCR reagents 

RNase/DNase free ethanol purchased from Fischer (UK). RNAlater, ZAP solution, RNase free 

H20, oligo (dt) cellulose isolation kit, SYBR® Green Master Mix purchased from Ambion (UK). 

miRNA isolation kit: mirVana miRNA isolation kit, without phenol, Acid phenol: chloroform, 

TRIzol plus RNA purification kit purchased from Invitrogen (UK). RNA Reverse Transcription 
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Kit, TaqMan Universal PCR Master Mix purchased from Applied Biosystems (USA). The iTaq 

universal SYBR green super mix was purchased from BioRad (UK). 

2.2.3.1 Primers 

U6 snRNA, rno-miR-1, hsa-miR-15a, hsa-miR-16-1, hsa-miR-27a, hsa-miR-133a, hsa-miR-

133b and hsa-miR-155, Primer assays purchased from Applied Biosystems (USA). GAPDH 

Forward and reverse primer, MKK7 forward and reverse primer purchased from Invitrogen, 

Life Technologies (UK). 

2.2.4 Cell culture and MTT assay 

Human leukaemia cancer (HL60) cell line (obtained from Coventry University’s Cell Bank). 

RPMI 1640 media without L-Glutamine, in DMEM media without L-glutamine, antibiotic 

solution (10 000 U/ml penicillin and 10 000 µg/ml streptomycin), Foetal bovine serum 

(Biosera, UK). 

2.2.5 Western Blot and flow cytometry studies 

4–15 % Mini-PROTEAN® TGX™ Gel for MKK7, any KDa Mini-PROTEAN® TGX™ Gel, 8-20 % 

Mini-PROTEAN® TGX™ Gel, Trans-Blot® Turbo™ PVDF membrane purchased from BioRad 

(UK), Super Signal West Femto kit purchased from PIERCE biotechnologies (UK). 

2.2.5.1 Antibodies 

Phospho-MKK7 (Ser271/Thr275), Total MKK7, Phospho-ASK1 (Thr 845), Total ASK1, 

Phospho-SAPK/JNK (Thr183/Tyr185), Total SAPK/JNK rabbit mAb antibodies, Total GAPDH, 

Alexa flour@488 conjugated secondary antibody anti-rabbit IgG, HRP-linked antibody and 
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anti-biotin, HRP-linked antibody were purchased from Cell Signalling Technologies (UK). 

Antibodies anti‐PKC α (phospho T497) and total PKC were from Abcam (UK). 

2.2.6 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. They received humane care and had free access to 

standard diet according to “The Guidance on the Operation of the Animals (scientific 

procedures) Act of 1986”. Animals were selected at random for all treatment groups and the 

collected tissue was blinded for infarct size assessment. The experiments were performed 

following 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. Rats were sacrificed by cervical dislocation and death was confirmed by 

exsanguination (Schedule 1 Home Office procedure). 

2.3 Langendorff perfused isolated heart assay 

2.3.1 Background of the Langendorff model 

The Langendorff system is a classic technique for investigating acute changes in heart 

physiology. Frog hearts were the first isolated perfused hearts to be developed by Elias Cyon 

et al. at the Carl Ludwig institute in 1866. In 1895 perfusion of isolated mammalian hearts 

was pioneered by Oscar Langendorff (Zimmer 1998). 
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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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The intensity of fluorescence (Rn) emitted by each sample at each reaction cycle is detected 

by a PCR machine. The magnitude of signal generated during PCR can be calculated (ΔRn). A 

graph of ΔRn (RFU) vs copy number is plotted (Figure. 2.5). The number of PCR cycles it 

takes for fluorescence levels of a target cDNA to surpass the background fluorescence is the 

cycle threshold (Ct). Therefore, the lower the Ct value the more target mRNA or miRNA was 

present in the starting sample. This value was normalised to the Ct of a house keeping gene, 

such as GAPDH, which should remain at a consistent level in all research samples. This 

allows comparisons of different samples during various treatments/conditions to be made. 

Figure 2.5: PCR amplification graph showing fluorescence intensity vs PCR cycle number. 

The orange arrows identify the stages of real-time PCR. 1) Linear ground phase. 2) Early exponential 

phase. 3) log-linear phase. 4) Plateau phase. The red line represents the level of fluorescence required 

for a target amplification to be detected (Ct). 
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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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2.6.4 Real-time PCR reaction of target miRNAs from heart tissue or HL60 cells 

Real-time PCR was performed using a standard TaqMan Universal PCR Master Mix (Applied 

Biosystems, USA) protocol on the 7500 HT Real-time PCR sequence detection system 

(Applied Biosystems, USA). The 7500 Fast Real-time PCR sequence detection software SDS 

version 1.4 (Applied Biosystems, UK) monitored the amplification of DNA in real-time by 

optics and imaging system via the binding of SYBR Green fluorescent dye to double-stranded 

DNA. A 20 μl reaction mixture containing 100 ng cDNA, specific Applied Biosystems primer 

assays and the TaqMan Universal PCR Master Mix was used in the Real-time PCR reaction. A 

non-template control was included in all experiments. 

Using a qPCR plate template, design the layout for the reaction for each drug treatment 

group (Figure 2.6) duplicates with each primer for each sample and non-template controls 

(NTC) for each individual primer set (U6 snRNA, rno-miR-1, hsa-miR-27a, hsa-miR-133a, hsa-

miR-133b, hsa-miR-155, hsa-miR-15a, and hsa-miR-16-1) were made. Each 20 µl reaction 

contained the following: 

Table 2.2 : shows the recipe for each real-time PCR well during the experiment. 

cDNA 3 µl 

Individual Primer set 0.5 µl 

SYBER green 10 µl 

H2O 6.5 µl 
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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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The real-time PCR machine was programmed to: 1) 2 mins at 50 °C, 2) 10 mins at 95 °C, 3) 

15 secs at 95 °C, 4) 1 min at 60 °C, Repeat steps 3) and 4) 40 times. 

2.6.5 Quantifying miRNA real-time PCR analysis 

The ΔΔ cycle threshold (CT) values for the Sunitinib, 2‐Cl‐IB‐MECA and NQDI‐1 treated 

groups were compared with the control group. U6 was used as an internal reference. The 

relative amount of miRNA was calculated using the ΔΔCT method, with CT values for the 

specific miRNA primers in relation to the CT values of U6 snRNA using the following miRNA 

ratio formula (Sandhu, 2010).; 

X0/R0=2CTR-CTX 

Where; X0 = original amount of target miRNA 

R0 = original amount of U6 

CTR = CT value for U6, and 

CTX = CT value for the target miRNA. 

2.6.6 Data analysis of miRNA profiles 

Fold changes in the miRNA expressions were plotted 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 ≤0.05 were considered statistically significant. 
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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 

112 | P a g e 



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 
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The 7500 HT real-time PCR sequence detection system (Applied Biosystems, USA) was 

programmed to: 30 mins at 16 °C, 30 mins at 42 °C, 5 mins at 85°C and ∞ at 4 °C. Once the 

mRNA was processed into cDNA it was stored at -20 °C, until required for the next step. 

2.7.3 Real-time PCR reaction 

The quantitative PCR reactions were performed in duplicate with the SYBR® Green Master 

Mix, (Life sciences, Ambion, UK), GAPDH and MKK7 primers on real-time PCR machine (7500 

HT real-time PCR sequence detection system from Applied Bio systems, USA). 

The qPCR plate template (Figure. 2.7) was used to design the layout for the reaction. 

Duplicates were made for each primer for each sample and Non-template controls (NTC) for 

each primer (MKK7 and GAPDH) were added to the plate. 
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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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For each qPCR reaction, the following was added: (per specific primer set). 

Table 2.5: The recipe for each real-time PCR well during the experiment. 

cDNA 4 µl 

Forward Primer 1 µl 

Reverse Primer 1 µl 

SYBER green 10 µl 

H2O 4 µl 

The real-time PCR machine was programmed to: 1) 2 mins at 50°C, 2) 10 mins at 95°C, 3) 15 

secs at 95°C, 4) 1 min at 60°C. Steps 3) and 4) were repeated 40 times. 

2.7.4 Quantifying the changes in MKK7 mRNA levels in the heart after 

Sunitinib with and without NQDI-1 treatment 

The ΔΔ cycle threshold (CT) values for the drug treatment groups were compared to the 

control group. The data obtained was analysed using SDS software. The mRNA data was 

then analysed using the comparative ΔΔCT method (Sandhu, 2010). GAPDH mRNA was used 

as an internal reference to normalise MKK7 mRNA. The relative amount of mRNA was 

calculated with the CT values for the different primers in relation to the CT values of GAPDH 

mRNA using the following mRNA ratio formula; 

X0/R0=2CTR-CTX 

Where; X0 = original amount of target mRNA 

R0 = original amount of GAPDH 
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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. 

122 | P a g e 



  

HL60 cells were used in these studies because Teng et al. (2013) previously demonstrated 

that Sunitinib induces G1 cell cycle arrest and increases levels of apoptosis in HL60 cells 

(Teng et al. 2013). 

2.8.2 Quantification of the MTT assay 

The mean absorbance of each treatment group was obtained and the absorbance for the drug 

alone was subtracted from this. This was calculated as a percentage of the mean absorbance 

of the control group and plotted using GraphPad Prism (version 5.03, GraphPad Software, Inc. 

USA). 

2.9 Western blot for the determination of p-MKK7, p-ASK1, p-JNK 

and p-PKCα 

2.9.1 Western blot background 

The western blot technique is an immunoblotting method used to separate and identify 

proteins. Firstly, proteins are isolated and purified from tissue or cells. The protein is then 

denatured and held in its primary structure in a solution. The protein samples are then 

separated by size and charge by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Once fully separated all proteins of the same weight will lie in 

the same band across the gel. The proteins are then electrophoretically transferred to a 

PVDF or cellulose membrane, where the protein of interest can be probed for by primary 

anti-bodies. For detection, a horseradish peroxidase (HRP) tagged secondary antibody binds 

to the primary antibody. A substrate for the HRP is added and a signal is generated. From 
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the signal intensity, it is possible to quantify the protein of interest (Gershoni and Palade 

1982). 

The western blot technique is used in research to study the level of protein activation or 

presences of a protein in various tissues and cells. This immunoblotting technique is 

essential in clinical diagnosis and quantifying gene products. 

2.9.2 Protein isolation 

2.9.2.1 Total protein isolation from heart tissue 

The Langendorff system was used to collect tissue samples for western blot analysis as in 

the TTC protocol. However, once the experiment was terminated the left ventricles was 

removed, snap frozen in liquid nitrogen and stored at -80 °C until required. The left 

ventricular tissue was lysed in lysis buffer (NaCl 0.1 M, Tris base 10 µM, EDTA 1 mM, Sodium 

pyrophosphate 2 mM, NaF 2 mM, β‐glycaophosphate 2 mM, AEBSF 0.1 mg/ml, protease 

cocktail tablet 1/1.5, pH 7.6) using a homogeniser (IKA Overtechnical T25). The 

homogenised samples were then centrifuged at 11,000 rpm at 4 °C for 10 mins. The 

supernatant was collected. From this, protein concentration was determined using 

nanodrop (Nanoid Technology, Delaware, USA) at 280nm. Protein was then diluted 1:1 with 

2X Laemmili Sample buffer (125 mM Tris-HCl [pH 6.8], 20 % Glycerol, 4 % SDS, 10 % 2-

mercaptoethanol, 0.004 % bromophenol blue, pH 7.4) to give 90 mg/ml of protein per 

sample, by heating to 95°C for 5 mins. The samples were stored at -20 °C until further 

analysis. 
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2.9.2.2 Protein isolation from HL60 cells 

HL60 cells were plated at 5x106 cells/well into a 6 well plate. The treated cells were 

transferred to centrifuge tubes and centrifuged at 900 rpm for 5 mins. The supernatant 

containing media and drug was removed and 500 µL of PBS was added. The cells were 

resuspended and centrifuged again at 900 rpm, the PBS was discarded (this step was 

repeated). A volume of 500 µl of ice cold lysis buffer (25 mM HEPES, 100 mM NaCl, 1 mM 

EDTA, 10 % (v/v) Glycerol, 1 % (v/v) Triton X-100 and 1 protease inhibitor tablet per 10 ml of 

buffer). The cells were then incubated on ice for 30 mins. The cells were then centrifuged 

for 20 mins at 12000 rpm at 4 °C. The supernatant (containing the isolated protein) was 

transferred to a fresh Eppendorf tube. The amount of protein isolated was quantified using 

a Nanodrop. The isolated protein was then diluted 1:1 with 2X Laemmili sample buffer and 

heated to 95 °C for 5 mins. The protein was ready to use at this stage, but could also be 

stored at -20 °C until required. 

2.9.3 Gel electrophoresis 

80 mg/ml of protein was loaded on to a pre-made gel (4–15 % Mini-PROTEAN® TGX™ Gel for 

MKK7, any KDa Mini-PROTEAN® TGX™ Gel for JNK and PKC, 8-20 % Mini-PROTEAN® TGX™ 

Gel for ASK1 (BioRad, UK) using gel loading tips (Fischer, UK). Markers used: Precision Plus 

Protein Kaleidoscope and Biotinylated Protein Ladder (Cell Signalling Technologies, UK) with 

bands of known molecular weights to allow identification of the target protein. The gel was 

placed into a Mini-Protean 3 electrode assembly unit, into a clamping frame and lowered 

into a Mini Tank. The tank contained running buffer (Glycine 0.2 M, SDS 3.5 mM, and Tris 

base 0.25 M). Running buffer was also added to the inner chamber of the system to allow a 
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current to flow. Using a BioRad mini protean II system (Bio-Rad, UK) the proteins in samples 

were separated by electrophoresis (50 mA, 200 V for 60 mins) (Figure. 2.8). 

Figure 2.8: Image of protein sample loading on to a gel and the start of electrophoresis using the 

BioRad mini Protean ii system. 

2.9.4 Protein transfer from gel onto a PVDF membrane 

Separated proteins were electrophoretically transferred onto a Bond-P Polyvinylidene Di 

fluoride (PVDF) (Trans-Blot® Turbo™ PVDF membrane, Bio-Rad, UK) by the Trans-Blot Turbo 

transfer system (Bio-Rad, UK). This was assembled in accordance to the manufacturer’s 

guidelines. The Setting used was for the transfer of mixed molecular weighted proteins (25 

V, 1.3 A for 7 mins per 2 mini gels). 

2.9.5 Probe for target phosphorylated protein 

PVDF membranes were blocked with 5 % milk (powder) in (Tris buffered saline with tween) 

TBS-T for 1 hour on an orbital shaker. Membranes were then incubated overnight in 1:1000 
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               Phosphorylated protein antibody (MKK7, ASK1, JNK or PKCα) antibodies in 5 % BSA in TBS‐T 

at 4 °C with gentle agitation on an orbital shaker. Membranes were washed with TBS-T 3 

times for 5 mins to remove any unbound MKK7 antibody. Next, membranes were incubated 

with secondary antibody; a HRP tagged Anti-rabbit IGg 1:10 000 and anti-biotin antibody 1:7 

500 dilution (Cell Signalling Technology, UK) in 5 % milk in TBS-T for 1 hour. Membranes 

were again washed with TBS-T 3 times for 5 mins to remove unbound secondary antibody. 

2.9.6 Protein immuno-detection 

Protein detection carried out by enhanced chemi-luminescence (ECL). Membranes were 

placed on acetate sheet and 1ml of 1:1 mixture of Luminol/Enhancer and Stable Peroxide 

Buffer from the Super Signal West Femto kit (PIERCE biotechnologies, UK) was added. This 

was then incubated in the dark for 5 mins at room temperature. Excess solution was 

dripped off the acetate sheet and then the membrane was placed into the Chemidoc MP 

imaging system (Bio-Rad, UK). The system was programmed to chemi blots and an 

automatic detection of the oxidation reaction between horseradish peroxidase and luminol 

which produced a low intensity light at 428 nm. 

2.9.7 Probing for target total protein and band detection 

Membranes were boiled for 5 mins to remove bound antibodies. Membranes were then 

blocked with 5 % milk in TBST for 1 hour at room temperature. The membranes were then 

incubated with Total-protein Antibody (of MKK7, ASK1, JNK or PKC) (Cell Signalling 

Technology, UK) over night, with gentle agitation at 4 °C. Membranes were then washed for 

5 mins with TBST, 3 times followed by incubation in the secondary antibody (1:10,000 dilution 

in the antibody dilution buffer) with Anti-rabbit antibody HRP linked IgG and HRP linked anti-
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biotin antibody on an orbital shaker at room temperature for 1 hour. The membrane 

underwent a further 3 washes with TBST (for 5 mins) before being analysed again by ECL. 

2.9.8 Quantifying Western blot results 

Phosphorylated protein (MKK7, ASK1, JNK or PKCα) levels were normalised to Total protein 

levels of the same protein (total MKK7, ASK1, JNK or PKC). Results were expressed as a 

percentage of the density of phosphorylated protein (MKK7, ASK1, JNK or PKCα) relative to 

the density of total protein (MKK7, ASK1, JNK and PKC) using Image Lab 4.1 from BioRad 

(UK). Significance of the data was measured by ANOVA in the SPSS program (IBM, USA). P-

values <0.05 was noted as being significant. 

2.10 Adult rat cardiomyocyte isolation 

Cardiomyocytes were enzymatically isolated from 12 week old Sprague Dawley rats, 

following cervical dislocation and heart excision. Hearts were mounted onto a modified 

Langendorff apparatus and perfused with a modified Krebs buffer (NaCl 116 mM, KCl 5.4 

mM, MgSO4.7H2O 0.4 nM, Glucose 10 mM, Taurine 20 mM, Pyruvate 5 mM, Na2HPO4.2H2O 

0.9 mM and NaHCO3 25 mM: dissolved in ddH2O). The buffer was the oxygenated with 95 % 

O2 and 5 % CO2 at 37°C to maintain a pH of 7.4. Once the heart had stabilised, a collagenase 

buffer (0.03mg Liberase (TH Research Grade, Roche) in 65 ml of modified Krebs buffer plus 

in 65 ml and 1 M CaCl2, pH 7.4) was administered 10 mins later to the heart at a rate of 7.5 

ml/min for approximately 7 mins with a peristatic pump. The heart was then detached from 

the apparatus. The atria were removed and discarded. The ventricles were chopped and 

mechanically digested in the collagenase buffer. 
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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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particular, ageing of the heart is linked with left ventricular hypertrophy, diastolic 

dysfunction, and valve degeneration, increased cardiac fibrosis, and decreased maximal 

exercise capacity (Dai, Rabinovitch and Ungvari 2012, Morita et al. 2009, Shioi and Inuzuka 

2012). Needless to say, ageing of the heart causes it to become extremely vulnerable to 

external stress, such as cardiotoxic anti-cancer therapy. 

Sunitinib is a multi-targeted TKI used in the treatment of many forms of cancer (Le 

Tourneau, Raymond and Faivre 2007). Sunitinib inhibits cellular signalling associated with 

tumour formation by targeting multiple RTKs. Sunitinib inhibits TKs by competitively binding 

to the ATP-binding site domain of a number of receptor tyrosine kinases, notably: VEGFR 1-3 

and PDGFR α and β, (O'Farrell et al. 2003). Binding to the ATP‐binding domain causes the 

inhibition of dysregulated or over expressed TKs involved in the regulation of angiogenesis 

cell proliferation and cell survival (Ferrara and Kerbel 2005, Mendel et al. 2003). However, 

due to Sunitinib’s broad molecular targets and a lack of kinase selectivity, there are many 

side effects associated with its use, including cardiotoxicity. Sunitinib induced cardiotoxicity 

causes adverse effects in cardiomyocytes (Raschi and De Ponti 2012), which can lead to 

cardiac ischaemia and produce arrhythmias in the heart (Cohen et al. 2011). Also, in the 

clinic, left ventricular hypertrophy, hypertension and heart failure development have been 

reported in response to Sunitinib treatment (Gupta and Maitland 2011). 

The stress activated protein, MKK7, belongs to the MAPK kinase superfamily, which are 

involved in proliferation, differentiation, apoptosis and tumorigenesis (Schramek et al. 2011, 

Chang and Karin 2001, Sundarrajan et al. 2003). 

MKK7 contains a highly-conserved ATP binding domain (Song et al. 2013). Interestingly, 

Sunitinib is an ATP analogue and competitively inhibits the ATP binding domain of its target 
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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. 
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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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3.3.4 Infarct size analysis 

Frozen whole hearts were sliced into approximately 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) at 37 °C for 15 minutes and fixed in 10% formaldehyde (Fisher 

Scientific, UK) for 4 hours. The risk zone and infarct areas were traced onto acetate sheets. 

The tissue at risk stained red and infarct tissue appeared pale. The acetate sheet was 

scanned and ImageTool from UTHSCSA software (USA) was used to measure the area of 

infarct and the area of risk. A ratio of infarct to risk size was calculated (as a percentage) for 

each slice. An average was taken of all of the slices from each heart to give the percentage 

infarct size of the whole heart. The mean of infarct to risk ratio for each heart was 

normalised to heart weight and the mean ± SEM for each treatment and age group was 

plotted as a bar chart. The infarct size determination was randomised and blinded. 

3.3.5 Analysis of miRNA expression profiles 

The miRNA was isolated from left ventricular tissue using the mirVana miRNA Isolation Kit. 

The miRNA quantity and quality were measured by NanoDrop from Nanoid Technology 

(USA). A total of 500 ng miRNA was reverse transcribed into cDNA using primers specific for 

housekeeping reference RNA U6 snRNA and target miRNAs: rno-miR-1, hsa-miR-27a, hsa-

miR-133a or hsa-miR-133b (please note all human hsa-miRNAs assays are compatible with 

rat samples) using the MicroRNA Reverse Transcription Kit according to the manufacturer's 

instructions. The reverse transcription quantitative PCR reaction was performed with the 

following setup: 16 °C for 30 min, 42°C for 30 min and 85 °C for 5 min and ∞ at 4°C. The 

qRT-PCR was performed using the TaqMan Universal PCR Master Mix II (no UNG) protocol 
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on the 7500 HT Real Time PCR sequence detection system from Applied Biosystems (USA). A 

20μl reaction mixture containing 100 ng cDNA, specific miRNA primer assays mentioned 

above and the TaqMan Universal PCR Master Mix was used in the qRT-PCR reaction in 

triplicates. A non-template Control was included in all experiments. The real time PCR 

reaction was performed using the program: 1) 2 minutes at 50°C, 2) 10 minutes at 95°C, 3) 

15 seconds at 95°C, 4) 1 minute at 60°C. Steps 3) and 4) were repeated 40 times. 

Analysis of qRT-PCR data of miRNAs was performed using the Ct values for U6 snRNA as 

reference for the comparison of the relative amount of miRNAs (rno-miR-1, hsa-miR-27a, 

hsa-miR-133a and hsa-miR-133b). The values of each of the miRNA was calculated to 

compare their ratios. The formula used was X0/R0=2CTR-CTX, where X0 is the original amount 

of target miRNA, R0 is the original amount of U6 snRNA, CTR is the CT value for U6 snRNA, 

and CTX is the CT value MKK7 mRNA (Sandhu, Ansar and Edvinsson 2010). Averages of the 

Ct values for each sample group (Control and Sunitinib treated hearts) and each individual 

primer set were calculated and bar charts were plotted with mean ± SEM. The mean of the 

Control group was set as 1 for all miRNAs. 

3.3.6 Measurement of MKK7 mRNA expression 

Total mRNA was extracted from left ventricular tissue using The Ambion MicroPoly (A) 

Purist kit. Extracted mRNA was processed directly to cDNA by reverse transcription using 

Reverse Transcription Kit with the respective primers for MKK7 (MKK7 forward primer: 

CCCCGTAAAATCACAAAGAAAATCC and MKK7 reverse primer: 

GGCGGACACACACTCATAAAACAGA) and housekeeping gene GAPDH (GAPDH Forward 

primer: GAACGGGAAGCTCACTGG and GAPDH Reverse primer: GCCTGCTTCACCACCTTCT) 

according to the instructions from the manufacturer. The reverse transcription PCR reaction 

140 | P a g e 



               

was performed with the following setup: 16 °C for 30 minutes, 42°C for 30 minutes and 85 

°C for 5 minutes. The qRT-PCR reactions were performed with the iTaq Universal SYBR 

Green Supermix from, GAPDH and MKK7 mRNA primer sets on the 7500 HT Real Time PCR 

machine from Applied Biosystems (USA) using the program: 1) 2 minutes at 50°C, 2) 10 

minutes at 95°C, 3) 15 seconds at 95°C, 4) 1 minute at 60°C. Steps 3) and 4) were repeated 

40 times. 

Analysis of qRT-PCR data of MKK7 mRNA were performed using the Ct values for GAPDH 

mRNA as reference for the comparison of the relative amount MKK7 mRNA. The formula 

used was X0/R0=2CTR-CTX, where X0 is the original amount of MKK7 mRNA, R0 is the original 

amount of GAPDH mRNA, CTR is the CT value for GAPDH mRNA, and CTX is the CT value for 

MKK7 mRNA (Sandhu, Ansar and Edvinsson 2010). Averages of the Ct values for each sample 

group (Control and Sunitinib treated hearts) and MKK7 was calculated and bar charts were 

plotted with mean ± SEM. The mean of the Control group was set as 1 for the MKK7 mRNA 

study. 

3.3.7 Western blot detection of phosphorylated MKK7 

A total of 50 ± 5 mg of the frozen left ventricular tissue was lysed in lysis buffer (NaCl 0.1 M, 

Tris base 10 µM, EDTA 1 mM, sodium pyrophosphate 2 mM, NaF 2 mM, β‐glycaophosphate 

2 mM, 4-(2-Aminoethyl) benzene sulfonyl fluoride hydrochloride (0.1 mg/ml, 1/1.5 of 

protease cocktail tablet) using a IKA Overtechnical T25homogeniser at 11,000 RPM. The 

supernatant was measured for protein content using NanoDrop from Nanoid Technology 

(USA). Then 80 µg of protein was loaded to 4–15 % Mini-Protean TGX Gel from BioRad (UK) 

and separated at 200 V for 60 minutes. After separation, the proteins were transferred to 
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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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Figure 3.6: The maximum increase in CF during the 125 minute Sunitinib (1 µM) perfusion. 

3 month produces a maximum drop at 10 minutes (n=9), 12 month produces a maximum drop at 5 

minutes (n=6) and 24 month produces a maximum drop at 50 minutes (Control: n=3; Sunitinib n=5), 

data presented as a percentage reduction in CF 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. 

3.4.2 Infarct size assessment 

Sunitinib treatment produced significant increases in infarct size (normalised to heart 

weight) in all age groups, compared to group controls: 5.1 fold increase in the 3 month 

group (control= 3.29 ± 0.55 %/g, Sunitinib 17.14 ± 0.39%/g, p<0.001), 3.3 fold increase in the 

12 month group (control= 3.06 ± 0.09 %/g, Sunitinib= 10.19 ± 0.84 %/g, p<0.001) and a 2.5 

fold increase in the 24 month group (control = 2.25 ± 0.21 %/g, Sunitinib = 5.53 ± 0.15 %/g, 

p<0.001) (Figure 3.7). 

The average heart weights for each group is shown is table 3.4. The 3 month group hearts 

were significantly smaller than both the 12 and 24 month groups. 
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When the infarct sizes were normalised to the age group’s specific control heart infarct size, 

we observed a significantly higher infarct size in the 3 month group compared to both 12 

month and 24 month rats following Sunitinib treatment (p<0.001 in both cases). The 12 

month group treated with Sunitinib also had a significantly larger infarct size compared to 

the 24 month group (p<0.01) (Figure 3.7). The infarct sizes of the control groups were at 

similar levels in all 3 age groups. 
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Figure 3.7: Infarct to whole heart ratio assessment establishes Sunitinib-induced cardiotoxicity. 

The hearts were drug perfused with Sunitinib (1 µM) for 125 min in an isolated Langendorff heart 

model. The infarct size measurements were normalised to heart weight. Groups: Control and 

Sunitinib (1 µM) in A) 3 month rats (n = 9), B) 12 month rats (n = 6) and C) 24 month rats (Control n = 

3, Sunitinib n = 5). Statistics t-test between Control vs Sunitinib (*) of each age group. Statistics: Two-

way ANOVA, Bonferroni post hoc. Comparing Control vs Sunitinib of the same age group Data 

expressed as mean ± S.E.M.* = P<0.05, * = p<0.001 and *** = p<0.001. Comparing Sunitinib 

treatment of each age group, vs 3 month = A and vs 12 month = B. 
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Table 3.4: Heart weights (g) of each age group. Data expressed as mean ± S.E.M. Statistics: One-way 

ANOVA, post hoc Tukey (***=p<0.001 compared to 3 month group). 

3 Month 12 month 24 month 

2.41 ± 0.05 g 3.39 ± 0.12 g*** 3.86 ± 0.30 g*** 

3.4.3 Profiles of cardiac injury associated miRNAs 

MicroRNAs have important roles in tissue formation and function, in response to injury and 

disease (Chen et al. 2008). The miRNAs miR-1, miR-27a, miR-133a and miR-133b have been 

shown to produce differential expression patterns during the progression of heart failure 

(Akat et al. 2014, Tijsen, Pinto and Creemers 2012). Here we investigated the effect 

Sunitinib (1 µM) treatment produced on the expression profiles of miRNAs associated with 

cardiac damage: miR-1, miR-27a, miR-133a and miR-133b (Figure 3.8). 

Sunitinib treatment did not significantly alter the expression levels of miR-1 in any of the age 

groups, compared to group controls (Figure 3.8). Following Sunitinib treatment, a significant 

reduction in miR-27a expression was observed in all age groups, compared to specific group 

controls (0.40 fold decrease in 3 month group, p<0.001; 0.43 fold decrease in 12 month 

group, p<0.05; 0.69 fold decrease in 24 month group, p<0.05) (Figure 3.8). 

Interestingly, Sunitinib treatment caused a 2.7 fold (p<0.001) increase in miR-133a 

expression in the 3 month group, compared to its group control. However, Sunitinib 

treatment produced a significant 0.7 fold (p<0.001) decrease in miR-133a levels in the 24 

month group, compared to its control group. Plus, a tendency for decrease in miR-133a was 

also found in 12 month old rats after Sunitinib treatment (Figure 3.8). 
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Similarly to miR-133a, Sunitinib treatment significantly increased miR-133b levels in 3 month 

old rats by 3.79 fold (p<0.01) and in the 24 month group Sunitinib treatment caused 

significant 0.7 fold (0.01) decrease in miR-133b compared to its control. Also, there was a 

tendency for a decrease in miR-133b, in response to Sunitinib treatment in the 12 month 

group (Figure 3.8). 

Following Sunitinib treatment, comparisons between the age groups found miR-133a and 

miR-133b levels to be significantly increased in the 3 month group compared to both the 12 

month group and the 24 month group (p<0.01). There was a tendency for an increase in 

miR-1 and miR-27a levels with age in response to Sunitinib treatment, however there were 

no significant differences between the age groups. 
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Figure 3.8: The effect of Sunitinib (1 µM) on cardiac damage specific miRNAs expression following 

125 minute drug perfusion in an isolated heart Langendorff model. 

The qRT-PCR results are shown as the ratio of target miRNA normalised to U6 with control group 

miRNA ratio set as 1 of miRNAs miR-1, miR-27a, miR-133a and miR-133b. Comparing the effect of 

Sunitinib treatment on miRNA expression in the 3 age groups. 3 month (control n= 9, Sunitinib n = 

11), 12 month (n = 6) and 24 month (n = 6). Data expressed as mean ± S.E.M.* = P<0.05, * = p<0.001 

and *** = p<0.001. Statistics: Two-way ANOVA comparing Control vs Sunitinib (*) of each age group. 

One-way ANOVA comparing Sunitinib treatment of each age group, vs 3 month = A (AAA = p<0.001). 

3.4.4 MKK7 mRNA expression 

MKK7 is a stress signalling protein which has previously been shown have an important role 
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in protecting the heart from heart failure (Liu et al. 2011). As Sunitinib produces adverse 

effects in the heart (Ewer et al. 2014), it would be important to establish whether MKK7 

levels are altered in response to Sunitinib treatment. Therefore, firstly we investigated 

whether MKK7 mRNA levels are altered in response to Sunitinib induced cardiac injury 

(Figure 3.9). 

MKK7 mRNA profiling in response to Sunitinib treatment revealed a significant 0.3 fold 

(p<0.05) decrease in 3 month old rats (Figure 3.9i), compared to its age group control. 

Contrastingly, Sunitinib treatment significantly increased MKK7 mRNA levels 10.17 fold 

(p<0.01) in the 24 month group (Figure 3.9iii), compared to its group control. There was also 

a tendency for an increase in MKK7 mRNA expression in 12 month rats after Sunitinib 

treatment (Figure 3.9ii), compared to its group control, however, this was not significant. 

Sunitinib-induced alteration of MKK7 mRNA was normalised to the specific age group 

controls. We observed a significant increases in MKK7 mRNA in the 24 month group, 

compared to both the 3 and 12 month groups. There was also a tendency for the Sunitinib 

treatment to increase MKK7 mRNA levels in an age dependant manner (Figure 3.9iV). 
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Figure 3.9: The qRT-PCR assessment of MKK7 mRNA expression levels in an isolated heart 

Langendorff model. 

The qRT-PCR results are shown as the ratio of MKK7 mRNA expression in Sunitinib treatment (1µM) 

normalised to GAPDH with control group ratio set as 1. i-iii) MKK7 mRNA profiles after Sunitinib 

treatment in all age groups after being normalised to the control of the same age group. Data 

expressed as mean ± S.E.M.* = P<0.05, ** = p<0.01 and *** = p<0.001. Groups: i) 3 month (Control n 

= 8, Sunitinib n= 6) ii) 12 month (n = 7) iii) 24 month (n = 5). Statistics: Student’s t-test between 

Control vs Sunitinib (*) of each age group. iv) Combined aged data investigating the effect of 

Sunitinib treatment on MKK7 mRNA levels. Presented on a log10 scale. One-way ANOVA comparing 

Sunitinib treatment of each age group, vs 3 month = A, vs 12 month = B and vs 24 month = C (Where, 

AAA or BBB represents p<0.001). 
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3.4.5 Phosphorylated MKK7 protein levels 

Previous research has demonstrated the important role of MKK7 in the heart. MKK7 has 

been shown to have altered levels of activation in response to cellular stresses in the heart 

(Petrich and Wang 2004). In addition, alterations in the level of protein activation have been 

shown age specific (Jiang, Moffat and Narayanan 1993). Therefore, we investigated the 

effect of Sunitinib induced cardiac injury on MKK7 phosphorylation levels in different age 

groups. 

In the 3 month group, p-MKK7 levels were significantly decreased after Sunitinib treatment 

compared to control (control=78.83±8.45%, Sunitinib=45.69±2.15%, p<0.05). Contrarily, the 

12 month group demonstrated a significant increase in p-MKK7 levels after Sunitinib 

treatment, compared to control (control= 55.88±3.19%, Sunitinib= 71.42±4.87%, p<0.05). 

Sunitinib treatment did not significantly alter the p-MKK7 levels of the 24 month group 

(Figure 3.10i). 

There was a significant increase in p-MKK7 levels in the 12 month group compared to the 3 

month group in response the Sunitinib treatment, when normalised to the specific group 

controls (3 month: 0.60 fold decrease, 12 month: 1.38 fold increase p<0.01). Also, p-MKK7 

levels were significantly reduced in the 24 month group compared to the 12 month group 

(24 month: 0.94 fold decrease, p<0.05) (Figure 3.10ii). 
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Figure 3.10: Western blot assessment of MKK7 phosphorylation levels in an isolated heart 

Langendorff model after 120 minutes of Sunitinib (1µM) perfusion. 

Data expressed as mean ± S.E.M., * = p<0.05, * = p<0.01 and *** = p<0.001. i) P-MKK7 levels are 

presented as a percentage of total MKK7 found in the heart tissue. Statistics: Student’s t-test was 

carried out between Control vs Sunitinib (*) of each age group (n=3). ii) The Sunitinib treatment 

group were then normalised to the control (control = 1) of the same age group to allow for 

comparison of p-MKK7 levels in the different age groups (n=3). Statistics: One-way ANOVA 

comparing vs 3 month = A, vs 12 month = B and vs 24 month = C. 
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3.5 Discussion 

In the clinic, the level of cardiotoxicity generated by Sunitinib treatment is largely under 

estimated (Schmidinger et al. 2008). This is evident by the increasing number of cancer 

survivors, developing acute and delayed toxicities later in life (Lipshultz et al. 2013). 

Age is a well-established risk factor which may predispose a patient to cardiotoxicity and as 

Sunitinib treatment is administered to patients at a variety of ages (from paediatrics to 

patients over 65), it is important to identify the level of Sunitinib-induced cardiotoxicity 

produced in various age groups (Hutson et al. 2014, Janeway et al. 2009, Pai and Nahata 

2000). Hence, we investigated age associated differences in Sunitinib-induced cardiotoxicity 

by measuring changes in haemodynamic parameters (LVDP, HR and CF) and the level of 

heart tissue infarction in 3 month, 12 month and 24 month rats. 

The present study demonstrated that raw haemodynamic data differed between age groups 

during both control and Sunitinib treatment. In particular, the 24 month group had reduced 

levels of LVDP, HR and CF in control groups compared to the other age groups. This was an 

expected finding as ageing is associated with a reduction in cardiac output (Parikh et al. 

2016). For this reason, the raw haemodynamic data was normalised to the stabilisation 

period, so that a percentage change in haemodynamic parameter could be observed and 

comparisons between age and drug treatment group could be drawn. 

3.5.1 Sunitinib is cardiotoxic in all three age groups 

Following, normalisation to the stabilisation period there was a significant percentage 

decrease in LVDP in all 3 age groups. Left ventricular dysfunction is one of the main adverse 
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cardiac side-effects of Sunitinib treatment, after hypertension (Chu et al. 2007). During a 3 

year study, which followed 48 patients, undertaking Sunitinib treatment, Telli et al. reported 

significant declines in left ventricular ejection fraction in 21% of patients and 15% of 

patients developed symptoms of heart failure in patients aged between 32 and 81 years 

(Telli et al. 2008). 

Chu et al. also demonstrated deterioration of myocardial contractility in response to 

Sunitinib treatment in patients with an average age of 54 years (Chu et al. 2007). Left 

ventricular dysfunction and a decline in cardiac contractility have been linked to 

mitochondrial dysfunction, which occurs as a result of the inhibition of ribosomal S6 kinase 

and AMP-activated protein kinase by Sunitinib (Hasinoff and Patel 2010, Kerkela et al. 2009). 

Interestingly, in the presented study the 24 month group produced the largest maximum 

drop in LVDP. Sunitinib has been shown to produce non-reversible adverse cardiovascular 

effects in elderly patients between 4-44 days of the onset of treatment (Brunello et al. 2012, 

Khakoo et al. 2008). The heart has a high energy demand and through ageing essential 

cellular processes, including autophagy, become dysfunctional (Peart et al. 2014). This 

results in an accumulation of impaired cellular machinery, such as mitochondria. In turn, this 

reduces the level of ATP available for cardiomyocytes and reduces heart function, both of 

which have been linked to age associated heart failure (Moyzis, Sadoshima and Gustafsson 

2015). It is likely that Sunitinib caused a further depletion in ATP levels in aged hearts 

through the inhibition of AMPK which lead to a decline in left ventricular function (Force, 

Krause and Van Etten 2007). The younger hearts may facilitate a more efficient process of 

autophagy and cell death pathways, which prevent the accumulation of dysfunctional 

mitochondrial and protein signalling (Zhao et al. 2010). However, this needs to be 
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investigated in further detail by directly investigating mitochondria dysfunction (Brand and 

Nicholls 2011), as well as, autophagy and cell death pathway responses to Sunitinib 

(Knaapen et al. 2001, Yeap et al. 2013). 

Heart rate was also significantly affected by Sunitinib treatment. Both the 3 month and 12 

month group demonstrated significant declines in heart rate. In Langendorff studies, 

Henderson et al. observed a dose-dependent decline in HR under ischaemic conditions 

(Henderson et al. 2013). In the clinic, declines in HR are a common side effect of Sunitinib 

treatment (Azizi, Chedid and Oudard 2008). Bello et al. demonstrated that Sunitinib induces 

QT-interval prolongation in patients and there is a dose-dependent increased risk of 

ventricular arrhythmias with Sunitinib treatment (Bello et al. 2009). At a cellular level, 

Sunitinib had been shown to block the cardiac hERG channel which is associated with long 

QT syndrome (Doherty et al. 2013). 

Interestingly, Sunitinib treatment did not generate declines in HR in the 24 month group. 

This could be due the 24 month group having a much lower heart rate at baseline and in the 

control hearts. Over time, the heart enlarges in response to increase in haemodynamic load, 

neuro-hormonal and pro-hypertrophic signalling (Gosse 2005). Remodelling fundamentally 

begins with molecular changes, such as altered cell growth regulation and protein 

expression. This results in impairment of myocardial performance and causes a lower heart 

rate (Lupón et al. 2015). Perhaps, a lower HR at baseline as shown by the HR raw data, 

prevented Sunitinib from reducing it further. 

Furthermore, we investigated the level of Sunitinib-induced infarct size. All of the age 

groups demonstrated significant increases in infarct size after Sunitinib treatment, 

compared to control hearts. Henderson et al. measured troponin levels as a marker for 
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myocyte injury. The group demonstrated significant increases in troponin levels release 

from hearts treated with 1 µM Sunitinib, indicating that Sunitinib caused direct injury to the 

cardiomyocytes (Henderson et al. 2013). 

In a study using induced pluripotent stem cell-derived cardiomyocytes, Cohen et al. 

discovered that Sunitinib treatment resulted in a reduction in ATP and increased oxidised 

gluthione levels, which was thought to induce apoptosis (Cohen et al. 2011). In addition to 

this, 1 µM Sunitinib treatment of isolated human myocardium tissue and isolated mouse left 

ventricular myocytes, was shown to produce a significant decline in intracellular Ca2+ levels 

and an increase in levels of reactive oxygen species (ROS) generation, which can cause 

apoptosis (Rainer et al. 2012). 

In the present study, the 3 month group produced a much larger infarct size than both the 

12 and 24 month groups. It has been established that younger patients (<20 years) are 

highly susceptible to cardiac injury during and after cancer therapy (Hancock, Tucker and 

Hoppe 1993). The cardiovascular system of the developing child/adolescent is thought to be 

particularly vulnerable to toxicities (Oeffinger et al. 2006). QT-interval prolongation and a 

decrease in ejection fraction has been reported in children during the first cycle of Sunitinib 

treatment, however, these cardiovascular effects were reversed following further cycles of 

Sunitinib treatment (Dubois et al. 2011). This suggests that younger heart tissue could have 

an initial sensitivity to Sunitinib induced cardiotoxicity. Our current study confirms this as 

the 3 month group demonstrated significant declines in LVDP, HR and infarct size in 

response to Sunitinib treatment. 

Interestingly, the 12 and 24 month old rat hearts produced smaller infarct sizes than 3 

month old rats after Sunitinib treatment. Capitanio et al (2016) demonstrated that elements 
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of heart protection could be present in disease-free ageing of Sprague Dawely rats. There 

was an activation of cellular protective mechanisms such as a reduction in ROS generation, 

resistance to apoptosis and inhibition of mtPTP opening (Capitanio et al. 2016). Therefore, 

the 12 and 24 month group could have developed resistance to cell death and tissue injury 

through ageing. 

However, the huge decline in LVDP in response to Sunitinib in the 24 month group is 

indicative of cardiovascular dysfunction (Chu et al. 2007). Previous studies have shown that 

younger animals tolerate significantly larger infarct sizes without producing left ventricular 

dysfunction and other symptoms of coronary heart failure compared to aged animals (Gould 

et al. 2002). Bujak et al. (2008) demonstrated that younger animals effectively recruit 

myofibroblasts to infarcted areas and then generate collagen-based scars. However, elderly 

animals were shown to form defective scar tissue, which was postulated as being due to a 

reduced myofibroblast density in elderly heart tissue. In addition to this, Bujak et al. 

demonstrated that healing defects in elderly mice resulted in adverse cardiac remodelling 

and enhanced systolic dysfunction, which were not correlated to infarct size, but instead to 

the lack of tensile strength in the tissue scaring (Bujak et al. 2008). Further investigation into 

the contractility properties of aged heart tissue and myofibroblast recruitment in response 

to Sunitinib treatment is required to establish why Sunitinib treatment caused the heart of 

24 month rats to produce reductions in function, yet produced smaller infarct sizes than 

younger animals, relative to Control. 
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3.5.2 Key cardiac injury linked miRNAs are altered by Sunitinib treatment 

Short non-coding RNA microRNAs (miRNAs) carry out the negative regulation of mRNA 

transcripts by repressing translation (Bagga et al. 2005). Specific miRNAs expression 

patterns have been linked to cardiomyocyte differentiation and in response to stress 

(Babiarz et al. 2011) and have also been shown to be differentially expressed during the 

development of heart failure (Thum et al. 2007). 

miRNAs regulate the expression and function of eukaryotic genomes. Changes in the 

expression of certain miRNAs could be indicative of specific diseases or medical conditions 

(Lu et al. 2008). miR-1, miR-27a, miR-133a and miR-133b expression profiles tend to be 

altered during cardiac injury and during the progression of heart failure (Akat et al. 2014, 

Tijsen, Pinto and Creemers 2012). We show Sunitinib induced changes in 3 of the miRNAs 

investigated (miR-27a, miR-133a and miR-133b) in the 3 age groups investigated. 

In response to Sunitinib, miR-27a was reduced in all age groups. miR-27a has been shown to 

downregulate FOXO-1 protein, a transcription factor which regulates genes involved in the 

apoptotic response, cell cycle, and cellular metabolism (Guttilla and White 2009). It has also 

been observed that over expression of FOXO1 resulted in decreased cell viability because of 

inhibition of cell cycle and induction of apoptosis. A down regulation of miR-27a has been 

linked to an increased sensitivity to Adriamycin induced apoptosis (Zhang et al. 2010). This 

suggests that miRNA-27a is an effective regulator of apoptosis. 

In coronary sinus samples, miRNA27a was significantly downregulated in heart failure 

patients (Marques et al. 2016). The significant decrease in miR-27a expression during 

Sunitinib treatment during the current study follows the same trend in expression as 
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patients with heart failure and apoptosis at a cellular level, which could suggest that a 

down-regulation of miR-27a predicts an increase in cell death or heart tissue damage within 

the heart, as we have shown an increase in infarct size in all age groups. 

Interestingly, miR-133a and miR133b are both significantly upregulated in 3 month rats but 

downregulated in 24 month old rats in response to Sunitinib treatment. miR-133a has a 

partial complimentary target site in the 3’UTR region of the human ether-a-go-go related 

gene (ERG) potassium channel transcripts, implying that miR-133a overexpression inhibits 

the ERG potassium channel expression. A reduction in ERG potassium channel expression 

results in delayed myocyte repolarisation, which is attributed to a long QT interval (Xiao et 

al., 2007). Therefore, the increase in miR-133a found in the 3 month group suggests an 

increase in ERG inhibition, which could be responsible for a slower heart rate. 

Sunitinib treatment of both the 12 month and the 24 month group demonstrated significant 

reductions in miR-133a. This could suggest that Sunitinib causes attenuation of the ERG 

potassium channel expression by miR-133a may have taken place (Bello et al. 2009). 

However, Sunitinib also induced significant reductions in HR in the12 month group. This 

suggests that alternate mechanisms to Sunitinib-induced ERG inhibition could be occurring 

in older animals. This highlights the complexity of Sunitinib-induced HR reductions at 

different ages. 

In addition, miR-133a has been shown to be upregulated during oxidative stress (Izarra et al. 

2014). Plus, in cardiomyocytes miR-133b has been shown to be upregulated during 

apoptosis, but downregulated during hypertrophy (Ramasamy et al. 2015). This could 

suggest that Sunitinib treatment resulted in increased levels of oxidative stress and cell 

death, in the 3 month group, which resulted in a larger infarct size compared to 12 month 
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and 24 month groups. miRNAs have previously been shown to be differentially expressed 

when young rodent hearts are compared to aged rodent hearts (Zhang, Azhar and Wei 

2012). Perhaps, ageing provides alternate signalling mechanisms which reduces levels of 

Sunitinib-induced cell death or heart tissue damage. This needs to be investigated further. 

3.5.3 The level of MKK7 transcription and protein phosphorylation is altered 

by Sunitinib treatment and the age of rats treated 

MKK7 has a vital role in cellular stress response and is fundamental in regulating cell 

survival, proliferation and cell death (Foltz et al. 1998). Here we show the level of MKK7 

transcription and MKK7 protein phosphorylation is affected by ageing and Sunitinib 

treatment. 

In 3 month old rat hearts treated with Sunitinib, there is a significant reduction in both 

MKK7 mRNA and phosphorylated MKK7, compared to Control. Inactivation of MKK7 has 

been shown to result in embryonic lethality, defective hepatocyte proliferation and in 

embryonic fibroblasts, MKK7 knockdown causes impaired proliferation, premature 

senescence and G2/M cell cycle arrest (Wada et al. 2004). Plus, as demonstrated by Liu et 

al., loss of MKK7 enhanced the deterioration of ventricular function following pressure 

overload (Liu et al. 2011). Therefore, a reduction in MKK7 transcription could be responsible 

for the increases sensitivity to Sunitinib induced cardiotoxicity, as shown by the increase in 

infarct size compared to Control and to the other age groups investigated. 

Sunitinib treatment significantly increased the levels of MKK7 mRNA in the 12 month group 

and there was a tendency for an increased in MKK7 mRNA levels in the 24 month group. 

Interestingly Hsieh et al. 2003, also demonstrated an increased level of MKK7 activation in 
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response to ROS generation in 24 month mice compared to 3 month mice (Hsieh et al. 

2003). Previously, over expression of MKK7 has also been shown to produce characteristic 

features of myocardial hypertrophy, which may have contributed to the loss of contractile 

function and cardiomyocyte viability following ischaemia/reperfusion injury (Wang et al. 

1998). In turn, studies investigating cardiac hypertrophy have shown activated MKK7 levels 

to be significantly higher than in controls (Wang et al. 2008). This could suggest that the 

increase in MKK7 mRNA in the 12 month and 24 month groups and phosphorylated MKK7 in 

the 12 month group could indicant a hypertrophic response to Sunitinib treatment. Previous 

research has indicated an increased level of MAPK signalling associated with ageing. In 

particular, rats aged 12 months and over were found to have significantly higher levels of 

phosphorylated JNK in kidney tissue in normoxic conditions (Kim et al. 2002). However, this 

group did not investigate activation of the MAPK pathways in response to stress. 

In the present study, Sunitinib treatment of the 24 month group did not alter levels of p-

MKK7, but significantly increased MKK7 mRNA levels. Atypical gene Control underlies the 

age-related decline in physiologic function and age-associated diseases (Rahman et al. 

2013). This decline in gene regulation can reduce the ability for cells to cope with stress 

(Révész et al. 2014). This could explain the significant Sunitinib-induced decrease in LVDP 

found in the 24 month group, compared to the 3 month group, yet the 3 month group 

exhibited a smaller infarct size compared to 24 month group following Sunitinib treatment. 

In addition, resistance to stress is important as it is key to animal survival and longevity. It is 

evident that individuals with longer life spans produce a stronger resistance to 

environmental and or physiological stress (Pérez et al. 2009). It has been shown that over 

expression of a variety of stress-related proteins in specific tissues leads to a longer life span 
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(Saunders and Verdin 2009). Here we show that an increase in MKK7 mRNA levels in 

response to Sunitinib treatment resulted in smaller infarct sizes. Perhaps overtime cells 

adapt cellular processes, including MKK7 signalling, to increase resistance to initiation of cell 

death pathways (Gosse 2005). 

3.6 Conclusion 

This study shows that all age groups exhibited signs of Sunitinib-induced cardiotoxicity. 

However, we conclude that ageing strengthens the hearts ability to resist Sunitinib-induced 

heart tissue death, but increases detrimental effects on haemodynamic function. The 

younger group (3 months old) appeared to be more sensitive to toxicities in the early stages 

of treatment, with reductions in haemodynamic parameters and significantly larger infarct 

size. In addition, this chapter reveals for the first time that MKK7 has a role in Sunitinib-

induced cardiotoxicity. Sunitinib treatment of the younger animals produced an inhibitory 

effect on MKK7 phosphorylation and reduced the levels of left ventricular MKK7 mRNA 

levels. The reduction in MKK7 levels could be responsible for the larger increase in infarct 

size found in the younger group. This could be due to younger animals having 

underdeveloped cellular signalling pathways, which are not mature enough to cope with the 

toxicities associated with Sunitinib treatment. 

The middle-aged group (12 months old) treated with Sunitinib were also more resistant to 

left ventricular symptoms of cardiotoxicity, compared to the elderly group. The middle-aged 

group also produced an increased level of MKK7 phosphorylation which could have 

produced adaptive hypertrophic responses, and may have delayed the onset of tissue 

infarction. However, the elderly group demonstrated a high resistance to Sunitinib-induced 
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heart tissue damage. Perhaps this was achieved through a resistance to stress as MKK7 

phosphorylation levels were unchanged compared to control. 

Discovering the role of proteins involved in the development of Sunitinib-induced 

cardiotoxicity could lead to the identification of biomarkers, which could be monitored 

during treatment. If levels of biomarkers reach the levels known to be associated with 

toxicity, treatment could be stopped much sooner than when just an electrocardiogram is 

used. In addition, identification of proteins involved in cardiotoxicity could allow the 

discovery of cardioprotective agents which could be used to reduce the level of cardiac 

damage during Sunitinib treatment. In future investigations, it would be interesting to 

identify whether agonists or antagonists of MKK7 would influence the level of Sunitinib 

induced cardiotoxicity. 

Finally, this study also highlighted the importance of evaluating the different responses 

aging can produce in response to drug treatments. This should be considered in preclinical 

drug testing. 
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4. Sunitinib-induced cardiotoxicity is partially 

attenuated through the inhibition of ASK1 

4.1 Abstract 

The tyrosine kinase inhibitor, Sunitinib is used to treat cancer and is linked to severe adverse 

cardiovascular events. Mitogen activated kinase kinase 7 (MKK7) is involved in the 

development of cardiac injury and is a component of the c-Jun N-terminal kinase (JNK) 

signal transduction pathway. Apoptosis signal-regulating kinase 1 (ASK1) is the upstream 

activator of MKK7 and is specifically inhibited by ethyl 2, 7-dioxo-2, 7-dihydro-3H-naphtho 

[1, 2, 3-de] quinoline-1-carboxylic acid ethyl ester (NQDI-1). This study investigates the role 

of ASK1, MKK7 and JNK during in Sunitinib-induced cardiotoxicity. 

Isolated, male, Sprague-Dawley rat, Langendorff-perfused, hearts were treated with 

Sunitinib in the presence and absence of NQDI-1 for 125 min, whilst cardiac function and 

infarct size were measured. Left ventricular cardiac samples were analysed by qRT-PCR for 

MKK7 mRNA expression and myocardial injury associated microRNAs (miR-1, miR-27a, miR-

133a and miR-133b) or Western blot analysis to measure ASK1/MKK7/JNK phosphorylation. 

Administration of Sunitinib (1 µM) during Langendorff perfusion significantly increased 

infarct size, decreased heart rate (HR) and decreased left ventricular developed pressure 

(LVDP). As well as, increased miR-133a expression and decreased phosphorylation of the 

ASK1/MKK7/JNK pathway compared to control. Co-administration of NQDI-1 (2.5 µM) 

attenuated the increase in infarct size induced by Sunitinib administration alone, reversed 

the miR-133a expression pattern and increased phosphorylated levels of ASK1/MKK7/JNK. 
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The detrimental effects Sunitinib induced in the haemodynamic parameters were not 

attenuated by NQDI-1 co-administration. These findings suggest that the ASK1/MKK7/JNK 

intracellular signalling pathway is important in Sunitinib-induced cardiotoxicity. The anti-

cancer properties of Sunitinib were also assessed using the 3-(4, 5-Dimethulthiazol-2-yl)-2, 

5-Diphenyltetrazolium Bromide (MTT) cell viability assay. Sunitinib significantly decreased 

the cell viability of human acute myeloid leukaemia 60 cell line (HL60). The combination of 

Sunitinib (1 nM - 10 µM) with NQDI-1 (2.5 µM) enhanced the cancer-fighting properties of 

Sunitinib. Investigations into the ASK1/MKK7/JNK transduction pathway could lead to 

development of cardioprotective adjunct therapy, which could prevent Sunitinib-induced 

cardiac injury. 

4.1 Introduction 

The tyrosine kinase inhibitor (TKI) Sunitinib is used in the treatment of many cancers (Faivre 

et al. 2006). Sunitinib prevents tumour cell survival and angiogenesis by inhibiting a variety 

of growth factor and cytokine receptors, including platelet derived growth factor receptors 

(PDGFRs), vascular endothelial growth factor receptors (VEGFRs) and proto-oncogenes c-Kit 

and RET (Force, Krause and Van Etten 2007). 

However, Sunitinib is also associated with a lack of kinase selectivity, which potentially 

results in cardiotoxic adverse effects (Force, Krause and Van Etten 2007). In the clinic, 

Sunitinib treatment is associated with: QT prolongation (Bello et al. 2009), left ventricular 

dysfunction (Shah and Morganroth 2015) and development of heart failure (Ewer et al. 

2014). These findings are consistent with many other successful chemotherapy agents 

which are linked to severe drug-induced cardiotoxicity (Hahn, Lenihan and Ky 2014) 
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including electrophysiological changes and LV dysfunction which can cause heart failure in 

some patients (Aggarwal, Kamboj and Arora 2013). 

In vivo studies have revealed that Sunitinib induces: left ventricular hypertrophy, 

hypertension and heart failure (Gupta and Maitland 2011). Also, in vitro studies have shown 

Sunitinib to cause mitochondrial injury and cardiomyocyte apoptosis through an increase in 

caspase-9 and cytochrome C release in both mice and in cultured rat cardiomyocytes (Chu 

et al. 2007). Other indicators of apoptosis, such as an increase in caspase-3/7, have also 

been detected after Sunitinib treatment in rat myocytes (Hasinoff, Patel and O'Hara 2008). 

MKK7 facilitates cellular responses to exogenous and endogenous stimuli (Foltz et al. 1998). 

The activation of JNK by MKK7 results in the initiation of cellular processes including: 

proliferation, differentiation and apoptosis (Schramek et al. 2011, Chang and Karin 2001, 

Sundarrajan et al. 2003). MKK7 has a vital role in protecting the heart from hypertrophic 

remodelling, which occurs via cardiomyocyte apoptosis and heart failure (Liu et al. 2011). 

Whereas, JNK signalling is vital for the maintenance and organisation of the cytoskeleton 

and sarcomere structure in cardiomyocytes (Windak et al. 2013). 

Interestingly, Sunitinib has been shown to inhibit MAPK signalling (Aparicio-Gallego et al. 

2011). In addition to this, Sunitinib is an ATP analogue and competitively inhibits the ATP 

binding domain of its target proteins (Roskoski 2007, Shukla et al. 2009). MKK7 also contains 

a highly-conserved ATP binding domain (Song et al. 2013). It is also possible that Sunitinib 

could directly interact with the MKK7, and inhibit the MKK7/JNK transduction pathway and 

thereby reduce MKK7 pathway activation. 
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It is important to determine the relationship between MKK7 expression and Sunitinib 

induced cardiotoxicity by measuring the alteration of MKK7 mRNA and phosphorylated 

MKK7 levels in the presence of Sunitinib. Determining the relationship between Sunitinib 

and MKK7 could lead to a greater understanding of its off-target mechanism of action and 

lead to the improvement of future drug discovery programmes or novel cardioprotective 

adjunct therapies. 

Short non-coding RNA microRNAs (miRNAs) carry out the negative regulation of mRNA 

transcripts by repressing translation (Bagga et al. 2005). Specific miRNAs expression 

patterns have been linked to cardiomyocyte differentiation and in response to stress 

(Babiarz et al. 2011) and have also been shown to be differentially expressed during the 

development of heart failure (Thum et al. 2007). The miRNAs 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). It is important to identify miRNA 

expression profiles in response to drug-induced cardiotoxicity, as similar patterns in miRNA 

expression to those identified during heart failure may indicate the early onset of 

cardiotoxicity at a molecular level. 

As there is not a commercially available selective, MKK7 inhibitor, we have chosen to 

investigate inhibition of the upstream kinase ASK1, which is linked to MKK7 activation (Ichijo 

et al. 1997). ASK1 is activated in response to oxidative stress and stress-induced vascular 

endothelial growth factor (VEGF) suppression in the heart (Nako et al. 2012). Izumiya et al. 

(2003) used ASK1 deficient transgenic mice to assess the role of ASK1 in cardiac 

hypertrophy. Both wild type and ASK1 deficient mice developed hypertension when 

stimulated with angiotensin II. Interestingly, the ASK1 deficient mice did not produce signs 
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of cardiac hypertrophy. Cardiac remodelling, in addition activation of ASK1, p38 and JNK was 

severely attenuated. This study emphasised the importance of ASK1 in cardiac hypertrophy 

and remodelling signalling (Izumiya et al. 2003). 

ASK1 is selectively inhibited by NQDI-1 with high specificity with a Ki of 500nM and IC50 of 

3µM (Volynets et al. 2011). However, as this is a relatively new drug, a complete 

pharmacological profile has not been fully characterised. 

ASK1 inhibition has previously been shown to offer protection against ischaemia reperfusion 

injury (Toldo et al. 2012) and has also been shown to supress the progression of ventricular 

remodelling and fibrosis in hamsters expressing severe cardiomyopathy phenotypes (Hikoso 

et al. 2007). These findings highlight the potential of NQDI-1 as a valuable asset to inhibit 

cardiac injury via the ASK1/MKK7/JNK pathway. 

This novel study investigated the involvement of the ASK1/MKK7/JNK pathway in the 

Sunitinib-induced cardiotoxicity via the assessment of cardiac function and infarct in 

conjunction with relevant intracellular signalling mediators. Furthermore, we assessed the 

anti-cancer properties of Sunitinib and determined whether co-administration of Sunitinib 

with NQDI-1 affected the anti-cancer/apoptotic effect of Sunitinib in HL60 cells. 

4.1.2 Hypothesis 

The used of the ASK1 inhibitor NQDI-1 as an adjunct therapy with Sunitinib in the 

Langendorff isolated heart model will demonstrate protective properties against the 

cardiotoxic effects of Sunitinib treatment. In addition, miRNAs we successfully identify the 

cardioprotective effects of NQDI-1. 
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4.3 Materials and methods 

4.3.1 Materials 

Sunitinib malate and NQDI-1 were purchased from Sigma Aldrich (UK). Both drugs were 

dissolved in dimethyl sulphoxide (DMSO) and stored at -20 °C. Krebs perfusate salts were 

from either VWR International (UK) or Fisher Scientific (UK). Phospho-ASK1 (Thr 845) and 

Total ASK1 were purchased from Abcam (UK). Phospho-MKK7 (Ser271/Thr275), Total MKK7, 

Phospho-SAPK/JNK (Thr183/Tyr185), Total SAPK/JNK rabbit mAb antibodies, anti-rabbit IgG, 

HRP-linked antibody and anti-biotin, HRP-linked antibody were purchased from Cell 

signalling technologies (UK). The Ambion MicroPoly (A) Purist kit, Ambion mirVana miRNA 

Isolation Kit and Reverse Transcription Kit were from Life Technologies (USA). The mRNA 

primers and the Applied Biosystems primers assays (U6, rno-miR-1, hsa-miR-27a, hsa-miR-

133a, and hsa-miR-133b) were purchased from Invitrogen (UK). The iTaq Universal SYBR 

Green Supermix was purchased from BioRad (UK). The HL60 cell line was obtained from the 

European Collection of Cell Culture (UK). 

4.3.2 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. They received humane care and had free access to 

standard diet according to “The Guidance on the Operation of the Animals (scientific 

procedures) Act of 1986”. Animals were selected at random for all treatment groups and the 

collected tissue was blinded for infarct size assessment. The experiments were performed 

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

procedure). 

A total of 80 animals were used for this study and the data from 68 rats were included, 

while data from 12 rats were excluded from analysis due to the established haemodynamic 

exclusion criteria. No animals were culled due to ill health. 

4.3.3 Langendorff perfusion model 

The hearts were rapidly excised after the rats were sacrificed 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, pH 7.4). 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 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 using the protocol for naïve Langendorff studies 

(Gharanei et al. 2013). In summary, each Langendorff experiment was carried out for 145 

minutes: a 20 minute stabilisation period and 125 minutes of drug or vehicle perfusion in 

normoxic conditions. 
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The hearts were not paced as this study assessed the changes in heart rate caused by 

Sunitinib. Instead, the hearts were stabilised for a period of 20 minutes. 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 HR between 225-325 beats per minute, a LVDP between 80-150 mmHg and a 

CF between 3.5-12.0 ml/g (weight of the rat heart) during the stabilisation period. Sunitinib 

malate (1 µM) was administered throughout the perfusion period in the presence or 

absence of NQDI-1 (2.5 µM). 

The clinically relevant dose of 1 µM Sunitinib was chosen in line with previous studies by 

(Henderson et al. 2013). Additionally, it has been reported that the plasma concentration of 

Sunitinib has a Cmax in the rage of 0.5–1.4µM (Doherty et al. 2013). While, the dose of 2.5 

µM NQDI-1 was chosen following a thorough literature review. Calculations for NDQI-1’s 

IC50 for ASK-1 range between 500 nM-3 µM (Eaton et al. 2014, Song et al. 2015, Volynets et 

al. 2011). NQDI-1 is not yet used in the clinic, therefore a clinically relevant dose has not 

been reported. 

Langendorff perfused hearts treated with vehicle were recorded as the control group. The 

hearts were then weighed and either stored at -20 °C for 2,3,5-Triphenyl-2H-tetrazolium 

chloride (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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4.3.4 Infarct size analysis 

Frozen whole hearts were sliced into approximately 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 minutes and fixed in 10% formaldehyde 

(Fisher Scientific, UK) for 4 hours. The risk zone and infarct areas were traced onto acetate 

sheets. The tissue at risk stained red and infarct tissue appeared pale. The acetate sheet 

was scanned and ImageTool from UTHSCSA (USA) software was used to measure the area of 

infarct and the area of risk. A ratio of infarct to risk size was calculated (as a percentage) for 

each slice. An average was taken of all of the slices from each heart to give the percentage 

infarct size of the whole heart. The mean of infarct to risk ratio for each treatment group 

and the mean ± SEM was plotted as a bar chart. The infarct size determination was 

randomised and blinded. 

4.3.5 Analysis of miRNA expression profiles 

The miRNA was isolated from left ventricular tissue using the mirVana™ miRNA Isolation Kit 

from Ambion (UK). The miRNA quantity and quality were measured by NanoDrop from 

Nanoid Technology (USA). A total of 500 ng miRNA was reverse transcribed into cDNA using 

primers specific for housekeeping reference RNA U6 snRNA and target miRNAs: hsa-miR-

155, hsa-miR-15a, hsa-miR-16-1, rno-miR-1, hsa-miR-27a, hsa-miR-133a or hsa-miR-133b 

(please note all human hsa-miRNAs assays are compatible with rat samples) from Applied 

Biosystems (USA) using the MicroRNA Reverse Transcription Kit from Applied Biosystems 

(USA) according to the manufacturer's instructions. The reverse transcription quantitative 

PCR reaction was performed with the following setup: 16 °C for 30 min, 42°C for 30 min and 
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85 °C for 5 min and ∞ at 4°C. The qRT‐PCR was performed using the TaqMan Universal PCR 

Master Mix II (no UNG) from Applied Biosystems (USA) protocol on the 7500 HT Real Time 

PCR sequence detection system from Applied Biosystems (USA). A 20μl reaction mixture 

containing 100 ng cDNA, specific primer assays mentioned above from Applied Biosystems 

(USA) and the TaqMan Universal PCR Master Mix was used in the qRT-PCR reaction in 

triplicates. A non-template control was included in all experiments. The real time PCR 

reaction was performed using the program: 1) 2 minutes at 50°C, 2) 10 minutes at 95°C, 3) 

15 seconds at 95°C, 4) 1 minute at 60°C. Steps 3) and 4) were repeated 40 times. 

Analysis of qRT-PCR data of miRNAs were performed using the Ct values for U6 snRNA as 

reference for the comparison of the relative amount of miRNAs (rno-miR-1, hsa-miR-27a, 

hsa-miR-133a and hsa-miR-133b). The relative amount of each of the miRNA was calculated 

using the formula: X0/R0=2CTR-CTX, where X0 is the original amount of target miRNA, R0 is the 

original amount of U6 snRNA, CTR is the CT value for U6 snRNA, and CTX is the CT value for 

the target miRNAs (rno-miR-1, hsa-miR-27a, hsa-miR-133a and hsa-miR-133b) (Sandhu, 

Ansar and Edvinsson 2010). Averages of the Ct values for each sample group (control, 

Sunitinib, Sunitinib+NQDI-1 and NQDI-1 alone, treated hearts) and each individual primer 

set were calculated and bar charts were plotted with mean ± SEM. The mean of the control 

group was set as 1 for all miRNAs. 

4.3.6 Measurement of MKK7 mRNA expression 

Total mRNA was extracted from left ventricular tissue using The Ambion MicroPoly (A) 

Purist kit from Ambion (USA). Extracted mRNA was processed directly to cDNA by reverse 

transcription using Reverse Transcription Kit from Applied Biosystems (USA) with the 
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respective primers for MKK7 (MKK7 forward primer: CCCCGTAAAATCACAAAGAAAATCC and 

MKK7 reverse primer: GGCGGACACACACTCATAAAACAGA) and GAPDH (GAPDH Forward 

primer: GAACGGGAAGCTCACTGG and GAPDH Reverse primer: GCCTGCTTCACCACCTTCT) 

according to the instructions from the manufacturer Invitrogen (UK). The reverse 

transcription PCR reaction was performed with the following setup: 16 °C for 30 minutes, 

42°C for 30 minutes and 85 °C for 5 minutes. The qRT-PCR reactions were performed with 

the iTaq Universal SYBR Green Supermix from BioRad (UK), GAPDH and MKK7 mRNA primer 

sets on the 7500 HT Real Time PCR machine from Applied Biosystems (USA) using the 

program: 1) 2 minutes at 50°C, 2) 10 minutes at 95°C, 3) 15 seconds at 95°C, 4) 1 minute at 

60°C. Steps 3) and 4) were repeated 40 times. 

Analysis of qRT-PCR data of MKK7 mRNA was performed using the Ct values for GAPDH 

mRNA as reference for the comparison of the relative amount of MKK7 mRNA. This was 

calculated using the following formula: X0/R0=2CTR-CTX, where X0 is the original amount of 

target mRNA, R0 is the original amount of GAPDH mRNA, CTR is the CT value for GAPDH 

mRNA, and CTX is the CT value for the target MKK7 mRNA. Averages of the Ct values for 

each sample group (control, Sunitinib, Sunitinib+NQDI-1 and NQDI-1 alone, treated hearts) 

and each individual primer set were calculated and bar charts were plotted with mean ± 

SEM. The mean of the control group was set as 1 for MKK7 mRNA. 

4.3.7 Western blot detection of ASK1, MKK7 and JNK 

A total 50 ± 5 mg of the frozen left ventricular tissue was lysed in lysis buffer (NaCl 0.1 M, 

Tris base 10 µM, EDTA 1 mM, sodium pyrophosphate 2 mM, NaF 2 mM, β‐glycaophosphate 

2 mM, 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), (0.1 mg/ml, 1/1.5 
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of protease cocktail tablet), pH 7.6) using a IKA Overtechnical T25homogeniser at 11,000 

RPM. The supernatants were measured for protein content using NanoDrop from Nanoid 

Technology (USA). Then 80 µg of protein was loaded to a pre-made gel (4–15 % Mini-

PROTEAN® TGX™ Gel for MKK7, any KDa Mini-PROTEAN® TGX™ Gel for JNK and 8-20 % Mini-

PROTEAN® TGX™ Gel for ASK1 (BioRad, UK)) and separated by electrophoresis at 200 V and 50 

mA for 60 minutes. 

Following separation, the proteins were transferred to the Bond-P polyvinylidene difluoride 

(PVDF) membrane from BioRad (UK) by using the Trans-Blot Turbo transfer system from 

BioRad (UK) and probed for the phosphorylated forms Phospho(Thr845)-ASK1 (p-ASK1), 

Phospho(Ser271/Thr275)-MKK7 (p-MKK7) and Phospho(Thr183/Tyr185) -SAPK/JNK (p-JNK), and 

total forms of ASK1(Thr845), MKK7(Ser271/Thr275) and JNK(Thr183/Tyr185). The p-MKK7 and p-

JNK blots were stripped by boiling and the PVDF membrane was used for total MKK7 and 

total JNK analysis, respectively. According to recommendations from Abcam (UK) total ASK1 

analysis had to be performed on a separate Western blot, as the stripping procedure would 

remove total ASK1 protein. The relative changes in the p-ASK1, p-MKK7 and p-JNK protein 

levels were measured and corrected for differences in protein loading as established by 

probing for total ASK1, MKK7 and JNK respectively. 

For Western blot analysis, phosphorylated protein levels were normalised to total protein 

levels in order to correlate for unequal loading of protein and differential blot transfer and 

to identify the level of active vs 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). 
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4.3.8 Analysis of p-MKK7 levels by flow cytometry 

4.3.8.1 Cardiomyocyte isolation 

Rats were sacrificed by cervical dislocation (schedule 1 Home Office procedure) and the 

hearts were rapidly excised and placed into ice-cold KH buffer. Hearts were mounted onto a 

modified Langendorff apparatus and perfused with a modified KH buffer (described in 2.10) 

oxygenated and maintained at 37°C and a pH of 7.4. Once the heart had stabilised, the 

collagenase buffer (described in section 2.10) was administered 10 mins later to the heart at 

a rate of 7.5 ml/min for approximately 7 mins with a peristatic pump. The heart was then 

detached from the apparatus. The atria were removed and discarded. The ventricles were 

chopped and mechanically digested in the collagenase buffer. 

Nylon mesh was used to filter cells from undigested tissue into restoration buffer (described 

in section 2.10). 

4.3.8.2 Cardiomyocyte preparation for Flow cytometry 

A suspension of 1 x 105 cells per well were aliquoted into a 24 well plate and incubated with 

control, increasing concentrations of Sunitinib (10-0.001 µM), NQDI-1 (2.5 µM), co-

treatment of Sunitinib (1 µM) with NQDI-1 (2.5 µM). 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. 

The cells were washed with PBS and then fixed with 3% formaldehyde in PBS and incubated 

for 10 mins at 37 °C. The cells were then washed with PBS and permeabilised with 90% ice 
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cold methanol and incubated on ice for 30 mins. The cells were stored at -20 °C until 

required. 

The methanol was removed, the cells were washed with incubation buffer and blocked 

incubation buffer for 10 mins with incubation buffer. The cells were then incubated 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 washed with incubation buffer twice and resuspended in PBS. Samples 

were analysed using flow cytometry on the FL1 channel and 10000 cells were counted 

(FACS, Becton Dickinson, Oxford, UK). 

For the flow cytometry data, values were normalised to the respective untreated control, 

which was represented as 1. 

4.3.9 Assessment of HL60 cell viability in the presence if Sunitinib with and 

without NQDI-1 

4.3.9.1 HL60 cell culture 

The HL60 cell line were maintained in in RPMI 1640 medium supplemented with L-

Glutamine (2 mM) and 10 % heat‐inactivated FBS and antibiotics mix at 37 °C in a humidified 

incubator under 5 % CO2/95 % air. Cells were split in a 1:5 ratio every 2-3 days. Cells were 

incubated with Control, increasing concentrations of Sunitinib (1 nM – 10 μM), Sunitinib (0.1 

– 10 μM) + NQDI‐1 (2.5 µM) 0r increasing concentrations of NQDI‐1 (0.2‐200 µM) for 24 h. 

194 | P a g e 



                

            

Both Sunitinib and NQDI-1 were dissolved in dimethyl sulfoxide (DMSO) and the DMSO 

concentration was < 0.05 % (v/v) during the in vitro studies. 

4.3.9.2 Cell viability assessed by MTT assay 

Cells were plated at a cell density of 105 cells/ml in 96-well plates and the above indicated 

concentration of the drug was added. The plate was then incubated at 37°C for 24hrs. After 

drug incubation, 50 µl of 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium 

Bromide (MTT) solution (5 mg MTT/ml H2O) was added and the cells were incubated for a 

further 24 h. Next, 50 µl of DMSO was added to each well and mixed by pipetting to release 

reduced MTT crystals from the cells. Relative cell viability was obtained by scanning with an 

ELISA reader (Anthos Labtech AR 2001 Multiplate Reader, Anthos Labtec Instruments, 

Austria) with a 490 nm filter. Results were expressed as a percentage of viable cells relative 

to untreated cells/control. Experiments were performed in triplicates and repeated ≥ 3 

times. For the determination of cell viability by the MTT assay. The mean absorbance of 

each treatment group was obtained. This was used to calculate the percentage of the mean 

absorbance of the control group. 

4.3.10 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. The following groups were compared during ANOVA 

analysis: Control versus Sunitinib (A), Control versus Sunitinib+NQDI-1 (B), NQDI-1, Control 

verses NQDI-1 (C) and Sunitinib versus Sunitinib+NQDI-1 (D). P-values <0.05 were 

considered statistically significant. 
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4.4 Results 

4.4.1 Sunitinib treatment impairs heart function and induces cardiac injury 

The effect of Sunitinib (1µM) administration on haemodynamic parameters (HR, LVDP and 

CF) and myocardial infarction was investigated (Tables 4.1-4.3, Figures 4.1 i-iii, and Figure 

4.2). The hearts were stabilised for a period of 20 minutes, followed by 125 minutes of drug 

perfusion. 

The LVDP (mmHg) and HR (beats per min) raw data did not demonstrate any significant 

differences (Table 4.1). The CF (ml/min/g) raw data observed a significant decrease in 

Sunitinib+NQDI-1 treated hearts compared to both control and Sunitinib alone, between 

time points 65 and 125 mins. 

When the haemodynamic parameters were normalised to the stabilisation period, 

administration of Sunitinib (1µM) caused a significant reduction of LVDP (% stabilisation 

period) at 50 min (Control: 101.65 ± 7.23 %; Sunitinib: 83.84 ± 5.04 %, p<0.05), compared to 

control. Sunitinib also reduced HR (% stabilisation period) at 95 mins (Control: 85.27 ± 3.50 

%; Sunitinib: 68.53 ± 4.05 %, p<0.05) for the rest of the time course, compared with non-

treated controls (Figures 4.1 A-C) (Tables 0.3-0.5 of the appendices). 

Administration of Sunitinib (1µM) for 125 minutes resulted in a significant increase in infarct 

size compared with non-treated controls (Control: 7.81 ± 1.16 %; Sunitinib: 41.02 ± 1.23 %, 

p<0.001) (Figure. 4.2). This demonstrated that Sunitinib treatment of the Langendorff 

perfused hearts causes a drastic increase in cardiac injury. An effect of Sunitinib (1µM) (1 
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µM) on cardiac function is also observed with a reduction of LVDP and HR, during 

administration of Sunitinib for 125 mins. 

Table 4.1: Left ventricular developed Pressure (mmHg) raw data values obtained during a 125 minute 

of langendorff perfusion. 

Groups: control (n=9), Sunitinib (1 µM) (n=9), Sunitinib (1 µM) + NQDI-1 (2.5 µM) (n=9) or NQDI-1 (2.5 

µM) alone (n=11). Data expressed at mean ± S.E.M. One-way repeated measures ANOVA, Tukey post 

hoc. 

Time Control Sunitinib Sunitinib 
+ NQDI-1 

NQDI-1 

0 112.15 ± 3.09 113.21 ± 3.14 132.21 ± 11.30 123.01 ± 8.58 

5 123.77 ± 2.96 138.17 ± 8.01 136.06 ± 12.00 124.49 ± 8.04 

10 119.93 ± 2.90 131.19 ± 7.22 135.83 ± 13.24 126.58 ± 9.52 

15 116.01 ± 3.04 122.76 ± 8.44 139.27 ± 13.98 124.44 ± 7.99 

20 116.98 ± 3.46 112.67 ± 5.98 132.64 ± 11.80 123.95 ± 9.83 

25 112.87 ± 3.58 112.12 ± 4.99 130.58 ± 12.07 116.44 ± 8.82 

30 115.84 ± 3.50 106.30 ± 5.56 121.41 ± 11.34 113.36 ± 8.48 

35 113.97 ± 4.49 106.92 ± 3.87 120.27 ± 8.78 112.15 ± 8.76 

50 110.06 ± 6.35 96.97 ± 5.89 111.55 ± 7.92 104.61 ± 8.33 

65 107.63 ± 7.18 92.67 ± 4.65 102.22 ± 7.83 98.41 ± 8.23 

80 101.16 ± 5.24 91.29 ± 4.23 99.72 ± 7.20 90.24 ± 8.25 

95 98.19± 2.23 92.83 ± 5.48 95.96 ± 7.39 84.48 ± 6.14 

110 93.20 ± 2.76 84.55 ± 4.01 91.66 ± 7.52 84.67 ± 6.74 

125 92.71 ± 2.31 80.16 ± 3.97 93.26 ± 9.06 82.45 ± 7.50 
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Table 4.2: Heart rate (bpm) raw data values obtained during a 125 minute of langendorff perfusion. 

Groups: control (n=9), Sunitinib (1 µM) (n=9), Sunitinib (1 µM) + NQDI-1 (2.5 µM) (n=9) or NQDI-1 (2.5 

µM) alone (n=11). Data expressed at mean ± S.E.M. Statistics: A (p<0.05) vs control. One-way 

repeated measures ANOVA, Tukey post hoc. 

Time Control Sunitinib Sunitinib 
+ NQDI-1 

NQDI-1 

0 262.22 ± 6.80 275.56 ± 7.93 297.78 ± 9.15 274.55 ± 8.41 

5 257.78 ± 6.56 271.11 ± 9.91 292.22 ± 8.80 264.55 ± 8.98 

10 256.67 ± 7.29 262.22 ± 8.06 295.56 ± 9.54A 258.18 ± 6.76 

15 256.67 ± 6.85 255.56 ± 7.31 287.78 ± 10.12 263.64 ± 7.39 

20 256.67 ± 6.85 250.00 ± 7.50 277.78 ± 11.15 271.82 ± 11.03 

25 262.22 ± 7.86 256.67 ± 9.35 273.33 ± 10.90 265.45 ± 12.28 

30 262.22 ± 8.06 248.89 ± 7.59 266.67 ± 11.32 265.45 ± 13.52 

35 271.11 ± 7.80 255.56 ± 7.31 268.89 ± 11.10 270.00 ± 13.56 

50 256.67 ± 7.71 250.00 ± 7.91 261.11 ± 12.56 274.55 ± 12.36 

65 257.78 ± 8.62 254.44 ± 8.86 255.56 ± 10.17 265.45 ± 9.73 

80 255.56 ± 9.86 250.00 ± 6.61 267.78 ± 13.20 258.18 ± 11.90 

95 261.11 ± 7.99 248.89 ± 7.80 258.89 ± 17.45 250.00 ± 10.77 

110 263.33 ± 9.68 252.22 ± 7.45 250.00 ± 15.41 248.18 ± 11.03 

125 265.56 ± 9.20 245.56 ± 6.15 245.56 ± 15.52 246.36 ± 13.44 
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Table 4.3: Coronary flow (ml/min/g) raw data values obtained during a 125 minute of langendorff 

perfusion. 

Groups: control (n=9), Sunitinib (1 µM) (n=9), Sunitinib (1 µM) + NQDI-1 (2.5 µM) (n=9) or NQDI-1 (2.5 

µM) alone (n=11). Data expressed at mean ± S.E.M. Statistics: A (p<0.05) vs control; B (p<0.05) vs 

Sunitinib. One-way repeated measures ANOVA, Tukey post hoc. 

Time Control Sunitinib Sunitinib 
+ NQDI-1 

NQDI-1 

0 8.06 ± 0.58 7.29 ± 0.42 6.10 ± 0.80 7.47 ± 0.37 

5 7.57 ± 0.52 7.68 ± 0.38 6.18 ± 0.82 7.34 ± 0.47 

10 7.33 ± 0.55 7.93 ± 0.59 5.91 ± 0.87 7.40 ± 0.42 

15 7.10 ± 0.47 7.67 ± 0.65 5.75 ± 0.75 7.34 ± 0.42 

20 7.34 ± 0.56 7.36 ± 0.50 5.85 ± 0.83 7.25 ± 0.38 

25 7.23 ± 0.48 7.21 ± 0.47 5.87 ± 0.88 7.13 ± 0.37 

30 7.18 ± 0.52 6.79 ± 0.52 5.58 ± 0.85 7.03 ± 0.40 

35 7.13 ± 0.48 6.91 ± 0.53 5.45 ± 0.90 6.97 ± 0.35 

50 6.90 ± 0.54 6.81 ± 0.56 4.84 ± 0.93 6.59 ± 0.38 

65 6.93 ± 0.66 6.59 ± 0.58 4.51 ± 0.85A 6.55 ± 0.34 

80 6.47 ± 0.56 6.43 ± 0.51 4.35 ± 0.85 6.18 ± 0.36 

95 6.46 ± 0.53 6.31 ± 0.57 4.06 ± 0.62AB 5.97 ± 0.37 

110 6.21 ± 0.58 6.12 ± 0.57 3.89 ± 0.61AB 5.79 ± 0.36 

125 6.11 ± 0.58 5.93 ± 0.56 3.89 ± 0.62A 5.70 ± 0.32 
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Figure 4.1: Haemodynamic data. The effect of Sunitinib and the co-administration of ASK1 inhibitor 

NQDI-1 on relative haemodynamic data. 

Haemodynamic effects are presented as a percentage of the mean stabilisation period for each 

parameter to allow clear comparison across drug groups. i) LVDP, ii) HR, and iii) CF. Groups: Control, 

Sunitinib (1 µM), Sunitinib (1 µM) +NQDI-1 (2.5 µM) and NQDI-1 (2.5 µM) (n=9-11 per group). Groups 

were assessed for statistical significance at each time point using One-way repeated measures 

ANOVA, Tukey post hoc. Control versus Sunitinib (A = p<0.05), Control versus Sunitinib+NQDI-1 (B = 

p<0.05), Control versus NQDI-1 (C = p<0.05, CC = p<0.01), or Sunitinib vs Sunitinib+NQDI-1 (D = 

p<0.05). 
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Figure 4.2: The hearts were drug perfused with Sunitinib (1 µM) and/or NQDI-1 (2.5 µM) for 125 min 

in an isolated Langendorff heart model. 

This establishes that Sunitinib-induced cardiotoxicity is reduced by ASK1 inhibitor NQDI-1. Groups: 

Control, Sunitinib (1 µM), Sunitinib (1 µM) and NQDI-1 (2.5 µM), and NQDI-1 (2.5 µM) (n=6 per 

group). Groups were assessed for statistical significance at each time point using one-way ANOVA. 

Control versus Sunitinib (AAA = p<0.001), Control versus Sunitinib+NQDI-1 (BB = p<0.01), Control 

versus NQDI-1 (C = p<0.05), or Sunitinib vs Sunitinib+NQDI-1 (DDD = p<0.001). 

4.4.2 Sunitinib and NQDI-1 co-treatment alleviated cardiac injury 

The effect of ASK1 inhibition by NQDI-1 on cardiac function and infarction was investigated. 

Co-administration of Sunitinib with NQDI-1 significantly decreased infarct size compared 

with Sunitinib treated hearts (Sunitinib: 41.02 ± 1.23 %; Sunitinib + NQDI-1: 17.54 ± 2.97 %, 

p<0.001). Administration of NQDI-1 mono therapy for 125 minutes of perfusion significantly 
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increased infarct size compared with control hearts (Control: 7.81 ± 1.16 %; NQDI-1: 16.68 ± 

2.66 %, p<0.05) (Figure 4.2). 

However, the hearts perfused with NQDI-1 alone also showed a significant decrease in LVDP 

(% stabilisation period) when compared to control hearts at time points from 65 mins until 

the experiment ended (e.g. 125 mins: Control: 85.27 ± 3.50 %; NQDI-1: 67.57 ± 5.54 %, 

p<0.05), (Figure 4.1i and table 0.3 of the appendices). 

The HR (% stabilisation period) was significantly decreased at time point 110 mins and 

onwards in hearts treated with Sunitinib (1 µM) with and without the ASK1 inhibitor NQDI-1 

(2.5 µM) when compared to control perfused hearts NQDI-1 did not significantly reduce HR 

compared to control, however a tendency for a decrease in HR was observed (figure 4.1ii 

and 0.4 of the appendices). 

CF (% stabilisation period) was not altered by NQDI-1 treatment alone. Co-administration of 

NQDI-1 with Sunitinib only decreased the CF at time point 10 mins, when compared to the 

Sunitinib treated hearts (Control: 89.46 ± 2.81 %; Sunitinib+NQDI-1: 95.50 ± 3.48 %, p<0.05) 

(Figures 4.1 iii and table 0.5 of the appendices). 

4.4.3 Sunitinib treatment modulates expression of miRNAs involved in 

cardiac injury 

The expression of cardiac injury specific miRNAs during Sunitinib-induced cardiotoxicity was 

determined by qRT-PCR assessment. The miRNAs miR-1, miR-27a, miR-133a and miR-133b 

have been shown to produce differential expression patterns during the progression of 

heart failure (Akat et al. 2014, Tijsen, Pinto and Creemers 2012). The ratio of target miRNA 
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normalised to U6 was set to 1 in the control group for easier comparison of miRNA ratio 

values between the various drug therapy groups. There was a significant increase in miR-

133a when hearts were perfused with Sunitinib (1 µM) compared to control hearts (Ratio of 

target miRNA normalised to U6 in Sunitinib treated hearts: miR-133a: 535.78 ± 61.27, 

p<0.001) (Figure 4.3iii). Co-administration of NQDI-1 (2.5 µM) along with Sunitinib reversed 

this miR-133a expression trend by decreasing the miR-133a expression when compared to 

Sunitinib perfused hearts (Ratio of target miRNA normalised to U6 in Sunitinib and NQDI-1 

treated hearts: miR-133a: 52.76 ± 25.83, p<0.001) (Figure 4.3iii). Hearts perfused with NQDI-

1 alone, showed an increase in miR-1, miR-27a and miR-133b expression compared to 

control hearts (Ratio of target miRNA normalised to U6 in NQDI-1 treated hearts: miR-1: 

32.33 ± 16.47, p<0.01; miR-27a: 11.72 ± 2.86, p<0.001; miR-133b: 167.85 ± 58.16, p<0.001). 

The expression of miR-1, miR-27a, miR-133a and miR-133b was increased in the Sunitinib 

and NQDI-1 co-treated hearts when compared to Sunitinib perfused hearts (miR-1: p<0.05; 

miR-27a: p<0.01; miR-133a: p<0.001; miR-133b: p<0.01) (Figure 4.3 i-iV). 

The results from the miRNA qRT-PCR analysis show there is a similar expression pattern for 

miR-1, miR-27 and miR-133b, while miR-133a has its own pattern. Perfusion of hearts with 

Sunitinib (1 µM) increases miR-133a expression when compared to control hearts. This 

indicates a complex alteration of these cardiac injury miRNAs by Sunitinib and ASK1 specific 

inhibitor NQDI-1. This could indicate an interaction between the ASK1/MKK7 pathway and 

Sunitinib in respect to the expression of cardiotoxicity linked miRNAs during cardiac injury. 
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Figure 4.3: The effect of Sunitinib (1 µM) and the co-administration of ASK1 inhibitor, NQDI-1 (2.5 

µM), on the expression of cardiotoxicity linked miRNAs following 125 minute drug perfusion in an 

isolated heart Langendorff model. 

The qRT-PCR results are shown as the ratio of target miRNA normalised to U6 with control group 

miRNA ratio set as 1 of miRNAs i) miR-1, ii) miR-27a, iii) miR-133a and iV) miR-133b. The ratio of 

target miRNA normalised to U6 is presented on a log scale. Groups: Control (n=6 for miR-1, miR-27a 

and miR-133a; n=5 for miR-133b), Sunitinib (1 µM) (n=6 for miR-1 and miR-27a; n=5 for miR-133a 

and miR-133b), Sunitinib (1 µM) and NQDI-1 (2.5 µM) (n=6 for miR-1, miR-27a, miR-133a and miR-

133b), and NQDI-1 (2.5 µM) (n=4 for miR-1, miR-27a, miR-133a and miR-133b). Groups were 

assessed for statistical significance at each time point using one-way ANOVA. Control versus Sunitinib 

(AAA = p<0.001), Control versus Sunitinib+NQDI-1 (B = p<0.05, BBB = p<0.001), Control versus NQDI-1 

(C = p<0.05), or Sunitinib vs Sunitinib+NQDI-1 (D = p<0.05, DD = p<0.01, and DDD = p<0.001). 
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4.4.4 MKK7 mRNA expression profile is altered by ASK1 inhibitor NQDI-1 

Previous studies have demonstrated an inhibitory effect of Sunitinib on MAPK signalling 

(Aparicio-Gallego et al. 2011). However, the involvement of MKK7 in Sunitinib’s mechanism 

of action has not been directly investigated. We therefore investigate the effect of Sunitinib 

treatment on MKK7, and whether Sunitinib has an inhibitory effect on the MKK7/JNK 

pathway. 

The level of MKK7 expression after Langendorff perfusion with Sunitinib was assessed at a 

transcriptional level by MKK7 mRNA qRT-PCR analysis. The ASK1 specific inhibitor, NQDI-1 in 

the presence and absence of Sunitinib was investigated to establish the effect inhibition of 

the ASK1/MKK7/JNK has on Sunitinib-induced cardiotoxicity. We also question whether 

changes in MKK7 mRNA levels could be linked to the level of myocardial damage detected 

by infarct size measurement. 

The ratio of MKK7 mRNA normalised to GAPDH was set to 1 in the control group for easier 

comparison of GAPDH normalised MKK7 mRNA values between the discussed drug therapy 

groups. The qRT-PCR analysis of MKK7 mRNA revealed that co-administration of NQDI-1 (2.5 

µM) with Sunitinib (1 µM) caused a significant increase in MKK7 mRNA expression 

compared to Sunitinib treatment alone (Ratio of MKK7 mRNA normalised to GAPDH. 

Sunitinib: 0.12 ± 0.03; Sunitinib + NQDI-1: 1.18 ± 0.65, p<0.05) (Figure 4.4). The decrease in 

MKK7 mRNA levels in the Sunitinib perfused hearts, compared to control hearts was not 

significant, but a clear trend was observed. If the data from groups control and Sunitinib 

were compared using a Student’s t-test the decline in MKK7 mRNA in Sunitinib treated 

hearts was statistically significant with p=0.0043. 
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These MKK7 mRNA qRT-PCR results clearly demonstrate that Sunitinib treatment shows a 

tendency to decrease the MKK7 mRNA, and co-administration of ASK1 specific inhibitor 

NQDI-1 restores the MKK7 mRNA level observed in control treated heart. This could indicate 

a complex regulation system where Sunitinib-induced cardiac injury in directly linked with 

the ability of Sunitinib to reduced MKK7 expression at transcriptional level, which is 

counteracted by the ASK1 specific inhibitor NQDI-1. 

Figure 4.4: MKK7 mRNA expression levels. 

The qRT-PCR assessment of MKK7 mRNA expression levels in an isolated heart Langendorff model. 

The qRT-PCR results are shown as the ratio of MKK7 mRNA normalised to GAPDH with control group 

ratio set as 1. Groups: Control (n=5), Sunitinib (1 µM) (n=6), Sunitinib (1 µM) and NQDI-1 (2.5 µM) 

(n=3), and NQDI-1 (2.5 µM) (n=3). Groups were assessed for statistical significance at each time point 

using one-way ANOVA. Control versus Sunitinib+NQDI-1 (D = p<0.05). 
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4.4.5 Changes in p-MKK7 levels in response to Sunitinib and the co-treatment 

of Sunitinib with NQDI-1 

To identify the effect of Sunitinib treatment on MKK7 phosphorylation levels, 

cardiomyocytes were treated with increasing concentrations (1nM-10µM) of Sunitinib and 

the level of p-MKK7 was measured by flow cytometry (Figure 4.5). Flow cytometric analysis 

revealed that p-MKK7 levels decreased in a dose-dependent manner. There were significant 

reductions in p-MKK7 at 10 µM (48.00 ± 11.00 %, p<0.05) and 1 µM (65.76 ± 11.32 %, 

p<0.05) concentrations, compared to control (100.00 ± 0.74 %). This dose response gives an 

IC50 of 0.74 µM. 
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Figure 4.5: Concentration response curve of increasing concentrations of Sunitinib (10µM-1nM) 

compared to control (n=2). Statistics: Students T-test Control vs Sunitinib: A = p<0.05. 

The effect of the ASK1 inhibitor, NQDI-1 on p-MKK7 levels were determined by flow 

cytometry. A single concentration of 2.5 µM was used alone and in combination with 

Sunitinib (1 µM). The combination of Sunitinib with NQDI-1 significantly increased the level 

of MKK7 phosphorylation 1.4 fold compared to control and 2.14 fold compared to Sunitinib 

(1 µM) alone (p<0.05). There is a tendency for a decrease in p-MKK7 levels with a 

concentration of 1 µM Sunitinib. NQDI-1 alone did not have an effect on p-MKK7 levels 

(Figure 4.6). 
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Figure 4.6: The effect of Sunitinib (1 µM), NQDI-1 (2.5 µM) and the co-treatment of Sunitinib (1 µM) 

with NQDI-1 (2.5 µM. 

Data shows the fold change in pMKK7 levels (Control=1). Data presented as mean ± S.E.M. Statistics: 

One-way ANOVA comparing: Control versus Sunitinib, Control versus Sunitinib+NQDI-1, Control 

versus NQDI-1, or Sunitinib vs Sunitinib+NQDI-1. (B = p<0.05 Sunitinib+NQDI-1 verses control). 

4.4.6 ASK1/MKK7/JNK pathway involved in Sunitinib-induced cardiotoxicity 

As explained previously, the aim of this chapter was to investigate the effect of Sunitinib 

treatment on MKK7 and to identify a link between changes in MKK7 phosphorylation levels 

and Sunitinib-induced cardiotoxicity. Here we also investigated the role of cardiotoxic 

Sunitinib therapy on the ASK1/MKK7/JNK pathway and how the cyto-protective ASK1 

specific agent, NQDI-1 effects the ASK1/MKK7/JNK protein phosphorylation levels (Nomura 

et al. 2013). Following Langendorff perfusion of Sunitinib and NQDI-1, p-ASK1, p-MKK7 and 

p-JNK levels were measured by Western blot analysis. The ratio of p-ASK1, p-MKK7 and p-

JNK normalised to their total protein was set to 1 in the control group for easier comparison 

of phosphorylated protein levels normalised to their total protein level values between the 

discussed drug therapy groups. 
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Western blot analysis demonstrated a significant decrease in p-ASK1, p-MKK7 and p-JNK 

levels after Sunitinib treatment, when compared to control (density of phosphorylated 

protein normalised to total protein: p-ASK1: Control: 1.00± 0.10 and Sunitinib: 0.43 ± 0.08 

p<0.001; p-MKK7: Control: 1.00 ± 0.08 and Sunitinib: 0.43 ± 0.07, p<0.001; p-JNK: Control: 

1.00 ± 0.06 and Sunitinib: 0.53 ± 0.06, p<0.001) (Figure 4.7i-iii). Co-administration with 

NQDI-1 restored this decrease in p-ASK1, p-MKK7 and p-JNK levels and increased them to 

levels which surpassed control levels (density of phosphorylated protein normalised to total 

protein: p-ASK1: Sunitinib + NQDI-1: 1.33 ± 0.09, p<0.001; p-MKK7: Sunitinib + NQDI-1: 0.69 

± 0.03, p<0.05; p-JNK: 1.15 ± 0.06, p<0.001) (Figure 4.7iii). The p-ASK1, p-MKK7 and p-JNK 

levels were decreased in NQDI-1 treated hearts compared to control hearts (density of 

phosphorylated protein normalised to total protein: p-ASK1: NQDI-1: 0.53 ± 0.05, p<0.01; p-

MKK7: NQDI-1: 0.33 ± 0.05, p<0.001; p-JNK: 0.67 ± 0.06, p<0.01) (Figures 4.7 i-iii). 

These Western blot results show that Sunitinib decreased the phosphorylation of the 

ASK1/MKK7/JNK pathway proteins. As Sunitinib demonstrated a strong tendency to 

decrease MKK7 mRNA it could be possible that the decreased MKK7 phosphorylation is 

regulated at the transcriptional level, which is then affecting the post-transcriptional MKK7 

phosphorylation levels. Interestingly, Sunitinib demonstrates an inhibiting effect throughout 

all 3 links of the ASK1/MKK7/JNK pathway. Co-administration of NQDI-1 is counteracting the 

Sunitinib inhibiting effect on the phosphorylation level throughout the ASK1/MKK7/JNK 

pathway. These results show a clear indication of Sunitinib interacting with ASK1, MKK7 and 

JNK at post-translational level and MKK7 gene expression at pre-transcriptional level. 
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Figure 4.7: Western blot assessment. 

i) p-ASK1, ii) p-MKK7, and iii) p-JNK phosphorylation levels in an isolated heart Langendorff model. 

Sorbitol was included as a positive control in p-MKK7 Western blot analysis (n=4). Groups: Control 

(n=6 for p-ASK1; n=4 for p-MKK7 and p-JNK), Sunitinib (1 µM) (n=5 for p-ASK1; n=4 for p-MKK7 and p-

JNK), Sunitinib (1 µM) and NQDI-1 (2.5 µM) (n=6 for p-ASK1; n=4 for p-MKK7 and p-JNK) and NQDI-1 

(2.5 µM) (n=5 for p-ASK1; n=4 for p-MKK7 and p-JNK). Groups were assessed for statistical 

significance at each time point using one-way ANOVA. Control versus Sunitinib (AAA = p<0.001), 

Control versus Sunitinib+NQDI-1 (B = p<0.05 and BB = p <0.01), Control versus NQDI-1 (C = P<0.05 

and CC = P<0.01), or Sunitinib vs Sunitinib+NQDI-1 (D = p<0.05 and DDD = P<0.001). 
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4.4.7 Cancer cell viability in response to Sunitinib with and without NQDI-1 

The effect of Sunitinib treatment on cell viability was examined in HL60 cells. The HL60 cells 

were treated with Sunitinib for 24 hrs and then the level of mitochondrial metabolic-activity 

inhibition was measured with the MTT assay. As shown in Figure 4.8, Sunitinib showed a 

pronounced decrease in metabolic activity and a dose-dependent decrease in cell viability. 

Sunitinib significantly reduces cell viability at 1 nM (82.62 ± 6.55 %, p<0.05), 0.1 µM (85.94 ± 

3.80 %, p<0.05), 0.5 µM (83.94 ± 3.86 %, p<0.05), 1 µM (77.28 ± 6.58 %, p<0.05), 5 µM 

(58.61 ± 4.44 % p<0.001) and 10 µM (47.14 ± 6.77 %, p<0.001) concentrations of Sunitinib. 

The IC50 value was 6.16 µM. 

The co-administration of NQDI-1 (2.5 µM) to increasing concentrations of Sunitinib (1 nM -

10 µM) enhanced the Sunitinib induced reductions in cell viability. Specifically, co-treatment 

of Sunitinib with NQDI-1 reduced cell viability at 1 µM (59.58 ± 6.30 %, p<0.001), 5 µM 

(36.62 ± 6.52 %, p<0.0001) and 10 µM (15.10 ± 2.31 %, p< 0.0001) concentrations of 

Sunitinib with NQDI-1 (2.5 µM) compared to Sunitinib alone. The IC50 value for Sunitinib plus 

NQDI-1 was 1.76 µM (Figure 4.8i). 

For all the concentrations of Sunitinib in the absence and presence of NQDI-1 used 

produced significant reductions in cell viability compared to control. 

Interestingly, increasing concentrations of NQDI-1 alone (0.2-200 µM) only significantly 

reduced cell viability at very high concentrations (Figure 4.8ii). Reductions in cell viability 

were significant at 100 µM (55.44 ± 12.39 %, p<0.05), 200 µM (33.15± 9.67 %, p<0.001) 

(Figure 4.8 i-ii). The IC50 value for NQDI-1 produced by the MTT assay was 130.8 µM. 
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Figure 4.8: Cell viability of HL60 cells. 

HL60 cells (105 cells/ml) incubated for 24 hours with control (n=4) or with increasing concentrations 

of i) Sunitinib (0.1 – 10 μM) (n=4) or Sunitinib (0.1 – 10 μM) + NQDI-1 (2.5 µM) (n=3) or ii) NQDI-1 (0.2 

µM – 200 μM) (n=3). Statistics: Control compared to Sunitinib (A = p<0.05, AAA = p<0.0001); Control 

compared to NQDI-1 (C = p<0.05, CCC = p<0.001). Sunitinib vs Sunitinib + NQDI-1 (D = p<0.05). 
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4.5 Discussion 

4.5.1 Sunitinib-induced cardiotoxicity is attenuated by ASK1 specific inhibitor 

NQDI-1 

Heart failure associated with anti-cancer treatment has been investigated extensively 

(Khakoo et al. 2008); however, the underlying mechanism of Sunitinib-induced 

cardiotoxicity is still unclear. Determining cellular pathways involved in Sunitinib-induced 

cardiotoxicity could help to develop therapies which could prevent the potential 

development of heart failure associated with Sunitinib treatment (Khakoo et al. 2008). 

As in chapter 3, data presented in this chapter confirms that Sunitinib causes drug-induced 

myocardial injury via an increase in infarct size and decline in haemodynamic parameters, 

including HR (% stabilisation period) and LVDP (% stabilisation period). These observations 

are in accordance with other studies investigating Sunitinib-induced cardiotoxicity, which 

also identified significant decrease in left ventricular function and HR in animals (Henderson 

et al. 2013, Mooney et al. 2015). In addition, left ventricular dysfunction has also been 

identified in patients undergoing Sunitinib chemotherapy (Di Lorenzo et al. 2009). Sunitinib 

treatment can produce electrophysiological disturbances and an increased pro-arrhythmic 

relative risk of developing QT interval prolongation (Ghatalia et al. 2015, Schmidinger et al. 

2008). Several studies demonstrate the ability of Sunitinib to block hERG channels and 

cause irregular contractions (Doherty et al. 2013, Guo et al. 2013). 

Modulation of ASK1 and its downstream targets MKK7 and JNK has previously been 

associated with the regulation of cardiomyocyte survival, apoptosis, hypertrophic 

remodelling and intracellular signalling associated with heart failure (Mitchell et al. 2006). 
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Therefore, we hypothesised that successful modulation of the ASK1/MKK7/JNK pathway 

would produce an effective cardioprotective treatment against Sunitinib induced 

cardiotoxicity. 

As there are currently no commercially available selective inhibitors of MKK7, we targeted 

ASK1, the upstream kinase of MKK7, as a surrogate inhibitor. The ASK1 specific inhibitor 

NQDI-1 resulted in abrogation of the some cardiotoxic effects of Sunitinib. This chapter 

therefore, demonstrated the potential role that this kinase and the ASK1/MKK7/JNK 

pathway could play in protecting the heart from Sunitinib-induced cardiotoxicity. These 

observations are in accordance with other studies that have implicated the involvement of 

ASK1 in cardioprotection in other mammalian models (Boehm et al. 2015, Hao et al. 2016, 

He et al. 2003). Inhibition of ASK1 with thioredoxin results in reduction of infarct size 

compared to ischaemic/reperfusion control hearts (Zhang et al. 2007, Gerczuk et al. 2012, 

Huang et al. 2015). 

ASK1 signalling pathway is facilitated through two main routes: either (i) MKK4/7 and JNK, 

or (ii) MKK3/6 and p38 (Ichijo et al. 1997). As mentioned in the introduction, the study by 

Izumiya et al. 2003 demonstrated the importance of ASK1 during angiotensin II induced 

hypertension and cardiac hypertrophy in mice, as ASK1 knockout mice failed develop to 

cardiac hypertrophy and remodelling through both JNK and p38 (Izumiya et al. 2003). In 

another study by Yamaguchi et al. 2003 knockout of ASK1 in mice was also linked to 

cardioprotection through the JNK pathway, as coronary artery ligation or thoracic transverse 

aortic constriction in ASK1 deficient hearts showed no morphological or histological defects. 

Both left ventricular end-diastolic and end-systolic ventricular dimensions were increased 

less than WT mice, and the decreases in fractional shortening in both experimental models 
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were less when compared with WT mice (Yamaguchi et al. 2003). However, in a study by 

Taniike et al. 2008 when ASK1 knockout mice were subjected to mechanical stress, it 

resulted in exaggerated heart growth and hypertrophy through the p38 pathway (Taniike et 

al. 2008). It is worth noting that attenuation of ASK1 by NQDI-1 during normoxic conditions 

and Sunitinib treatment could have affected the MKK3/6 and p38 signalling pathway, which 

could have led to the cardiotoxicity that was observed during this study. Where, Sunitinib-

induced reduction of the haemodynamic parameters, LVDP and HR which were not 

attenuated by NQDI-1 co-administration. NQDI-1 alone, increased infarct size, in addition to 

reducing LVDP and HR. 

NQDI-1 has demonstrated strong selectivity for ASK1. However, as NQDI-1 is a relatively 

new compound there is limited data which profiles the protein interactions of NQDI-1. It is 

therefore possible that NQDI-1 may interact with other signalling molecules (Nomura et al. 

2013). In the presence of 25 µM NQDI-1 the residual activity of ASK1 is reduced to 12.5 % 

using the ɣ‐32P‐ATP in vitro kinase assay model (Nomura et al. 2013). By using the same 

model, Volynetys and colleagues determined the residual activity of the tyrosine protein 

kinase fibroblast growth factor receptor 1 (FGFR1) which was measured to be 44 % after 25 

µM NQDI-1 exposure (Volynets et al. 2011). FGFR1 is a key component involved in in vivo 

cardiomyocyte proliferation during early stage heart development (Seyed and DiMario 

2008). Furthermore, FGFR1 is an essential regulator of coronary vascular development 

through Hedgehog signalling activation, which in the adult heart leads to increased coronary 

vessel density (Lavine et al. 2006). It is therefore be possible that NQDI-1 has an inhibitory 

effect on FGFR1 in the treated hearts of our study and thereby exerting an increase in 

infarct size and haemodynamic dysfunction, in comparison to the control. 
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Further studies are required to unravel the underlying mechanisms associated with the 

cardiac tissue injury and haemodynamic responses observed upon NQDI-1 stimuli to assess 

if p38 and/or FGFR1 are involved. Also, other concentrations of NQDI-1 treatment of hearts 

should be investigated, as lower concentrations of NQDI-1 most could cause fewer cardiac 

adverse effects. 

4.5.2 Profiling cardiac injury linked miRNAs 

MicroRNAs have been shown to have important roles in tissue formation and function in 

response to injury and disease. The miRNAs miR-1, miR-27a, miR-133a and miR-133b have 

been shown to produce differential expression patterns during the progression of heart 

failure (Akat et al. 2014, Tijsen, Pinto and Creemers 2012). Here we investigate the altered 

expression profiles of miRNAs miR-1, miR-27a, miR-133a and miR-133b after Sunitinib-

induced cardiotoxicity with or without the ASK1 inhibitor NQDI-1. A reduction in hERG 

potassium channels expression causes the delayed myocyte repolarisation attributed to a 

long QT interval and interestingly the 3’ untranslated region of hERG potassium channel 

transcripts have a partial complimentary miR-133a target site (Xiao et al. 2007). The current 

study shows an increase in miR-133a expression following Sunitinib treatment, which was 

attenuated with NQDI-1 co-administration. This could imply that miR-133a overexpression 

inhibits the hERG potassium channel, which would have a negative impact on the 

electrophysiological response (Xu et al. 2007). Over expression of miR-133a has also been 

shown to have negative effects on cardiomyocyte proliferation and survival (Liu et al. 2008) 

and hence HR, which confirms the results from the current study. 
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In the heart, miR-1 and miR-133 maintain the heart beat rhythm by regulating the cardiac 

conduction system (Kim 2013). Furthermore, miR-1 and miR-133 are downregulated during 

cardiac hypertrophy in both mouse and human models. In vitro studies have shown that the 

overexpression of miR-133 inhibits cardiac hypertrophy, whereas inhibition of miR-133 

induces more pronounced hypertrophy (Care et al. 2007). In addition, a decreased in cardiac 

expression of miR-133b is sufficient to induce hypertrophic gene expression (Sucharov, 

Bristow and Port 2008). In support of these studies our analysis shows that the miR-133b 

expression is increased during NQDI-1 mono-therapy and co-administration hearts, thus 

protecting the heart against hypotrophy/cardiac damage development, which is the same 

pattern as we observe in the infarct to risk analysis. 

The miR-27a expression has been observed to downregulate FOXO-1 protein, a transcription 

factor which regulates genes involved in the apoptotic response, cell cycle, and cellular 

metabolism (Guttilla and White 2009). Moreover, miR-27a is down-regulated in coronary 

sinus samples of heart failure patients (Marques et al. 2016). The increase in miR-27a 

expression found in this study during NQDI-1 hearts support the findings from these studies 

as the link increased miR-27 expression to reduced apoptosis, which was observe in the 

infarct to risk analysis. 

4.5.3 Sunitinib treatment suppresses the ASK1/MKK7/JNK pathway 

MKK7 has been shown to provide a role in protecting the heart from hypertrophic 

remodelling and cardiomyocytes apoptosis during stress and therefore the transition into 

heart failure (Mitchell et al. 2006). Studies by Liu et al. (2011) revealed the importance of 

MKK7 by demonstrating that deprivation of MKK7 in cardiomyocytes provokes heart failure 
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in mice when exposed to pressure overload (Liu et al. 2011). In addition to this, it has been 

shown that inhibition and specific knockout of MKK7 increases the sensitivity of hepatocytes 

to TNF‐α‐induced apoptosis (Jia et al. 2015). Treatment with Sunitinib in rat hearts down 

regulates both mRNA and phosphorylated protein levels of MKK7. These studies suggest an 

important role of MKK7 in the maintenance of heart homeostasis and an upregulation of 

MKK7 demonstrates an upregulation of genes known to be upregulated during cardiac 

hypertrophy and heart failure. 

MKK7 contains an ATP binding domain which could be inhibited by the ATP analogue, 

Sunitinib (Roskoski 2007, Shukla et al. 2009, Song et al. 2013). Also, a study by Karaman et 

al. 2008 demonstrated that Sunitinib did not have a preference of tyrosine kinases over 

serine/threonine kinases (Karaman et al. 2008). It is therefore possible that Sunitinib has an 

inhibitory effect on the serine/threonine MKK7/JNK signal transduction pathway. With 

reduced MKK7 activity demonstrating an incline towards cardiomyocyte damage, and a 

reversal of anti-tumour effects of chemotherapy, it would be interesting to assess both the 

changes in expression levels and levels of phosphorylated MKK7 in the presence of 

Sunitinib. It may therefore be possible to identify a link between MKK7 expression and TKI 

induced cardiotoxicity. 

ASK1 has multiple phosphorylation sites. The Akt/protein kinas B complex binds to and 

phosphorylates Ser83 of ASK1, resulting in the inhibition of ASK1-mediated apoptosis (Kim et 

al. 2001), the 14-3-3 interacts with phosphorylated Ser967 of ASK1 to block the function of 

ASK1 (Zhang, Chen and Fu 1999), protein phosphatase 5 dephosphorylates Thr845 within the 

activation loop of ASK1 and thereby inhibits ASK1-mediated apoptosis (Morita et al. 2001), 

while Ser1034 phosphorylation suppresses ASK1 proapoptotic function (Fujii et al. 2004). 
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ASK1 undergoes auto-phosphorylation at the Thr845 (Tobiume, Saitoh and Ichijo 2002). It has 

been proposed that auto-phosphorylation at Thr845 is increased in response to H2O2 

treatment, due to H2O2 preventing thioredoxin from complexing with ASK1. This suggests 

that ASK1 activation is due to oxidative stress (Tobiume, Saitoh and Ichijo 2002). It is 

possible that auto-phosphorylation increased when Sunitinib was combined with NQDI-1, 

which led to the increased levels of p-ASK1 identified by western blot analysis. 

An increase in p-ASK1 could indicate increased levels of oxidative stress, with potential to 

reduce cardiac function and generated a level of infarct when NQDI-1 was administered 

alone, compared to control. 

Attenuation of ASK1/MKK7 by the specific inhibitor NQDI-1 reduced infarct size compared 

to Sunitinib treatment alone. In this study, the ASK1 Thr845 phosphorylation site was 

investigated. However, in future studies it would be interesting to investigate the ASK1 

Ser967 phosphorylation, as phosphorylation at this site has been linked to cytoprotection 

(Kim et al. 2009). 

Co-treatment of Sunitinib and NQDI-1 increased p-MKK7 levels compared to Sunitinib 

treated hearts, restoring them to the levels observed in control hearts. This could suggest 

that a level of p-MKK7 is required to prevent damage to the heart. To illustrate this 

upregulation of TGF‐β has been found in compensatory hypertrophy, myocardial 

remodelling and heart failure (Rosenkranz 2004). However, if MKK7 is removed entirely 

from the JNK pathway cardiomyocyte damage ensues (Liu et al. 2011). Tang et al. (2012) 

demonstrated that by causing an upregulation of MKK7 in hepatoma cells, by Alpinetin 

treatment, it was possible to arrest cells in the G0/G1 phase of the cell cycle. However, by 

inhibiting MKK7 the anti‐tumour effect of the δ‐opioid receptor agonist cis‐diammined 
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dichloridoplatinum was reversed (Tang et al. 2012). This suggests that use of an MKK7 

agonist may both enhance anti-cancer properties of chemotherapy agents, as well as 

initiating levels of apoptosis as the cell cycle is arrested. 

Many JNK knock out models have been used to determine the role of JNK in the 

development of cardiac dysfunction. Kaiser et al. (2005) demonstrated the importance of 

JNK in ischemia-reperfusion injury. They showed that a reduction in JNK activity in the heart 

resulted in a reduced level of cardiac injury and cellular apoptosis. The same study 

demonstrated an increase in JNK activity by using mouse models overexpressing MKK7 in 

the heart, and this caused a significant protection against ischaemia-reperfusion injury 

(Kaiser et al. 2005). This highlights the complexity of JNK signalling. In this study, a 

significant decrease in JNK phosphorylation was identified when hearts were treated with 

Sunitinib. In addition, NQDI-1 treatment had a tendency to increase in JNK phosphorylation. 

It has been established that a reduction in JNK activation is associated with cardiac 

hypertrophy and cardiovascular dysfunction (Pan et al. 2014). The reduction in JNK 

activation caused by the treatment of Sunitinib could also explain the increased infarct size 

and irregularities found in the haemodynamic data. 

The findings of this chapter contradict previous studies, for example Wang et al. 1998 

investigated the role of MKK7 in cardiac hypertrophy in neonatal myocytes (Wang et al. 

1998). Transgenic neonatal rat cardiomyocytes expressing wild type MKK7 and a 

constitutively active mutant of MKK7 were created. This study demonstrated JNK specific 

activation by MKK7 and showed the key role of the JNK pathway in cardiac hypertrophy as 

cells infected with the constitutively active form of MKK7 adopted characteristic features of 

myocardial stress (Wang et al. 1998). Contrastingly, we show a dose-dependent decline in p-
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MKK7 levels in cardiomyocytes and a decrease in levels of ASK1/MKK7/JNK signal 

transduction pathway when hearts are treated with Sunitinib compared to control. This 

decrease is attenuated by the co-treatment with NQDI-1 in both cardiomyocytes and in LV 

tissue. Also, in cardiomyocytes p-MKK7 levels are significantly increased by the co-treatment 

of Sunitinib (1 µM) with NQDI-1 (2.5 µM). This could suggest that there is an increased level 

of ASK1 auto-phosphorylation and this has increased the levels of p-MKK7 as Sunitinib 

concentrations increase. This altered pattern in ASK1/MKK7/JNK pathway phosphorylation 

suggests that Sunitinib has a direct effect on part of the ASK1/MKK7/JNK pathway. 

This study highlights the pharmacological potential of the ASK1/MKK7/JNK pathway and in 

particular the cardioprotective role of ASK1 inhibitor NQDI-1 during Sunitinib-induced 

cardiotoxicity. 

4.5.4 The anti-cancer properties of Sunitinib were enhanced by NQDI-1 

treatment. 

It is well established that Sunitinib achieves anti-tumour effects by inhibiting tyrosine 

kinases such as VEGFR and PDGFR which have been over-expressed in cancer cells (Krause 

and Van Etten 2005). Sunitinib has previously been shown to directly inhibit the survival and 

proliferation of a variety of cancer cells, including leukaemia cells (Ilyas et al. 2016). 

This study demonstrated a dose dependant decline in the cell viability of HL60 cells when 

treated with Sunitinib. This produced an IC50 value of 6.16 µM. The data presented are in 

line with existing data on Sunitinib’s anti-proliferative effect on HL60 cells. Sunitinib has 

previously been shown to reduce the level of HL60 cell survival in a dose dependant manor 

using a cell-titre blue reagent proliferation assay. This produced an IC50 value of 5.7 µM after 
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48 hrs of Sunitinib treatment (Ilyas et al. 2016). Another group performed an MTT assay on 

a variety of acute myelogenous leukaemia cell lines and found Sunitinib to have an IC50 

values between 0.007-13 µM (Hu et al. 2008). 

To investigate the anti-proliferative effect of inhibition of the MKK7 pathway, HL60 cells 

were treated with Sunitinib in co-treatment with NQDI-1 and NQDI-1 alone. NQDI-1 is a 

selective inhibitor for ASK1, the upstream regulator of MKK7. Previous studies have shown 

ASK1 to have a crucial role in a variety of organ systems. However, ASK1 has also been 

shown to promote tumorigenesis in gastric cancer and promote the proliferation of cancer 

cells in skin cancer (Hayakawa et al. 2012, Iriyama et al. 2009). 

Inhibition of ASK1 with the specific ASK1 inhibitor, K811 has been shown to prevent cell 

proliferation in gastric cancer cell lines and reduce the size of xenograft tumours (Hayakawa 

et al. 2012). Recently, Luo et al. 2016, investigated the involvement of ASK1 in pancreatic 

tumour cell (PANC1) proliferation (Luo et al. 2016). The knock-down of ASK1 in mice with 

pancreatic tumours reduced tumour growth, suggesting that ASK1 has an important role in 

pancreatic tumorigenesis. The same group also demonstrated a dose-dependent inhibition 

of PANC1 when cells were treated with NQDI-1 at concentrations of 10 and 30 µM. 

However, the inhibition of ASK1 did not increase levels of apoptosis. 

This study has shown that increasing concentrations of NQDI-1 (0.2-200 µM) significantly 

reduce the level of viable HL60 cells at 100 and 200 µM. This could suggest that ASK1 is 

expressed at different levels in different cell types, as a higher concentration was required in 

HL60 cells compared to PANC1 cells to reduce proliferation. Interestingly, the increasing 

concentrations of Sunitinib with 2.5 µM NQDI-1 enhanced the level of Sunitinib-induced 

reduction in HL60 cell proliferation. The reason for this is not yet clear. Further investigation 
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into this is required to investigate the changes induced by Sunitinib on HL60 cell death 

pathways. 

As mentioned before NQDI-1 blocks FGFR-1 (Volynets et al. 2011). In cancer cells FGFR1 

inhibitors have shown to elicit direct anti-tumour effects. The FGFR-1 inhibitors being 

investigated in clinical trials for their anti-tumour qualities effecting various cancer types 

include AZD4547, BGJ398, Debio-1347 and Dovitinib (Katoh 2016). The apoptotic effect of 

NQDI-1 we are observing in HL60 cells can therefore be a direct consequence of FGFR-1 

inhibition. 

4.6 Conclusion 

In conclusion, this chapter demonstrates the potential of NQDI-1 to protect against a level 

of cardiac injury through inhibition of the ASK1/MKK7/JNK transduction pathway. 

Identifying the involvement of this pathway in Sunitinib-induced cardiotoxicity could 

possibly lead to development of cardioprotective adjunct therapy during drug-induced 

cardiac injury. NQDI-1 was observed to be partially cardioprotective as it reduced the 

Sunitinib-induced infarct size, and in addition it increased the apoptotic effect of Sunitinib in 

HL60 cells. A drug which is cardioprotective against Sunitinib-induced toxicity and also 

enhances the anti-cancer abilities of Sunitinib would be an ideal candidate for future drug 

development projects. 

NQDI-1 has demonstrated some of the desired characteristics of a potential 

cardioprotective drug candidate. However, in contrast to the hypothesis, NQDI-1 did not 

effectively attenuate Sunitinib-induced changes to LVDP, HR and miRNA levels. Therefore, 

alternative cardioprotective compounds should be investigated, such as IB-MECA. 
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5. Sunitinib-induced cardiotoxicity is attenuated by A3 

adenosine receptor activation 

5.1 Abstract 

Sunitinib is an anti-cancer tyrosine kinase inhibitor (TKI) associated with severe cardiotoxic 

adverse effects. Using a rat Langendorff heart model, the involvement of Protein Kinase C 

alpha (PKCα), MKK7 and JNK in Sunitinib‐induced cardiotoxicity. The human acute myeloid 

leukaemia 60 (HL60) cell line was used to assess the involvement of PKCα in cancer cell 

survival. The cardioprotective and anti-cancer properties of the A3 adenosine receptor 

(A3AR) agonist 2‐Chloro‐N6‐(3‐iodobenzyl)‐adenosine‐5′‐N‐methyluronamide (IB‐MECA) 

(1nM) were investigated. 

The cardiac effect of Sunitinib (1µM) and IB-MECA (1nM) treatment was measured through 

haemodynamic and infarct size assessment. Myocardial injury associated microRNAs (miR-1, 

miR-27a, miR-133a and miR-133b) and cancer associated microRNAs (miR-15a, miR-16-1 

and miR-155) were profiled by qRT-PCR in the cardiac tissue and HL60 cells, while 

phosphorylated MKK7 (p‐MKK7), JNK (p‐JNK) and PKCα (p‐PKCα) levels were measured by 

Western Blot analysis. The cytotoxic effect of Sunitinib (0.1 – 10 μM) and IB‐MECA (10 nM – 

10 μM) on HL60 cells was assessed using the methylthiazolyldiphenyl‐tetrazolium bromide 

(MTT) assay technique. 

Sunitinib treatment increased infarct size and decreased Left ventricular developed 

pressure (LVDP) and Heart rate (HR). Co-treatment of IB-MECA attenuated Sunitinib-

induced myocardial injury. IB-MECA did not alter the anti-cancer effect of Sunitinib in HL60 
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cells. The expression signature of myocardial injury and cancer associated microRNAs in 

HL60 cells and cardiac tissue showed an altered expression profile when treated with 

Sunitinib in the absence and presence of IB-MECA. 

p‐PKCα levels were increased by Sunitinib treatment in cardiac tissue and HL60 cells, plus 

co-administration of IB-MECA attenuated this increase in the cardiac tissue. The combined 

therapy of Sunitinib and IB-MECA did not reduce Sunitinib’s cytotoxicity in HL60 cells. 

Sunitinib inhibited the MKK7-JNK pathway, however IB-MECA attenuated the decrease in p-

MKK7 and p-JNK levels, returning them back to levels similar to controls. 

This study reveals that A3AR activation by IB-MECA attenuates Sunitinib-induced 

cardiotoxicity without interfering with the anti-cancer efficacy of Sunitinib. Findings in this 

study suggest that PKCα is involved in Sunitinib induced cardiotoxicity and may also be a 

tumour suppressor. Both A3AR and PKCα pathways could therefore play key roles as 

cardioprotective adjunctive therapy during TKI-induced cardiotoxicity. 

5.2 Introduction 

Sunitinib belongs to the tyrosine kinase inhibitor family and is used to treat various cancer 

forms, such as renal cell carcinoma, gastrointestinal stromal tumours and colorectal cancers 

(Le Tourneau, Raymond and Faivre 2007). Sunitinib inhibits cancer specific cellular signalling 

by targeting the adenosine 5'-triphosphate (ATP) binding site of multiple receptor tyrosine 

kinases involved in tumour angiogenesis and tumour cell proliferation, including platelet-

derived growth factor (PDGFR) and vascular endothelial growth factor (VEGFR). Attenuation 

232 | P a g e 



           

of PDGFR and VEGFR signalling by Sunitinib is a powerful tumour treatment as both tumour 

vascularisation is reduced and cancer cell apoptosis is initiated (Mendel et al. 2003). 

Sunitinib displays a lack of kinase selectivity, resulting in the cardiotoxic effects (Hasinoff 

and Patel 2010, Hasinoff, Patel and O'Hara 2008, Krause and Van Etten 2005). Cardiotoxic 

adverse effects of TKIs therapy include: asymptomatic QT prolongation, reduction in left 

ventricular ejection fraction (LVEF), acute coronary syndromes, myocardial infarction and 

symptomatic congestive heart failure (Chu et al. 2007, Force, Krause and Van Etten 2007, 

Kerkelä et al. 2006, Khakoo et al. 2008). 

Sunitinib has multiple kinase targets; however, many unexpected off-targets have also been 

identified (Karaman et al. 2008). Sunitinib inactivates the adenosine monophosphate-

activated protein kinase (AMPK), which is crucial for cell survival after hypoxia, causing 

cardiomyocyte death and hypertrophy (Force, Krause and Van Etten 2007). AMPK has the 

potential to inhibit the activation of protein kinase C (PKC) (Ceolotto et al. 2007). PKC is 

involved in the negative regulation of cardiac contractility (Braz et al. 2004). Braz et al. 2004 

demonstrated that over expression of PKCα produces hypo‐contractility, which is associated 

with cardiomyopathy (Braz et al. 2004). 

The A3 adenosine receptor (A3AR), agonist IB-MECA has been shown to have powerful 

cardioprotective effects against cardiac damage caused by hypoxia, ischemia/reperfusion 

injury and anti-cancer treatment with Doxorubicin (Carr et al. 1997, Emanuelov et al. 2010, 

Maddock et al. 2002, Maddock et al. 2003, Shneyvays et al. 2002, Tracey et al. 1997). IB-

MECA has been shown to reduce the level of ischemia and infarct size in the heart by 

reducing abnormal Ca2+ levels and the accumulation of free radicals. It has been suggested 

that the cardioprotection generated by IB-MECA is mediated through the PKC pathway 
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(Auchampach et al. 1997), as inhibition of the PKC pathway has been shown to produce 

cardioprotective results by reducing apoptosis (Rakkar and Bayraktutan 2016, Thuc et al. 

2012). 

Furthermore, Sunitinib has potent mitogen activated protein kinase (MAPK) inhibitor 

properties (Faivre et al. 2007, Fenton et al. 2010). MAPKs have vital stress signalling roles 

within the heart (Rose, Force and Wang 2010). In particular, mitogen activated kinase kinase 

7 (MKK7) and c-Jun N-terminal kinase (JNK) have been shown to be heavily involved in 

cardiac hypertrophy and cardiomyocyte cell death in response to stress (Wang et al. 1998). 

Interestingly, adenosine signalling can activate MKK7 and JNK (Melani et al. 2009). Also, the 

activation of A3AR has been shown to activate MAPK signalling (Abbracchio et al. 2001, 

Schulte and Fredholm 2003). Therefore, we investigated whether Sunitinib has an inhibitory 

effect on MKK7 and JNK phosphorylation specifically and whether, the use of the A3AR 

agonist, IB-MECA can attenuate the inhibition of the MKK7-JNK pathway and produce a 

cardioprotective effect. 

In addition, miR-1, miR-27, miR-133a and miR-133b have been linked to myocardial injury 

(Ai et al. 2010, D'Alessandra et al. 2010, Sandhu and Maddock 2014, Wang et al. 2010, Yang 

et al. 2007). While, the expression of miRNA miR-155 and the miR-15a-miR-16-1 cluster 

have been associated with cancer development (Calin et al. 2002, Faraoni et al. 2009). 

This study investigated the ability of the A3AR agonist, IB-MECA to reduce the level of 

Sunitinib-induced cardiotoxicity in Langendorff heart experiments and miRNAs associated 

with cardiotoxicity profiles were measured. The intracellular signalling proteins: MKK7, JNK 

and PKCα were assessed to determine their involvement in the cardioprotection elicited by 
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IB-MECA. Furthermore, the anti-cancer properties of IB-MECA and determined whether co-

administration of IB-MECA with Sunitinib affected the anti-cancer/apoptotic effect of 

Sunitinib in HL60 cells, were assessed. Plus, microRNA associated with cancer were also 

profiled. 

5.2.1 Hypothesis 

Activation of the A3 adenosine receptor with IB-MECA will protect against the adverse 

effects of Sunitinib treatment on the isolated-Langendorff-perfused heart. In addition, the 

anti-cancer properties of Sunitinib will not be affected by adjunct therapy IB-MECA. 

5.3 Materials and methods 

5.3.1 Cell line and reagents 

The HL60 cell line (Human promyelocytic leukaemia cells) was obtained from European 

Collection of Cell Culture (England). RPMI 1640 medium was purchased from Sigma Aldrich 

(US) and the medium supplements L-Glutamine, HEPES and antibiotics mix (100 U/ml 

penicillin and 100 µg/ml of streptomycin) were from Invitrogen (UK), while foetal bovine 

serum (FBS) was from Biosera (UK). 

Formaldehyde was purchased from Fisher Scientific (US). Protease inhibitor cocktail was 

purchased from Roche (UK). Sunitinib malate and 2, 3, 5-triphenyltetrazolium chloride (TTC) 

was purchased from Sigma Aldrich (US) and IB-MECA was purchased from Tocris Bioscience 

(UK). Antibodies anti‐PKC α (phospho T497) p‐PKC α and total PKC were from Abcam (UK), 

while glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (14C10), Phospho-MKK7 

(Ser271/Thr275), Total MKK7, Phospho-ASK1 (Thr 845), Phospho-SAPK/JNK 
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(Thr183/Tyr185), Total SAPK/JNK rabbit mAb antibodies and anti-rabbit linked IgG antibody 

conjugated to horseradish peroxidase were from Cell Signalling (UK). RNAlater, Ambion 

mirVana miRNA Isolation Kit, Applied Biosystems MicroRNA Reverse Transcription Kit, 

TaqMan Universal PCR Master Mix II (uracil N-Glycosylase not included), Applied Biosystems 

primers assays (U6, hsa-miR155, hsa-miR-15a, hsa-miR-16-1, rno-miR-1, hsa-miR-27a, hsa-

miR-133a and hsa-miR-133b) were purchased from Life Technologies (US). 

5.3.2 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 

standard diet according to “The Guidance on the Operation of the Animals (Scientific 

Procedures) Act of 1986”. Animals were selected at random for all 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. 

5.3.3 Langendorff perfused model using rat hearts 

Rats were sacrificed by cervical dislocation (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, pH=7.4). 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-
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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 for 1 min, thereafter it was disposed of. 

All haemodynamic parameters were measured at 5 min intervals for the first 35 mins and 

then 15 min intervals until the end of the experiment at 125 mins. In the graphical 

representation of the haemodynamic data Time 0 is the end point of 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. 

Each Langendorff study was conducted for 145 min: a 20 min stabilisation period and 125 

min of drug or control perfusion in normoxic conditions. Hearts were included in the study 

with a HR between 225-325 beats per min, a LVDP between 80-150 mmHg and a CF 

between 3.5-12.0 ml/g (weight of the rat heart) during the stabilisation period. Sunitinib 

malate (1 µM) was administered throughout the perfusion period in the presence or 

absence of IB-MECA (1 nM). The concentration of 1 µM Sunitinib was chosen in line with the 

clinically relevant study by Goodman et al. 2007, where patients suffering from Imatinib 

refractory or intolerant gastrointestinal stromal tumour, and patients with metastatic renal 

cell carcinoma where treated with Sunitinib. The steady state blood concentrations of 

Sunitinib was reported to be in the range of 0.1 – 1.0 μM (Goodman et al. 2007, Henderson 

et al. 2013). The dose of 1 nM IB-MECA was chosen in line with previous in vitro studies by 

Maddock et al. 2002 (Maddock, Mocanu and Yellon 2002). 
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Langendorff perfused hearts treated with control were recorded as control group (KHB). The 

hearts were then weighed and either stored at -20 °C for 2,3,5-Triphenyl-2H-tetrazolium 

chloride (TTC) staining or the left ventricular (LV) tissue was dissected free and immersed in 

RNAlater for qRT-PCR or snap frozen by liquid nitrogen for Western blot analysis. 

5.3.4 Infarct size analysis 

Frozen whole hearts were sliced into approximately 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 min and fixed in 10 % formaldehyde (Fisher 

Scientific, UK) for 4 h. The risk zone and infarct areas were traced onto acetate sheets. The 

tissue at risk stained red and infarct tissue appeared pale. The acetate sheet was scanned 

and ImageTool from UTHSCSA (USA) software was used to measure the area of infarct and 

the area of risk. The infarct to risk size was calculated (Infarct size (%) = (Area of infarct / 

Total area of heart slice) X 100) for each individual slice, and an average was taken of all of 

the slices from each heart to give the percentage infarct size of the whole heart. The mean 

of infarct to risk ratio for each treatment group and the mean ± SEM was plotted as a bar 

chart. The infarct size determination was randomised and blinded. 

5.3.5 Human acute myeloid leukaemia HL60 cell studies 

5.3.5.1 HL60 cell culture 

The HL60 cell line were maintained in RPMI 1640 medium supplemented with L-Glutamine 

(2 mM) and 10 % heat‐inactivated FBS and antibiotics mix at 37 °C in a humidified incubator 

under 5 % CO2/95 % air. Cells were counted with nucleoCounter (Chemometec, Denmark) 
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and split in a 1:5 ratio every 2-3 days. Cells were incubated with: vehicle (Control) or 

increasing concentrations of: Sunitinib (0.1 – 10 μM), Sunitinib (0.1 – 10 μM) + IB‐MECA 

(1nM) or IB-MECA (0.01 nM – 10 µM) for 24 h. Both Sunitinib and IB-MECA were dissolved in 

dimethyl sulfoxide (DMSO) and the DMSO concentration was < 0.05 % (v/v) during the in 

vitro studies. 

5.3.5.2 Cell viability assessed by MTT assay 

HL60 cells were incubated in 100 µl of RPMI media in 96-well plates with the above 

indicated concentration of the drugs for 24 h at an initial cell density of 105 cells/ml. After 

each period of incubation 30 µl of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide (MTT) solution (5 mg MTT/ml PBS) was added and cells incubated for a further 24 

h, thus to make sure that the HL60 cells in suspension had adequate time to interact with 

the diluted MTT solution. A volume of 100 µl of DMSO was added to each culture and mixed 

by pipetting to release reduced MTT crystals from the cells. Relative cell viability was 

obtained by scanning with an ELISA reader (Anthos Labtech AR 2001 Multiplate Reader, 

Anthos Labtec Instruments, Austria) with a 480 nm filter. Results were expressed as a 

percentage of viable cells relative to untreated cells/control. Experiments were performed 

in triplicates and repeated ≥ 4 times. Cells treated with drugs were normalised against 

untreated cells, and IC50 values were calculated using the GraphPad prism program. 
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5.3.6 Western blot analysis for p-PKCα and p-MKK7 in heart tissue and p-

PKCα in HL60 cells 

5.3.6.1 Protein preparation of HL60 cells 

5x106 cells were incubated for 24 h with: Control, Sunitinib (7 μM), Sunitinib (7 μM) + IB‐

MECA (1 nM) or IB-MECA (1 nM). A concentration 7 µM Sunitinib was chosen to reflect the 

IC50 determined during the MTT assay. After treatment cells were harvested and washed 

with ice-cold phosphate buffered saline (PBS). The cell pellet was dissolved in ice-cold 

Protein Lysis Buffer (25 mM HEPES, 100 mM NaCl, 1 mM EDTA, 10 % v/v Glycerol, 1 % (v/v) 

Triton X-100, pH 7.4) and cells were lysed by homogenising with a syringe needle. After 

centrifugation at 14,000 rpm for 30 min at 4°C the supernatant was collected and the 

amount of protein extracted from cells was detected using NanoDrop-1000 (NanoDrop 

Products, USA) measuring the absorbance at 260nm. 

5.3.6.2 Protein preparation of Langendorff perfused heart samples 

A total 45-55 mg of the frozen left ventricular tissue was lysed in lysis buffer (NaCl 0.1 M, 

Tris base 10 µM, EDTA 1 mM, sodium pyrophosphate 2 mM, NaF 2 mM, β‐glycaophosphate 

2 mM, 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) (0.1 mg/ml, 1/1.5 

of protease cocktail tablet, pH 7.6) using a IKA Overtechnical T25 homogeniser (UK) at 

11,000 RPM. The supernatants were measured for protein content using NanoDrop from 

Nanoid Technology (USA). 
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5.3.6.3 Western blot analysis of HL60 cells and Langendorff perfused heart samples 

A total of 60 µg of protein was loaded to Any kDa Mini-Protean TGX Gel from BioRad (UK) and 

separated at 200 V for 60 min. After separation, the proteins were transferred to the Bond-P 

polyvinylidene difluoride membrane from BioRad (UK) by using the Trans-Blot Turbo transfer 

system from BioRad (UK) and probed for phosphorylated PKCα and Total PKC. The 

membranes were stripped by boiling and the PVDF membrane was used for total PKC. The 

relative changes in the p‐PKCα protein levels were measured and corrected for differences in 

protein loading as established by probing for total PKC. 

For p-MKK7 80 µg of protein was loaded on to 4–15 % Mini-Protean TGX and p-JNK 80 µg of 

protein was loaded on to Any KDa Mini-Protean TGX measurement, from BioRad (UK) and 

separated at 200 V for 60 minutes. After separation, the proteins were transferred to 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 form 

Phospho(Ser271/Thr275)-MKK7 (p-MKK7), Phospho(Thr183/Tyr185) -SAPK/JNK (p-JNK), and the 

total forms of MKK7 and JNK. The p-MKK7 blots were stripped by boiling and the PVDF 

membrane was used for total. 

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 vs 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). The phosphorylated antibody levels determination was randomised 

and blinded. 
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5.3.7 Real-time PCR assessment of miRNAs associated with myocardial injury 

and cancer in HL60 cells and heart tissue 

5.3.7.1 Extraction of miRNA from HL60 cells and Langendorff perfused heart 

samples 

The HL60 cells were cultured in 6-well plates - each well containing 106 cells - for 24 h with: 

Control, Sunitinib (7 μM), Sunitinib (7 μM) + IB‐MECA (1nM) or IB‐MECA (1nM). Langendorff 

perfused hearts were treated for 125 min with: Control, Sunitinib (1 µM), Sunitinib (1 µM) + 

IB-MECA 1nM or IB-MECA (1 nM). After treatment miRNA from cells/tissue was extracted 

with the mirVana miRNA Isolation Kit (Ambion, USA) according to the manufacturer´s 

instructions. The miRNA quantity and quality were detected by NanoDrop-1000 (NanoDrop 

Products, USA) measuring the absorbance at 260nm and 280 nm to ensure high RNA quality. 

5.3.6.2 Real time PCR of HL60 cells and Langendorff perfused samples 

A total of 500 ng miRNA was reverse transcribed into cDNA using primers specific for 

housekeeping reference RNA U6 snRNA and target miRNAs: hsa-miR-155, hsa-miR-15a, hsa-

miR-16-1, hsa-miR-1, rno-miR-1, hsa-miR-27a, hsa-miR-133a or hsa-miR-133b (all human 

hsa-miRNAs assays are compatible with rat samples as well) using the MicroRNA Reverse 

Transcription Kit according to the manufacturer's instructions. The reverse transcription PCR 

reaction was performed with the following setup: 1) 16 °C for 30 min, 2) 42°C for 30 min, 3) 

85 °C for 5 min and 4) ∞ at 4°C. The qRT‐PCR was performed using the TaqMan Universal 

PCR Master Mix II (no UNG) protocol on the 7500 HT Real Time PCR sequence detection 

system from Applied Biosystems (USA). A 20 μl reaction mixture containing 100 ng cDNA, 

specific primer assays mentioned and the TaqMan Universal PCR Master Mix II (no UNG) 
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was used in the qRT-PCR reaction in triplicates. A non-template control was included in all 

experiments. The real time PCR reaction was performed using the program: 1) 2 min at 

50°C, 2) 10 min at 95°C, 3) 15 s at 95°C, 4) 1 minute at 60°C. Steps 3) and 4) were repeated 

39 times. 

The microRNAs data analysis was calculated using the formula X0/R0=2CTR-CTX, where X0 is the 

original amount of target microRNAs (hsa-miR-155, hsa-miR-15a, hsa-miR-16-1, hsa-miR-1, 

rno-miR-1, hsa-miR-27a, hsa-miR-133a or hsa-miR-133b), R0 is the original amount of U6 

snRNA, CTR is the CT value for U6 snRNA, and CTX is the CT value for the target microRNAs 

(hsa-miR-155, hsa-miR-15a, hsa-miR-16-1, hsa-miR-1, rno-miR-1, hsa-miR-27a, hsa-miR-133a 

or hsa-miR-133b). Each individual primer set were calculated and bar charts were plotted 

with mean ± SEM. The mean of the control group was set as 1 for the miRNA study. 

5.3.7 Statistical analysis 

Results are presented as mean ± standard error of the mean (SEM). Significance of all data 

sets were measured the IBM SPSS program (USA) or GraphPad Prism version 5 (USA) as 

described in the figure legends. The following groups were compared during ANOVA 

analysis: Control versus Sunitinib, control versus Sunitinib + IB-MECA, control versus IB-

MECA or Sunitinib versus Sunitinib + IB-MECA. P-values <0.05 were considered statistically 

significant. 
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5.4 Results 

5.4.1 Sunitinib treatment injures the heart dramatically and results in 

decreased cardiac haemodynamic parameters HR and LVDP. 

To characterise the level of Sunitinib induced cardiotoxicity in the presence and absence of 

cardioprotective IB-MECA, the Langendorff perfused heart model was used. Hearts were 

perfused with: Control, Sunitinib (1 µM), Sunitinib (1 µM) ± IB-MECA (1 nM), or IB-MECA (1 

nM) and haemodynamic data was collected: LVDP, HR and CF measurements. The hearts 

were stabilised for a period of 20 min, followed by 125 min of drug perfusion (Tables 5.1-

5.3, Figure 5.1i-iii). 

The LVDP (mmHg) raw data demonstrated significant increases in LVDP in the IB-MECA 

group compared to control at time points 0-10 mins (Table 5.1). The HR (beats per min) and 

CF (ml/min/g) raw data did not demonstrate any significant differences (Tables 5.2 and 5.3). 

When the haemodynamic parameters were normalised the stabilisation period, 

haemodynamic assessment detected significant decreases in LVDP (% stabilisation period) 

throughout the 125 min perfusion of Sunitinib (1 µM), compared to control, at time points 

at time points: 30, 50, and 125 mins (Figure 5.1i and Table 5.1 of the appendices). While, 

Sunitinib + IB-MECA treatment had a tendency to attenuate the Sunitinib-induced decline in 

LVDP at time point 20 min (Figure 5.1i and Table 0.6 of the appendices). 

There was also a significant decline in HR (% stabilisation period) in the Sunitinib treatment 

group compared to control at time points 30, 35, 110 and 125 mins (Figure 5.1ii). However, 

at time points 110 and 125 minutes Sunitinib + IB-MECA treatment also produced significant 
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declines in HR compared to control. The specific time points where significant reductions in 

HR are listed in Table 0.7 of the appendices. 

CF (both raw data and % stabilisation period) was not significantly affected by Sunitinib, IB-

MECA or Sunitinib + IB-MECA treatment compared to control (Figure 5.1iii). 

Administration of Sunitinib (1 µM) for 125 min resulted in a significant increase in infarct 

size compared with non-treated hearts (Control: 8.47 ± 0.67 %; Sunitinib: 43.02 ± 3.15 %, 

p<0.001) (Figure 5.2). This demonstrated that Sunitinib treatment resulted in a drastic 

increase in cardiac injury and there is also an effect on the cardiac function of the heart as 

observed by a reduction in HR and LVDP. 
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Table 5.1: Left ventricular developed Pressure (mmHg) raw data values obtained during a 125 minute 

of langendorff perfusion. 

Groups: control (n=8), Sunitinib (1 µM) (n=9), Sunitinib (1 µM) + IB-MECA (1 nM) (n=9) or IB-MECA (1 

nM) alone (n=9). Data expressed at mean ± S.E.M. Statistics: A (p<0.05), AA (p<0.01) vs control. One-

way repeated measures ANOVA, Tukey post hoc. 

Time Control Sunitinib Sunitinib 
+ IB-MECA 

IB-MECA 

0 110.59 ± 4.13 114.05 ± 3.75 116.88 ± 3.09 138.59 ± 2.77AA 

5 120.75 ± 3.15 140.31 ± 7.73 123.33 ± 3.65 143.43 ± 3.92A 

10 118.40 ± 4.42 130.20 ± 9.31 125.26 ± 4.43 146.07 ± 6.15AA 

15 118.97 ± 5.03 117.49 ± 9.63 119.66 ± 5.07 139.93 ± 5.25 

20 115.22 ± 4.68 111.27 ± 7.77 119.83 ± 4.67 136.17 ± 5.31 

25 111.45 ± 3.83 112.66 ± 6.62 110.23 ± 5.67 129.16 ± 7.18 

30 115.33 ± 5.56 104.75 ± 7.19 110.46 ± 5.91 123.07 ± 4.58 

35 110.29 ± 5.14 106.12 ± 5.08 108.31 ± 7.19 126.07 ± 4.99 

50 107.36 ± 6.95 94.67 ± 7.44 102.83 ± 7.69 116.80 ± 3.61 

65 99.80 ± 6.84 88.98 ± 4.94 97.57 ± 6.98 106.61 ± 5.42 

80 96.43 ± 4.03 87.41 ± 4.29 91.65 ± 4.86 101.16 ± 6.08 

95 98.78 ± 3.97 87.86 ± 5.61 91.37 ± 4.19 99.59 ± 8.97 

110 91.51 ± 3.70 81.35 ± 4.42 89.26 ± 3.55 96.33 ± 10.56 

125 93.55 ± 2.20 76.94 ± 4.12 87.01 ± 3.41 95.62 ± 10.34 
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Table 5.2: Heart rate (bpm) raw data values obtained during a 125 minute of langendorff perfusion. 

Groups: control (n=8), Sunitinib (1 µM) (n=9), Sunitinib (1 µM) + IB-MECA (1 nM) (n=9) or IB-MECA (1 

nM) alone (n=9). Data expressed at mean ± S.E.M. One-way repeated measures ANOVA, Tukey post 

hoc. 

Time Control Sunitinib Sunitinib 
+ IB-MECA 

IB-MECA 

0 281.67 ± 17.53 280.00 ± 9.72 287.00 ± 11.55 262.86 ± 16.62 

5 280.00 ± 17.44 275.71 ± 12.44 284.00 ± 11.57 254.29 ± 14.31 

10 283.33 ± 22.74 265.71 ± 10.24 274.00 ± 14.67 258.57 ± 14.23 

15 285.00 ± 25.42 255.71 ± 9.68 277.00 ± 12.38 258.57 ± 14.61 

20 286.67 ± 24.93 252.86 ± 9.64 268.00 ± 15.38 258.57 ± 15.71 

25 283.33 ± 25.09 261.43 ± 11.41 270.00 ± 15.07 257.14 ± 14.85 

30 285.00 ± 24.78 252.86 ± 8.73 260.00 ± 14.99 255.71 ± 17.46 

35 293.33 ± 23.44 261.43 ± 7.97 260.00 ± 15.48 260.00 ± 13.74 

50 288.33 ± 25.83 250.00 ± 10.54 262.00 ± 15.70 271.43 ± 11.16 

65 285.00 ± 23.79 252.86 ± 11.48 254.00 ± 11.78 270.00 ± 11.30 

80 276.67 ± 26.33 251.43 ± 7.97 244.00 ± 8.49 267.14 ± 8.07 

95 266.67 ± 17.81 255.71 ± 8.12 244.00 ± 8.20 260.00 ± 14.53 

110 278.33 ± 22.17 258.57 ± 7.97 242.00 ± 9.00 248.57 ± 20.06 

125 280.00 ± 20.40 250.00 ± 6.67 241.00 ± 12.32 254.29 ± 21.19 
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Table 5.3: Coronary Flow (ml/min/g) raw data values obtained during a 125 minute of langendorff 

perfusion. 

Groups: control (n=8), Sunitinib (1 µM) (n=9), Sunitinib (1 µM) + IB-MECA (1 nM) (n=9) or IB-MECA (1 

nM) alone (n=9). Data expressed at mean ± S.E.M. One-way repeated measures ANOVA, Tukey post 

hoc. 

Time Control Sunitinib Sunitinib 
+ IB-MECA 

IB-MECA 

0 8.06 ± 0.51 7.19 ± 0.48 7.24 ± 0.54 8.58 ± 0.67 

5 7.70 ± 0.44 7.68 ± 0.34 7.26 ± 0.62 8.43 ± 0.69 

10 7.69 ± 0.51 7.94 ± 0.72 7.19 ± 0.70 8.36 ± 0.63 

15 7.71 ± 0.58 7.63 ± 0.84 7.38 ± 0.75 819 ± 0.59 

20 7.57 ± 0.64 7.22 ± 0.62 7.25 ± 0.76 8.01 ± 0.54 

25 7.44 ± 0.63 7.03 ± 0.57 6.90 ± 0.70 7.85 ± 0.63 

30 7.43 ± 0.65 6.49 ± 0.59 7.00 ± 0.69 7.71 ± 0.61 

35 7.37 ± 0.66 6.64 ± 0.62 6.83 ± 0.72 7.64 ± 0.58 

50 7.08 ± 0.63 6.57 ± 0.65 6.55 ± 0.75 7.32 ± 0.59 

65 6.67 ± 0.58 6.22 ± 0.61 6.28 ± 0.79 7.26 ± 0.56 

80 6.44 ± 0.56 6.07 ± 0.54 6.17 ± 0.68 6.90 ± 0.55 

95 6.37 ± 0.49 6.04 ± 0.62 6.24 ± 0.78 6.31 ± 0.48 

110 5.80 ± 0.58 5.85 ± 0.65 5.87 ± 0.77 6.09 ± 0.56 

125 5.68 ± 0.46 5.67 ± 0.61 5.48 ± 0.70 5.60 ± 0.55 
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Figure 5.1: Representation of haemodynamic data collected during Langendorff experiments over 

time relative to the stabilisation period. 

Drug treatment groups: Control (n=8), Sunitinib (1µM) (n=9), Sunitinib (1µM) + IB-MECA (1nM) (n=9) 

and IB-MECA (1nM) (n=9). i) Change in LVDP (mmHg), ii) Heart Rate (HR) and iii) Coronary flow (CF) 

(ml). Data expressed as mean ± S.E.M. Statistics: * = p<0.05. Groups compared during One-way 

repeated measures ANOVA, Tukey post hoc. Comparing: Control versus Sunitinib (A), Control versus 

Sunitinib + IB-MECA (B), Control versus IB-MECA (C) and Sunitinib versus Sunitinib + IB-MECA (D). 
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Figure 5.2: Representation of infarct size. 

Drug treatment groups: Control, Sunitinib (1 µM), Sunitinib (1 µM) + IB-MECA and IB-MECA (1 nM) 

(n=5). One-Way ANOVA statistical analysis: control vs Sunitinib AAA = p<0.001, control vs Sunitinib + 

IB-MECA B= P<0.05 and Sunitinib vs Sunitinib + IB-MECA DDD= p<0.001. 

5.4.2 Sunitinib-mediated cardiotoxicity is reduced by A3AR agonist IB-MECA 

The effect of the A3AR agonist on cardiac function and infarction was investigated. IB-MECA 

significantly counteracted Sunitinib’s effect on left ventricular developed pressure and 

coronary flow, although it could not protect against the bradycardic effect of Sunitinib. In 

addition, IB-MECA treatment alone did not induce any significant change in all studied 

parameters as compared to the control group (Figure 5.2). 

Co-administration of Sunitinib with IB-MECA significantly decreased infarct size compared to 

Sunitinib treated hearts (Sunitinib: 43.02 ± 3.15 %; Sunitinib + IB-MECA: 20.46 ± 3.13 %, 

p<0.001). Administration of IB-MECA alone did not significantly affect infarct size compared 
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to control (Control: 8.47 ± 0.67 %; IB-MECA (13.80 ± 3.40 %, p<0.05) (Figure 5.2). This 

demonstrates that IB-MECA is effective in attenuating Sunitinib induced cardiac injury. 

5.4.3 The miRNAs associated with myocardial injury: miR-1, miR-27a, miR-

133a and miR-133b in heart tissue 

The expression of miRNAs associated with cardiac injury were analysed in left ventricular 

heart tissue, collected after Langendorff perfusion with Sunitinib in the absence or presence 

of IB-MECA (Figure 5.3). There was a tendency for a decrease in miR-1 (Figure 5.3i) and miR-

27a (Figure 5.3ii). Plus, miR-133b (Figure 5.3iV) tended to increase, while miR-133a (Figure 

5.3iii) was significantly increased by Sunitinib treatment, compared to control. 

Co-administration of Sunitinib with IB-MECA significantly increased miR-27a 6.60 fold 

(p<0.001) (Figure 5.3ii), miR-133a 5.07 fold (p<0.001) (Figure 5.3iii) and miR-133b 23.38 fold 

(p<0.001) (Figure 5.3iV), compared to control hearts. There was also a tendency for 

Sunitinib + IB-MECA treatment to increase in miR-1 (Figure 5.3i), compared to control group, 

however this increase was not significant. 

All of the cardiac injury associated miRNAs expression levels were significantly increased 

after treatment with Sunitinib + IB-MECA compared to Sunitinib alone. Co-administration of 

IB-MECA with Sunitinib increased miR-1 7.98 fold (p<0.05) (Figure 5.3i), miR-27a 16.5 fold 

(p<0.01) (Figure 5.3ii), miR-133a 1.88 fold (p<0.001) (Figure 5.3iii) and miR-133b 4.96 fold 

(p<0.01) (Figure 5.3iV), compared to hearts treated with Sunitinib alone. 

There was a clear increase in all miRNAs in the Sunitinib + IB-MECA group compared to all of 

the drug treatment groups. 
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The miRNA levels were not altered in hearts treated with IB-MECA alone compared to 

control hearts in any of the microRNAs investigated (Figure 5.3). 
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Figure 5.3: qRT-PCR analysis of Langendorff hearts (n = 5-6). 

Treated with Control, Sunitinib (1 μM), Sunitinib (1 μM) + IB-MECA (1 nM) or IB-MECA (1 nM), 

showing miRNA expression of (i) miR-1, (ii) miR-27a, (iii) miR-133a and (iV) miR-133b. One-Way 

ANOVA statistical analysis: Control versus Sunitinib (AA = p<0.01), Control versus Sunitinib + IB-MECA 

(BB = p<0.01, BBB = P<0.001) and Control versus IB-MECA (C) and Sunitinib versus Sunitinib + IB-

MECA (D = P<0.05, DD = p<0.01, DDD = P<0.001). 

5.4.4 IB-MECA protects against Sunitinib-induced cardiotoxicity in 

Langendorff perfused hearts through MKK7-JNK and PKCα signalling 

pathways 

MKK7 is an important stress regulating protein in the heart (Liu et al. 2011). Previously, we 

have shown that the MKK7 pathway is down regulated by Sunitinib treatment (chapter 3 
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and 4). This was confirmed by western blot analysis of Control, Sunitinib (1 µM), Sunitinib (1 

µM) + IB-MECA (1nM). Sunitinib significantly reduces the p-MKK7 levels (Control: 1.00 ± 

0.05; Sunitinib: 0.35 ± 0.07, p<0.001). Co-treatment of Sunitinib with IB-MECA significantly 

attenuated this decrease in p-MKK7 levels (Sunitinib: 0.35 ± 0.07; Sunitinib + IB-MECA = 0.75 

± 0.06, p<0.01). 

Levels of p-MKK7 were not significantly altered after treatment with Sunitinib + IB-MECA 

and IB-MECA alone groups, compared to control. 

Figure 5.4: Western blot assessment of p-MKK7 levels in an isolated heart Langendorff model (n = 4). 

Statistics: Control versus Sunitinib (AAA = p<0.001), Sunitinib versus Sunitinib + IB-MECA (DD = 

P<0.01). 
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JNK is activated by MKK7 (Dhanasekaran and Reddy 2008). When activated, JNK interacts 

with the transcription factor c-Jun (Dérijard et al. 1994). This interaction results in a number 

of biological processes including cell proliferation, differentiation, apoptosis and cell survival 

(Chang and Karin 2001). As with MKK7, activation of JNK occurs in response to inflammatory 

cytokines and cellular stresses. JNKs can also be activated by growth factors and G protein 

coupled receptors (O’Hayre, Degese and Gutkind 2014). In the heart, JNK signalling has been 

shown to be affected by ischemia reperfusion injury and hypertrophy, however the exact 

role of JNK in the heart is controversial (Singh et al. 2016). 

Here, significant reductions in JNK phosphorylation levels when hearts are treated with 

Sunitinib (1 µM) (Sunitinib = 0.34 ± 0.05, Control = 1.00 ± 0.03, p<0.001), was found (Figure 

5.4). 

The addition of IB-MECA to Sunitinib attenuated this decrease in JNK phosphorylation, 

returning p-JNK levels to levels similar to control (Sunitinib = 0.34 ± 0.05, Sunitinib + IB-

MECA = 0.81 ± 0.08, p<0.01). 

IB-MECA alone treatment did not significantly alter p-JNK levels. 
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Figure 5.5: Western blot assessment of p-JNK levels in an isolated heart Langendorff model (n = 3). 

Statistics: Control versus Sunitinib (AAA = p<0.001), Sunitinib versus Sunitinib + IB-MECA (DD = 

P<0.001). 

PKCα has been previously shown to negatively regulate heart contraction (Braz et al. 2004, 

Lange et al. 2016). We investigated whether PKCα signalling contributed to Sunitinib 

induced cardiotoxicity. PKCα phosphorylation was significantly increased 1.68 fold in the 

Sunitinib (1µM) treatment group compared to control (p<0.05). IB-MECA significantly 

attenuated the increase in PKCα when co‐administered with Sunitinib by 0.9 fold (p<0.001) 

(Figure 5.7i). The p‐PKCα levels were normalised to total PKCα. 
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Figure 5.6: Western blot analysis showing fold change in p-PKC α. 

(i) Langendorff perfused heart tissue samples of groups: Control, Sunitinib (1 µM), Sunitinib (1 µM) + 

IB-MECA (1 nM) and IB-MECA (1 nM) normalised to total PKC (n=6). (ii) p-PKCα western blots of HL60 

cell sample groups: Control, Sunitinib (7 µM), Sunitinib (7 µM) + IB-MECA (1 nM) and IB-MECA (1 nM) 

normalised to total PKC (n=5). Statistical analysis: Control versus Sunitinib (A = p<0.05, AAA = 

p<0.001), Control versus Sunitinib + IB-MECA (BB = p<0.01), Control versus IB-MECA (CCC = p<0.001) 

and Sunitinib versus Sunitinib + IB-MECA (DD = p<0.01). 

5.4.5 Sunitinib and IB-MECA cause an Up-regulation of PKCα in HL60 cells 

PKCα has been shown to have a crucial role in cancer progression (Antal et al. 2015). The 

level of p‐PKCα expression was determined after 24 hours of treatment with: Control, 
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Sunitinib (7 µM), Sunitinib (7 µM) ± IB‐MECA (1 nM) and IB‐MECA (1 nM). The p‐PKCα levels 

in HL60 cells were significantly increased by administration of Sunitinib (7 µM) alone 1.7 fold 

(p<0.001) and by IB-MECA (1 nM) alone 2.67 fold (p<0.001), compared to Control. The co-

treatment of Sunitinib with IB‐MECA also demonstrated a significant increase in p‐PKCα 

levels compared to control. Interestingly, the combination of Sunitinib and IB-MECA did not 

attenuate the increase in PKCα phosphorylation, compared to Sunitinib (Figure 5.7ii). 

5.4.6 IB-MECA does not interfere the anti-cancer property of Sunitinib 

To investigate the anti-cancer properties of Sunitinib in combination with the 

cardioprotective agent, IB-MECA, HL60 cells were incubated with: Control or increasing 

concentrations of Sunitinib (0.1 – 10 μM), Sunitinib (0.1 – 10 μM) + 1 nM IB‐MECA or IB‐

MECA (0.01 nM – 10 µM). Cell viability was measured using the MTT assay method after 24 

h of treatment. Addition of Sunitinib to the HL60 cells significantly decreased cell viability in 

a dose dependent manner (p<0.001) (Figure 5.5i). The cell viability was decreased 

significantly from 102.0 ± 1.4 % in control to 43.2 ± 6.3 % (n=5‐7, p<0.001) when 10 μM 

Sunitinib was added to the cell culture. Co-administration of 1 nM IB-MECA did not 

attenuate the decrease in cell viability produced by Sunitinib treatment. The dose-response 

curve produced IC50-values of: Sunitinib: 8.4 ± 1.3 and Sunitinib + 1 nM IB-MECA: 7.0 ± 1.6). 

Administration of IB-MECA alone to HL60 cells did not have any impact on cell viability at 

low doses. However, addition of a high dose of 10 µM IB-MECA did decrease the cell 

viability significantly. Cell viability decreased significantly from 102.0 ± 1.4 % in control to 

72.1 ± 17.5 % (p<0.001) when treated with 10 µM IB-MECA (Figure 5.5ii). 
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Figure 5.7: Cell viability in % of HL60 cells. 

HL60 cells (105 cells/ml) incubated for 24 hours with control (Control) (n=7) or with increasing 

concentrations of i) Sunitinib (0.1 – 10 μM) (n=5) or Sunitinib (0.1 – 10 μM) + IB-MECA (1 nM) (n=6) or 

ii) IB-MECA (0.01 nM – 10 μM) (n=6). Statistics: Control versus Sunitinib (AAA = p<0.001), Control 

versus Sunitinib + IB-MECA (BBB = p<0.001) and Control verses IB-MECA (CCC = p<0.001). 

5.4.7 microRNAs associated with apoptosis and cancer development: miR-

15a, miR-16-1 and miR-155 

Treatment of HL60 cells with Sunitinib in the absence and presence of IB-MECA altered the 

expression of miRNAs associated with apoptosis and cancer development (Figure 5.6i-iii). 

The qRT-PCR analysis of miR-15a showed a slight increase in miR-15a expression in HL60 

cells treated with Sunitinib (1.4 fold) and Sunitinib ± IB-MECA (1.5 fold), compared to 
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Control. While, HL60 cells treated with IB-MECA alone produced a significant (0.4 fold) 

decrease in miR-15a expression compared to Control treated HL60 cells (Figure 5.6i). 

The expression of miR-16-1 was slightly increased (3.6 fold) in Sunitinib treated HL60 cells 

compared to control. Also, the co-administration of Sunitinib with IB-MECA significantly 

increased the miR-16-1 expression further 7.7 fold (p<0.05), compared to Sunitinib treated 

HL60 cells. Treatment with IB-MECA showed a significant 46.8 fold increase (p<0.001) in 

miR-16-1 expression compared to Control treated HL60 cells (Figure 5.6ii). The levels of miR-

155 was increased with a 2.3 fold in Sunitinib treated HL60 cells and co-administration of IB-

MECA did not alter this increase. Treating the HL60 cells with IB-MECA showed a significant 

82.2 fold increase (p<0.001) in miR-155 expression compared to Control (Figure 5.6iii). 

The expression of the miRNAs involved in apoptosis and cancer development were also 

analysed in left ventricular heart tissue, collected after Langendorff perfusion with control, 

and Sunitinib, IB-MECA and Sunitinib + IB-MECA (Figure 5.6iV-Vi). There was a tendency for 

a decrease in miR-15a expression in both Sunitinib alone and IB-MECA alone treatment 

groups compared to control. Co-administration of IB-MECA with Sunitinib upregulated miR-

15a expression significantly (71.3 fold) compared to Sunitinib (Figure 5.6iV). 

The miR-16-1 expression profile showed no significant changes in miR-16-1 levels in 

Sunitinib and IB-MECA alone groups. However, co-administration of Sunitinib with IB-MECA 

significantly increased the miR-16-1 expression 5.7 fold (Figure 5.6V). The miRNA, miR-155 

demonstrated a tendency for a reduction in expression in response to Sunitinib treatment, 

compared to control. There was also a significant 712.7 fold increase in miR-155 levels in the 

Sunitinib + IB-MECA co-treatment group compared to hearts treated with Sunitinib (Figure 

5.6Vi). 
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Figure 5.8: qRT-PCR analysis of HL60 cells (n=6). 

Treated with: Control, Sunitinib (7 μM) Sunitinib (7 μM) with IB-MECA (1 nM) and IB-MECA (1 nM), 

showing miRNA expression of (i) miR-15a, (ii) miR-16-1 and (iii) miR-155. qRT-PCR analysis of 

Langendorff hearts (n=5-6) treated with: Control, Sunitinib (1 μM), Sunitinib (1 μM) with IB-MECA (1 

nM) or IB-MECA (1 nM) showing miRNA expression of (iv) miR-15a, (v) miR-16-1 and (vi) miR-155. 

One-Way ANOVA statistical analysis: Control versus Sunitinib (A = p<0.05), Control versus Sunitinib + 

IB-MECA (BB = p<0.01, BBB = p<0.001) Control versus IB-MECA (CCC = p<0.001) and Sunitinib versus 

Sunitinib + IB-MECA (DD = p<0.01, DDD = p<0.001). 

5.5 Discussion 

5.5.1 Sunitinib induces cardiotoxicity in Langendorff perfused hearts 

Sunitinib has very effective antineoplastic activity; however adverse cardiac events have 
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been reported in the clinic. In some cases, the cardiotoxic effects of Sunitinib led to 

congestive heart failure or even sudden death (Khakoo et al. 2008, Uraizee, Cheng and 

Moslehi 2011). The mechanism of Sunitinib’s cardiotoxic action is thought to function 

through both the on-target inhibition of VEGF, receptors for platelet-derived growth factor, 

c-KIT and fms-like tyrosine kinase-3, and also the off-target inhibition of various other 

kinases essential in the maintenance of cardiac function (de Jesus-Gonzalez et al. 2012, 

Force and Kolaja 2011, Ghoreschi, Laurence and O'Shea 2009). 

In this study, the cardiotoxic impact of Sunitinib (1 µM) and the cardioprotective effect of IB-

MECA (1 nM) were measured during a 125 min Langendorff heart perfusion. The level of 

infarction caused by Sunitinib and the co-treatment of Sunitinib with IB-MECA was 

determined. Infarct size was significantly increased in hearts treated with 1 µM Sunitinib, 

compared to control hearts. This was also found in chapters 3 and 4, plus this is in 

accordance with other studies investigating the level of cardiotoxicity induced by Sunitinib. 

Existing evidence supports that Sunitinib treatment could result in left ventricular 

dysfunction and even heart failure in patients (Chu et al. 2007, Di Lorenzo et al. 2009, 

Henderson et al. 2013, Mooney et al. 2015). 

Chu et al. (2007) demonstrated that Sunitinib induces mitochondrial injury and 

cardiomyocyte apoptosis or necrosis, which resulted in symptoms of heart failure in 11% of 

patients studied (Chu et al. 2007). In addition, Force et al. suggest that inhibition of 

ribosomal S6 Kinase is responsible for Sunitinib induced cardiotoxicity as activates the 

intrinsic apoptotic pathway and causes ATP depletion (Force, Krause and Van Etten 2007). 

Loss of large numbers of myocytes within the heart reduces the efficiency of heart function 
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and leads to the symptoms of heart failure in patients (Mughal, Dhingra and Kirshenbaum 

2012). 

Loss of cardiac function can be identified by a reduction in haemodynamic parameters. In 

this study, haemodynamic parameters (LVDP, HF and CF) of rat hearts treated with 

Sunitinib, A3AR IB-MECA and the co-treatment of Sunitinib and IB-MECA were measured. 

After Sunitinib treatment there was a significant decrease in LVDP and HR compared to 

control. This is in accordance with other studies investigating the level of cardiotoxicity 

induced by Sunitinib (Henderson et al. 2013, Mooney et al. 2015). Chu et al. demonstrated a 

reduction in LVEF in patients treated with Sunitinib (Chu et al. 2007). Another characteristic 

indicator of cardiac injury is ventricular arrhythmia. Bello et al. demonstrated a dose 

dependent effect on QT interval and increased risk of ventricular arrhythmias in patients 

treated with Sunitinib by electrocardiogram assessment (Bello et al. 2009). This has been 

associated with Sunitinib’s inhibitory effect on AMPK and hERG, which leads to a reduction 

in cardiomyocyte depolarisation and repolarisation, which alters the beat pattern of the 

heart (Doherty et al. 2013). This study shows that Sunitinib produces cardiotoxic effects in 

rat hearts which results in left ventricular dysfunction, bradicardia and cardiomyocyte 

death. This supports existing evidence that Sunitinib treatment could result in left 

ventricular dysfunction and even heart failure in patients (Di Lorenzo et al. 2009). 

5.5.2 IB-MECA attenuates Sunitinib induced cardiotoxicity 

It is well established that A3AR stimulation produces cardioprotective results (Carr et al. 

1997, McIntosh and Lasley 2012). In rat hearts, IB-MECA has shown to be beneficial for 

ischaemia (Hochhauser et al. 2007). IB-MECA has been shown to have powerful 
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cardioprotective effects against cardiac damage caused by hypoxia, ischaemia/reperfusion 

injury and anti-cancer treatment with Doxorubicin (Shneyvays et al. 2002). 

In this chapter, the A3AR selective agonist IB-MECA attenuated Sunitinib-induced cardiac 

injury. The infarct size generated by Sunitinib treatment alone was significantly decreased 

by the co-administration of IB-MECA. 

The key cardioprotective functions mediated by IB-MECA to reduced ischaemia and infarct 

size are suggested to be through mitochondrial KATP (mtKATP) activation and reduces the 

level of ATP catabolism, which increases the O2 consumption and ATP production in 

mitochondria (Lipshultz et al. 2013, Sandhu and Maddock 2014). IB-MECA also inhibits 

mitochondrial swelling due to Ca2+ and prevents mitochondrial permeability transition pore 

(mtPTP) opening, through the inactivation of glycogen synthase kinase 3β (GSK3β) (Park et 

al. 2006). 

As previously mentioned, Sunitinib treatment reduces ATP levels in cardiomyocytes and 

produces mitochondrial dysfunction, which leads to high levels of apoptosis and necrosis in 

cardiomyocytes (Force, Krause and Van Etten 2007, Will et al. 2008). In a study by 

Emanuelov et al. 2010 Doxorubicin treatment lead to left ventricular dysfunction due to 

mitochondrial dysfunction and increased Ca2+ in the cytosol and mitochondria, causing a 

negative effect on contractility. Co-administration of IB-MECA attenuated the harmful effect 

of Doxorubicin by reducing Ca2+ overload in cardiomyocytes and restoring the function of 

the mitochondria (Emanuelov et al. 2010). Therefore, IB-MECA may have attenuated 

Sunitinib induced cardiotoxicity by inhibiting ATP, Ca2+ and mitochondrial dysfunction. 

However, by carrying out similar experiments to Emanuelov et al. it will be possible to 
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identify whether cardioprotection by IB-MECA elevates Sunitinib-induced cardiotoxicity 

through a similar mechanism. 

We show through activation of A3AR it is possible to protect the heart from the extensive 

damage caused by Sunitinib, thus highlighting A3AR, IB-MECA has noticeable 

cardioprotective abilities. However, the decrease in HR by Sunitinib alone was not 

attenuated by co-administration with IB-MECA. This highlights that further studies are 

required to determine why reductions in infarct size and LVDP by Sunitinib are attenuated 

by IB-MECA, but HR is not. 

However, the co-treatment of Sunitinib and IB-MECA did not significantly alter the 

haemodynamic parameters LVDP (after 20 minutes) and CF (for the whole drug perfusion) 

compared to control. Perhaps an increase in IB-MECA concentration and/or IB-MECA pre-

treatment would improve the levels of protection against Sunitinib induced cardiotoxicity. 

Tracy et al. demonstrated a post-occlusion, dose-dependent increase in LVDP and HR with 

the pre-treatment of IB-MECA (1 nM - 50 nM) in rabbit hearts (Tracey et al. 1998). 

Finally, the haemodynamic parameters and level of heart tissue infarction were not altered 

by IB-MECA treatment alone. Therefore, IB-MECA did not produce cardiotoxicity when 

administered alone. 

5.5.3 miRNA expression profiles are altered by Sunitinib and IB-MECA 

treatment 

miRNA profiling is progressively becoming an important screening tool to identify miRNAs 

that are responsive to drugs and environmental factors. In particular, the cardiac injury 

272 | P a g e 



associated miRNAs miR-1, miR-27a, miR-133a and miR-133b have been linked to 

cardiotoxicity (Sandhu and Maddock 2014). 

Both miR-1 and miR-133 regulate heart development and are dysregulated in patients with 

cardiac hypertrophy and heart failure (Care et al. 2007, Chen, Kerkela and Force 2008). Plus, 

mir-1, mi-133a and miR-133b are dysregulated in patients with cardiac hypertrophy, 

myocardial infarction and heart failure (Bostjancic et al. 2010). The miRNA miR-133a has a 

partial complimentary target site in the 3’UTR region of ether-a-go-go gene and a reduction 

in ether-a-go-go levels can cause the delayed myocyte repolarisation attributed to a long QT 

interval (Xiao et al. 2007). And miR-27a is important in the regulation of contractility within 

the heart (Nishi et al. 2011). 

In the present study, a significant increase in miR-133a was detected after Sunitinib 

treatment alone, compared to control. Previous studies measuring the levels of miR-133a in 

blood have shown significant increases of miR-133a in cases of myocardial infarction 

(Widera et al. 2011). This increase in miR-133a has also been suggested as a predictor for 

risk of death following acute coronary syndrome (Eitel et al. 2012). 

There was also a tendency for an increase in miR-133b levels in response to Sunitinib 

treatment, compared to control. Wang et al. (2013) found elevated levels of miR-133b 

detected in plasma after heart transplantation. This increase has been suggested as strong 

predictor of heart injury after transplantation as miR-133b was shown to be more sensitive 

than detecting elevated levels of cardiac troponin (cTnI), a well-established marker for 

cardiac injury (Wang et al. 2013). 
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Furthermore, miR1 and miR-27a levels were not significantly altered by Sunitinib compared 

to control. However, there is a tendency for a decrease in miR-27a levels. In chapter 3 miR-

27a levels are significantly decreased after Sunitinib treatment, compared to control. An 

evaluation of circulating miRNAs in patients with acute myocardial infarction revealed miR-

27a plasma levels to be significantly lower than that of healthy controls (Ovchinnikova et al. 

2015). This suggests that elevated levels of miR-133a and miR-133b, and low levels of miR-

27a could indicated Sunitinib-induced cardiotoxicity. 

IB-MECA treatment alone did not alter any of the cardiac injury associated miRNAs 

assessed. This suggests that IB-MECA alone does not caused cardiac injury at a molecular 

level. 

Interestingly, this study reveals an increase in miR-27a expression in Sunitinib + IB-MECA 

treated hearts when compared to Sunitinib, and both miR-133a and miR-133b are increased 

in Sunitinib + IB-MECA treated hearts when compared to Sunitinib. The expression of miR-1 

was not altered when the hearts were treated with Sunitinib or IB-MECA. The increase in 

miR-27a, miR-133a and miR-133b in the co-treatment group indicates that the combination 

of Sunitinib and IB-MECA induces stress at a cellular miRNA level, however, in the perfused 

heart tissue IB-MECA does attenuate Sunitinib-induced cardiotoxicity. Further investigations 

to unravel the difference in miR-27a, miR-133a and miR-133b expression levels during 

Sunitinib and IB-MECA treatment are required in order to clarify this. This could be carried 

out by assessing the effect of Sunitinib and IB-MECA treatment on the predicted protein 

targets of these miRNAs. 
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5.5.4 Sunitinib inhibits MKK7/JNK signalling and this inhibition was blocked 

through activation of the A3AR by IB-MECA 

MKK7 and JNK are stress signalling proteins of a MAPK pathway (Ho et al. 2006). This 

pathway regulates essential in processes within cells, such as apoptosis, proliferation and 

cell survival (Wada et al. 2004). Such processes are of high interest in the heart as the heart 

is highly susceptible to toxicity and injury (Kalogeris et al. 2012). We have shown that 

Sunitinib produces detrimental effects on cardiac function and structure. Understanding the 

signalling pathways involved in Sunitinib-induced cardiotoxicity and the cardioprotection 

exerted by IB-MECA could lead to the production of effective agents which can attenuate 

Sunitinib-induced cardiotoxicity. 

Here we have shown that phosphorylation levels of both MKK7 and JNK are significantly 

reduced in left ventricular tissue by Sunitinib. This is in accordance with previous data 

showing the potent inhibiting effect Sunitinib has on MAPKs (Faivre et al. 2007, Fenton et al. 

2010). 

Inhibition of MKK7 activity has been shown to have adverse effects on the heart. Liu et al., 

(2011) demonstrated that mice developed characteristic symptoms of heart failure after the 

deletion of MKK7 and pressure overload to the heart in mice (Liu et al. 2011). This highlights 

the importance of MKK7 in the development of heart failure. Also, Chowdhury et al., 

demonstrated that under hypertrophic stress the level of MKK7 phosphorylation is 

decreased, which has a direct effect on a number of key potassium channel genes. This 

results in delayed repolarisation which lead to ventricular arrhythmias (Chowdhury et al. 

2017). Therefore, decrease in p-MKK7 levels in response to Sunitinib treatment could be 
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linked to irregular regulation of potassium channels within the left ventricular myocytes and 

this may have resulted in the decline in HR and LVDP. However, the relationship between 

MKK7 activation and potassium channels needs to be investigated for a conclusion to be 

drawn. 

Furthermore, Sunitinib is an anti-angiogenic agent. In endothelial cells, JNK phosphorylation 

levels have been shown to be high during angiogenesis, suggesting that JNK is involved in 

angiogenesis (Ramo et al. 2014, Roskoski 2007). Inhibition of JNK has previously been shown 

to reduce endothelial cell proliferation and angiogenesis (Uchida et al. 2008). Disruption of 

angiogenesis in the heart can cause contractile dysfunction and impaired cardiac growth, 

which contributes to the progression of heart failure (Shiojima et al. 2005). 

Direct inhibition of JNK has also been shown to lead to apoptosis. In cardiomyocytes, JNK 

inhibitory mutants which reduced levels of p-JNK and have been shown to cause a 

significant increase in NO-mediated and ischaemia-reperfusion induced apoptosis (Andreka 

et al. 2001, Dougherty et al. 2002). Loss of JNK activity through targeted disruption of the 

gene encoding MEK kinase 1 resulted in a greater apoptotic response when embryonic stem 

cells were under hyperosmolar stress (Yujiri et al. 1998). This suggests that JNK produces 

anti-apoptotic effects. 

Interestingly, in our study, the co-treatment of an A3AR agonist, IB-MECA attenuated 

Sunitinib-induced inhibition of both MKK7 and JNK phosphorylation back to levels similar to 

control hearts. Adenosine receptors have been shown to activate MAPK signalling pathways 

through the recruitment of Rho-family GTPases (Abbracchio et al. 2001, Schulte and 

Fredholm 2003). In the heart, the administration of adenosine was shown to increase levels 

of MAPK proteins such as JNK during ischaemia reperfusion (Haq, Clerk and Sugden 1998). 
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IB-MECA has been shown to induce cardioprotective effects through an increase in the 

activation of many signalling pathways including: PKC‐δ, NF‐κβ, iNOS, MAPK/ERK and 

Akt/PI3 (Hussain et al. 2014) 

Contrastingly, other studies have demonstrated increased p-MKK7 and p-JNK levels in 

response to stresses in the heart (Cook, Sugden and Clerk 1999) . There has been much 

controversy over the exact mechanism of the MKK7-JNK signalling pathway, many groups 

have shown upregulation to occur as a result of cytotoxicity/injury. Whereas other groups 

have shown downregulation of the MKK7-JNK pathway to be associated with cellular 

dysfunction and hypertrophy in the heart. Generally, greater signalling of MKK7 or JNK has 

been linked to heart disease with ventricular remodelling, while inhibition of JNK is 

associated with hypertrophic stress and different disease phenotypes (Haq, Clerk and 

Sugden 1998). 

MAPK signalling is very complex and much information on the regulation of MAPKs is yet to 

be discovered. It could be possible that the MKK7-JNK pathway is activated by several 

routes. Potentially, Sunitinib could inhibit the predominant MKK7-JNK activation route. 

Whereas the A3AR could activate the MKK7-JNK pathway via a less potent route. Further 

investigation into drug-protein interactions and the functional properties are required to 

know this for certain. 

Furthermore, in chapter 4, elevations in ASK1/MKK7/JNK phosphorylation were found in 

Sunitinib + NQDI-1 treated hearts, which also produced declines in haemodynamic function 

and increased infarct size compared to control. Therefore, these findings suggest a balance 

of MKK7-JNK activation is found in healthy tissue and this balance is required to reduce 

cardiac injury in response to Sunitinib treatment. 
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5.5.5 PKC is involved in Sunitinib-induced cardiotoxicity and Sunitinib’s anti-

cancer properties 

PKCα is a stress signalling which has been shown to have a pro‐apoptotic effect in the heart 

(Steinberg 2004). PKC is regulated by many membrane-bound receptors, such as receptor 

tyrosine kinases and adenosine receptors (Lemmon and Schlessinger 2010, Parker and 

Murray‐Rust 2004). Elevated levels of the protein PKCα in cardiomyocytes contribute to the 

onset of cardiomyopathy, which can lead to heart failure (Lange et al. 2016). 

The present study identified an increase in p‐PKCα levels in hearts treated with Sunitinib (1 

μM) compared to control. This suggests that PKCα is involved in Sunitinib‐induced 

cardiotoxicity, as co‐administration with IB‐MECA attenuated this increase in p‐PKCα. 

Previous studies have linked the TKI, Imatinib, with increased levels of PKC phosphorylation 

in the heart (Steinberg 2004). This suggests that PKC is involved in TKI induced 

cardiotoxicity. 

Interestingly an increase in PKC phosphorylation and a decrease in AMPK phosphorylation 

has been associated with myocardial infarction (Kong et al. 2012). Kong et al. demonstrated 

that in controls and groups with low levels of infarction both AMPK and PKC 

phosphorylation remain at a similar level. This group suggested that myocardial infarction 

directly correlates with an increase in PKC phosphorylation and not AMPK phosphorylation 

(Kong et al. 2012). This was confirmed in the results of the present study where Sunitinib, a 

known inhibitor of AMPK, has also been shown to significantly increase infarct size also 

significantly increases PKCα phosphorylation. 

278 | P a g e 



           

   

              

            

              

              

Furthermore, Braz et al., 2004 revealed that by deleting the PKC gene in mice it was possible 

to protect against heart failure during pressure overload (Braz et al. 2004). AMPK has also 

been shown to inhibit activation of PKC (Ceolotto et al. 2007). We demonstrate a significant 

decrease in PKCα phosphorylation with the co‐administration of Sunitinib with IB‐MECA 

compared to Sunitinib alone treatment. This could suggest that IB-MECA protects the heart 

against Sunitinib-induced cardiotoxicity by inhibiting PKC phosphorylation induced by 

Sunitinib. It is also possible that IB-MECA raised AMPK levels, however, this was not 

investigated in this study. 

5.5.5.1 PKC signalling in HL60 cells 

A3AR receptors have been shown to be differentially expressed in various tissue types (Zhou 

et al. 1992). In cancer cells A3ARs are linked to Gi protein, adenylate cyclase (AC) and Gq 

protein, phospholipase C‐γ (PLCγ). A3AR cause inhibition of AC, reduces cAMP production 

and inhibits PKA. A3AR also activates of PLCγ, which increases inositol 1, 4, 5-trisphosphate 

(IP3) and diacylglycerol production which activates PKC (Tsuchiya and Nishizaki 2015). PKC 

has been shown to have an important role in cancer progression (Atten et al. 2005, Kazi, 

Kabir and Rönnstrand 2013). Interestingly, in many cancers PKC regulation is low due to the 

presence of a loss of PKC function mutation (Antal et al. 2015). 

In the present study, the phosphorylation levels of PKCα were measured in HL60 cells 

treated with Control, Sunitinib (7 µM), Sunitinib (7 µM) + IB-MECA (1 nM) and IB-MECA (1 

nM) alone. Phosphorylation levels of PKCα were significantly increased in all groups 

compared to control. Our findings are in agreement with previous findings published in Teng 

et al. 2013 where treatment of HL60 cells with 0.1‐1 μM Sunitinib resulted in increased 

phosphorylation of PKCα in a Sunitinib dose dependent manner. This increase in p‐PKCα was 
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shown to facilitate Sunitinib-induced G1 cell cycle arrest and increased pro-apoptotic 

molecule levels. This was confirmed by the addition of the PKCα specific inhibitor Go6976 

which attenuated both the increased PKCα phosphorylation and abolished AML 

differentiation (Teng et al. 2013). 

In the present study, addition of IB‐MECA to HL60 cells significantly increased p‐PKCα 

expression levels. Previously, IB-MECA has been shown to increase p-PKC levels in 

macrophages (Forte et al. 2011). Activation of PKCα has been to inhibit the growth of 

pancreatic tumours (Detjen et al. 2000). Whereas, inhibition of PKCα promotes proliferation 

and cell survival (Scaglione‐Sewell et al. 1998). In addition, PKCα is known to suppress non‐

small cell lung cancer (NSCLC) cell cycle progression (Oliva et al. 2008), colon cell 

proliferation (Gwak et al. 2009) and repress Kirsten rat sarcoma viral oncogene homolog 

(KRAS) tumorigenesis (Hill et al. 2014). It is therefore believed that PKCα is a tumour 

suppressor (Antal et al. 2015). 

There was an increase in p‐PKCα levels detected in HL60 cells and a decrease in heart tissue 

treated with IB-MECA alone compared to control. This could be due to the differential 

expression of PKC and A3AR in cardiac myocytes and cancer cells. This could allow for a 

successful adjunct therapy, such as IB-MECA, which is both cardioprotective and exhibit 

anti-cancer effects. 

These findings indicate that IB-MECA attenuates Sunitinib induced cardiac injury through a 

reduction in p‐PKCα levels compared to Sunitinib in heart tissue. Interestingly, in HL60 cells 

Sunitinib alone and Sunitinib co‐treatment with IB‐MECA increase p‐PKCα levels compared 

to control. IB‐MECA alone increases p‐PKCα levels further, highlighting the anti‐cancer 

properties of IB-MECA. 
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5.5.6 A3AR activation by IB-MECA does not alter the anti-cancer properties of 

Sunitinib 

A3AR activation plays a key role in adenosine-induced inhibition of tumour cell proliferation 

(Fishman et al. 2000). This study demonstrated a concentration dependent decline in HL60 

cell viability with Sunitinib and IB-MECA. A study by Fishman et al. 2002 showed that 

melanoma cells treated with 0.01 µM IB-MECA resulted in inhibition of cell proliferation 

through the Wnt pathway (Fishman et al. 2002). Furthermore, studies by the team of Sang 

Kook Lee have shown the adenosine analogue thio-Cl0IB-MECA to inhibit HL60 cell 

proliferation and A549 human lung cancer cells (thio‐Cl0IB‐MECA dose up to 25 μM for HL60 

and 20 μM for A549) through G0/G1 cell cycle arrest and in higher concentrations induce 

apoptosis (thio‐Cl0IB‐MECA dose up to 50 µM for HL60 and 80 μM for A549 cells) (Kim et al. 

2008, Lee et al. 2005), and again the involvement of Wnt pathway was implicated in 

adenosine-induced proliferation inhibition. 

It is imperative to assess the effects of adjunct therapies, aiming to reduce the cardiotoxic 

effect, on the anti-tumour effects. Many cardioprotective strategies fail to demonstrate 

beneficial effects in clinical or in vivo settings as they interfere or reduce with the anti-

cancer effects and thereby reduce the clinical utility (Granger 2006). 

Collectively, our data shows that co-treatment with the A3AR agonist IB-MECA can 

ameliorate the cardiotoxic effects of Sunitinib without affecting its anticancer properties. 

These finding warrant further investigations in the relevant animal models of cancer. 
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5.5.7 Cancer specific miRNA expression profiles alter with Sunitinib and IB-

MECA treatment 

5.5.7.1 miR-15a and miR16-1 

The tumour suppressor miRNAs miR-15a and miR-16-1 are involved in the regulation of 

multiple myeloma cell proliferation processes. This is achieved by the blocking of AKT 

serine/threonine‐protein‐kinase, ribosomal‐protein‐S6, MAPKs and NF‐κβ ‐activator 

MAP3KIP3 (Roccaro et al. 2009). The miR-15a/16 cluster has been proposed as a potential 

biomarker for poor patient survival rate in colorectal cancer tissue, where the expression of 

miR-15a and miR-16-1 is downregulated when compared with adjacent colorectal mucosa 

(Xiao et al. 2014). In gastric adenocarcinoma miR-15a and miR-16-1 expression is 

downregulated, and ectopic expression of miR-15a and miR-16-1 suppress cell proliferation 

through G0/G1 cell cycle arrest (Kang et al. 2015). 

However, in a recent study by Papadopuolos et al. 2015, renal cancer Caki-1 cells were 

treated with 2 μM of Sunitinib and the expression of the miR‐15a/16 cluster was quantified. 

After 36 and 48 h of Sunitinib treatment the Caki-1 cells showed an increase in miR-15a 

expression and after 24 and 48 h a decrease in miR-16 expression was observed when 

compared to Caki-1 cell not treated with Sunitinib (time point 0 h) (Papadopoulos, Yousef 

and Scorilas 2015). In our study exposing HL60 cells to 7 μM of Sunitinib for 24 hours we 

observe a tendency for an increase in miR-16-1 expression, but no significant change was 

identified in miR-15a expression. This could suggest that Sunitinib could increase cellular 

apoptosis by increasing the expression of miR-16-1, though further investigation is still 

required to determine whether Sunitinib induces apoptosis in HL60 cells. 

282 | P a g e 



               

               

             

            

               

              

The role of miR-15a and miR-16-1 in HL60 cells during IB-MECA treatment seems complex as 

the miR-15a expression is decreased while the miR-16-1 is increased when compared to 

Control. In the perfused heart tissue both miR-15a and miR-16-1 levels increase with 

Sunitinib and IB-MECA co-treatment compared to Sunitinib alone, indicating a potential role 

for miR-15a and miR-16-1 in Sunitinib-induced injured cardiac tissue. Hullinger et al. 2012 

previously demonstrated that miR-15 is linked to cardioprotection (Hullinger et al. 2012). 

Interestingly, von Brendenstein et al. found the expression of miR-15a to be inversely linked 

with PKCα, as PKCα translocates to the nucleus in malignant renal tumours and binds the 

pri-miRNA-15a directly and thereby supress the expression of miR-15a (von Brandenstein et 

al. 2012). Therefore, an increase in p‐PKCα should result in a decrease in miR‐15a levels. 

However, the present study did not fully demonstrate this. In HL60 cells, there was a 

significant increase in p‐PKCα levels in cells treated with Sunitinib, the co‐treatment of 

Sunitinib with IB-MECA and IB-MECA alone. However, in HL60 cells there was a tendency for 

an increase in miR-15a expression levels with Sunitinib and the co-treatment of Sunitinib 

with IB-MECA. Interestingly, IB-MECA treatment on HL60 cells did produce reduced the level 

of miR-15a expression. This suggests that IB-MECA (concentration of 1 nM) could enhance 

HL60 cell proliferation at a through the suppression of miR-15a. However, phosphorylation 

levels of PKCα, a tumour suppressor were significantly increased after IB‐MECA treatment. 

This suggests that in HL60 cells there is not an inverse relationship between PKCα and miR‐

15a. However, it would be interesting to investigate this in a renal cell carcinoma line. 

Plus, in perfused heart tissue, a similar pattern to von Brendenstein et al. was found when 

hearts were treated with Sunitinib alone and IB‐MECA alone, in both cases p‐PKCα levels 

were increased and miR-15a levels had a tendency for a reduction. However, administration 
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of Sunitinib in co‐treatment with IB‐MECA did not follow this pattern as both p‐PKCα and 

miR-15a levels were significantly increased. As previously hypothesised, perhaps the 

combination of Sunitinib and IB-MECA produces miRNA detection false positives in heart 

tissue or potentially there could be dysfunctional miRNA regulation occurring. 

5.5.7.2 miR-155 

The oncogene miR-155 was the first miRNA transcript shown to possess tumour-promoting 

activity (Eis et al. 2005) and miR-155 has been linked to diverse tumour types including B-

cell lymphoma, and breast, lung and pancreatic adenocarcinoma (Eis et al. 2005, Iorio et 

al. 2005, Lee et al. 2007, Yanaihara et al. 2006). A case study by Merhautova et al. 2015 

found that expression levels of miR-155 was decreased and linked to Sunitinib resistance 

development in metastatic renal cell carcinoma (Merhautova et al. 2015). In our study, 

there was a tendency for an increase in miR-155 expression in HL60 cells with all of the drug 

treatment groups, compared to Control. However, only IB-MECA alone treatment produced 

a significant increase. This could suggest that IB-MECA reduces Sunitinib resistance. 

Furthermore, Kluiver et al. 2006, found the expression of mature miR-155 from primary 

miR-155 (pri-miR-155) in both Hodgkin’s lymphoma cell lines and normal lymphoid tonsillar 

B cells was strongly linked to activation by PKC (Kluiver et al. 2006). pri-miR-155 possesses 

oncogenic abilities in lymphoma and leukaemia by associating with the oncogene c myc 

(Tam et al. 2002). In the present study, IB‐MECA increased phosphorylation levels of PKCα 

and also increased miR‐155 levels. This and the pattern identified between p‐PKCα and miR‐

15a could suggest that IB-MECA (1 nM) treatment may enhance HL60 cell proliferation and 

that PKCα may not be involved in HL60 cell death, as IB‐MECA did not reduce cell viability at 

a concentration of 1 nM. It is possible that complex signalling in HL60 cells results in a 
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reduction in cell viability in response to Sunitinib alone and Sunitinib in co-treatment with 

IB-MECA. 

Furthermore, in perfused heart tissue treated with Sunitinib and IB-MECA increased 

expression of miR-155 when compared to Sunitinib treatment alone. The miR-155 has been 

shown to have a key role in cardiac hypertrophy (Sayed et al. 2007, Seok et al. 2014). Most 

research investigating miR-155 in relation to cardiac injury suggests that circulating levels 

are increased in response to myocardial infarction (Corsten et al. 2012, Matsumoto et al. 

2012). Contrastingly, we show a tendency for a decrease in miR-155 in response to Sunitinib 

treatment. Plus, this study shows an increase in miR-155 levels in response to the co-

treatment of Sunitinib with IB-MECA. This increase in miR-155 suggests that the 

combination therapy causes some level of cardiac damage, which was established through 

infarct size assessment and a decline in HR. However, miR-155 levels were reduced in hearts 

treated with Sunitinib alone. This could suggest that miR-155 is not involved in Sunitinib 

induced cardiotoxicity. This study highlights that miRNA signalling is very complex and many 

factors contribute changes miRNA in profiles. More in-depth investigation is required to 

generate a succinct conclusion. 

5.6 Conclusion 

As hypothesised this study reveals that A3AR activation improves myocardial survival by 

attenuating Sunitinib-induced myocardial injury without interfering with the anti-tumour 

efficacy of Sunitinib. Investigating the specific A3AR associated signalling pathways and 

miRNAs involved in Sunitinib-induced cardiotoxicity, as well as further investigating PKC and 

the MKK7 pathway signalling, could be important in the development of adjunctive 

cardioprotective chemotherapy treatment. 
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6. General Discussion 

6.1 Summary of thesis findings 

This thesis identified the level of Sunitinib-induced cardiotoxicity in 3 month, 12 month and 

24 month Sprague-Dawely rat hearts, using the ex vivo Langendorff heart technique. Then, 

investigated the involvement of cardiac injury specific miRNAs and the stress-signalling 

protein MKK7 in Sunitinib-induced cardiotoxicity. Following this, the cardioprotective 

properties of the adjunct agents: NQDI-1 and IB-MECA were assessed. The effect NQDI-1 

and IB-MECA exerted on these cardiac injury specific miRNAs and proteins of the MKK7 

pathway were then measured. Next, the anti-cancer properties of Sunitinib in co-treatment 

with the adjunct therapies was measured by MTT assay and cancer specific miRNA 

expression levels in HL60 cells. Following this, the involvement of the signalling protein PKCα 

was investigated after treatment with Sunitinib in the presence or absence of the adjunct 

therapies, in both left ventricular tissue and HL60 cells. 

Overall, the results from this thesis indicated that Sunitinib treatment causes adverse effects 

on the haemodynamic properties and the tissue of the heart. This was demonstrated by the 

ex vivo Langendorff perfused heart model. In Langendorff perfused, 3, 12 and 24 month old 

Sprague-Dawely rat hearts, Sunitinib induced significant declines in LVDP and increased 

infarct size, after 125 minute perfusion with 1 µM Sunitinib compared to control hearts of 

the same age group. The 3 and 12 month group also produced significant declines in HR 

during Sunitinib treatment. The cardiotoxic effects of Sunitinib detected in this thesis were 

expected as Sunitinib is known to cause adverse cardiovascular events. It has been 

postulated that Sunitinib produces adverse cardiovascular events through both on-target 
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inhibition of VEGF, PDGFR, c-KIT and FLT-3; and also off-target inhibition of various other 

kinases essential in the maintenance of cardiac function (Force and Kolaja 2011, Telli et al. 

2008). 

Previously, the level of cellular dysfunction induced by Sunitinib was demonstrated by 

Cohen et al. in human stem cell derived cardiomyocytes (Cohen et al. 2011). Cohen et al. 

(2011) found Sunitinib-induced cardiotoxic responses such as cellular ATP depletion, release 

of lactate dehydrogenase and induction of apoptosis in a dose-dependent manner. In 

addition to this, Rainer et al. (2012) showed that Sunitinib decreased sarcomere shortening, 

intracellular Ca2+ levels and an increase in ROS generation in isolated human myocardium 

(Rainer et al. 2012). As well as this, concentrations of 1 and 10 µg/ml Sunitinib produced 

significant decreases in developed force in isolated human myocardium after 30 minutes of 

treatment (Rainer et al. 2012). This implies that decreases in myocardium contraction 

developed force could be linked to the clinical cases of Sunitinib-induced impairment of left 

ventricular function (Chu et al. 2007). 

These studies are in accordance with the data established in this thesis, as we have 

demonstrated Sunitinib-induced increases in infarct size and declines in LVDP, which could 

have resulted from the suggested increased levels of ROS and apoptosis by Cohen and 

Rainer et al. ROS has previously been shown to induce apoptosis (Simon, Haj-Yehia and Levi-

Schaffer 2000), however, interestingly, ROS has also been implicated in the impairment of 

cardiac contractile function by altering Ca2+ cycling (Katori et al. 2006). Perhaps, Sunitinib 

induced ROS generation could have been responsible for the declines in LVDP identified in 

this thesis. Future studies should investigate this by the use of a ROS detection kit such as 

the CellROX kit by ThermoFisher, which uses cell-permeant reagents which when oxidised 
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by ROS produce a colour (either deep red, orange or green depending on the kit purchased) 

which can be detected by a plate reader. This would identify the level of ROS generated by 

Sunitinib treatment in cardiomyocytes. 

Overall, the 24 month group produced the largest reduction in LVDP levels in response to 

Sunitinib treatment. This was an expected outcome as declines in myocardial function are 

associated with ageing (Linton et al. 2015). The heart has a high-energy demand and 

through ageing essential cellular processes including autophagy become dysfunctional 

(Peart et al. 2014). This leads to an accumulation of impaired cellular machinery, such as 

mitochondria. The loss of functioning mitochondria reduces the level of ATP available for 

cardiomyocytes and reduces heart function, both of which have been linked to age 

associated heart failure (Moyzis, Sadoshima and Gustafsson 2015). It is likely that Sunitinib 

caused a further depletion in ATP levels in aged hearts through the inhibition of AMPK 

which lead to a decline in left ventricular function (Force, Krause and Van Etten 2007). 

Younger hearts have more efficient autophagy mechanisms and cell death pathways, which 

prevent the accumulation of dysfunctional mitochondrial and protein signalling (Zhao et al. 

2010). Therefore, data from this thesis could be a result of the aged rat heart experiencing 

enhanced levels of dysfunctional cell death pathways. This may have reduced the level of 

stress induced apoptosis and therefore produced the smallest level of infarction of all the 

age groups tested. Investigations which determine Sunitinib-induced changes in cell death 

pathway, autophagy and mitochondria function, in models of ageing are required to confirm 

this. Future studies should consider using an apoptosis/ necrosis detection assay, such as 

terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL), which labels double-

strand DNA breaks generated during apoptosis (Loo et al. 2011). There are also 

288 | P a g e 



commercially available kits used for the detection of autophagy, for example, an autophagy 

detection kit by Abcam labels autophagic vacuoles with a fluorescent dye. 

Another explanation could be that aged animals have a reduced healing ability, due to lower 

levels of myofibroblasts in their heart tissue compared to younger animals. This reduction in 

myofibroblasts reduces the ability of the heart to form collagen-based scaring or fibrosis, 

response to ischaemia-reperfusion injury, which resulted in a smaller infarct size compared 

to younger animals (Bujak et al. 2008). However, with this reduced level of infarct the older 

animals still developed more sever cardiac complications that their younger counterparts. 

This was thought to be due to lack of tensile strength where tissue injury had occurred, 

compared to younger animals (Bujak et al. 2008). 

In addition, significant declines in HR were found in the 3 month and the 12 month groups 

during Sunitinib treatment compared to their control groups. This was expected as 

Henderson et al. (2013) showed a dose-dependent decline in HR (Henderson et al. 2013). 

Plus, several studies have reported the inhibitory effect of Sunitinib on hERG ion channels 

(Cohen et al. 2011, Doherty et al. 2013). Inhibition of hERG has been implicated in long QT 

syndrome in patients and bradycardia (Gintant 2011). In addition, Cohen et al. (2011) also 

found a reduction in cardiomyocyte beat rate followed by the prolongation of field-potential 

duration at concentrations as low as 1 µM Sunitinib. This reduction in beat rate and field-

potential duration was believed to resemble QT-prolongation, which is a known clinical 

cardiotoxic response to Sunitinib in patients (Shah, Morganroth and Shah 2013), (Bello et al. 

2009). Cohen et al. (2011) demonstrated that this prolongation of field-potential could have 

occurred due to reductions in Na+ and Ca2+ cycling and the inhibition of hERG voltage-gated 

ion channel (Cohen et al. 2011). Also, as previously mentioned, at a cellular level, Sunitinib 
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has been shown to block the cardiac hERG channel which is associated with long QT 

syndrome (Doherty et al. 2013). Therefore, the decline in HR associated with the Sunitinib 

treatment of 3 and 12 month rat hearts was an expected result. 

However, in this thesis, Sunitinib treatment did not induce a decline in HR in the 24 month 

group. This could be due the 24 month group having a much lower heart rate at baseline 

than in the control hearts, as shown in chapter 3. Commonly, ageing of the heart has been 

associated with an accumulation of compensatory cardiomyocyte remodelling in the heart. 

Over time, the heart enlarges in response to increase in haemodynamic load, neuro-

hormonal and pro-hypertrophic signalling (Gosse 2005). Remodelling fundamentally begins 

with molecular changes, such as altered cell growth regulation and protein expression. This 

results in impairment of myocardial performance and causes a lower heart rate (Lupón et al. 

2015). Therefore, Sunitinib treatment may not have affected HR because the HR was already 

low at baseline. In addition, as n=3 for the control 24 month group, there may have been a 

high amount of variation in the HR data. Therefore, it would be important to repeat this 

experiment, increase the n-number and investigate whether HR is altered in response to 

Sunitinib treatment in aged animals, when there is a lower level of variation. 

However, there were no significant differences in CF compared to control in any of the age 

groups. Interestingly, previous studies, such as Henderson et al. (2013) demonstrated a 

dose-dependent declines in CF in response to Sunitinib perfusion under ischaemic 

conditions (Henderson et al. 2013). Perhaps, if ischaemic conditions were used in the future 

our data would better reflect that of published data. 

TTC staining revealed that 3 month rat hearts were more susceptible to tissue infarction 

following Sunitinib treatment. The 12 month group and the 24 month group also produced a 
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significant increase in infarct size, however, their infarct sizes were significantly lower than 

the 3 month group’s. This could have occurred due to higher levels of reversible myocardial 

damage found in the 3 month and 12 month group by TTC staining. Younger tissue has been 

shown to be vulnerable to Sunitinib induced toxicity (Oeffinger et al. 2006). However, these 

effects were shown to diminish over time (Dubois et al. 2011). It has been suggested that 

younger animals have the ability to tolerate significantly larger infarct sizes without 

producing left ventricular dysfunction and other symptoms of coronary heart failure 

compared to aged animals (Gould et al. 2002). 

In addition, the 24 month age group produced a significantly smaller infarct size compared 

to the 12 month group. As previously mentioned, this could be due to a lack of functioning 

cell death pathways. Future studies should consider using an apoptosis/ necrosis detection 

assay or an autophagy detection such as those previously mentioned (Barth et al. 2010, 

Krysko et al. 2008). 

In addition to identifying changes in the haemodynamic properties of the heart during and 

after Sunitinib treatment, real-time PCR was used to quantify the expression patterns of 

miRNAs associated with myocardial injury (miR-1, miR-27a, miR-133a and miR-133b) in 

response to Sunitinib Langendorff perfusion. A significant decrease in miR-27a, but 

significant increases in miR-133a and miR-133b were found in 3 month old animals treated 

with Sunitinib compared to control. In contrast to our study, Rainer et al. (2012) carried out 

microarray analysis of miRNAs associated with cardiac damage from HL-1 cells (a mouse 

cardiac muscle cell line) (Rainer et al. 2012). During this study, Rainer et al. investigated both 

miR-1 and miR-133b and many other miRNAs which were not assessed in this thesis. They 

did not find any changes in miRNA expression levels in response to Sunitinib (0.1 and 1 µM) 
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treatment. We identified that the expression pattern of miR-1 was not altered by Sunitinib 

treatment in any age group tested, which is in accordance with the findings of Rainer et al. 

However, we did find miR-133b levels to change in response to Sunitinib treatment. To our 

knowledge no other group has investigated cardiac injury specific miRNA in response to 

Sunitinib treatment. Therefore, only limited comparisons can be made. Our findings suggest 

that changes to the level of cardiac specific miRNAs miR-27, miR-133a and miR-133b could 

indicate Sunitinib-induced cardiotoxicity. 

Interestingly, data from this thesis found that miR-133a and miR-133b expression pattern 

varies in the respective age groups. Other studies have shown changes in miRNA expression 

patterns to be associated with ageing (Chen et al. 2010). This highlights the different 

mechanisms which occur in the heart of rats at different ages. This suggests that age could 

affect how the heart responds to Sunitinib treatment. However, a more detailed 

investigation into miRNA expression patterns, perhaps considering additional miRNAs 

associated with cardiac injury, such as those listed by Chen et al. 2017 (Chen et al. 2017). It 

would also be interesting to investigate the targets of the miRNAs to test if the miRNA levels 

correlate with the regulation of target proteins in response to Sunitinib treatment. 

Moreover, this study identified changes in MKK7 mRNA and protein phosphorylation levels 

in response to Sunitinib perfusion. MKK7 is a stress signalling molecule which is responsible 

for the regulation of a variety of vital cellular processes (Wada et al. 2004). The 3 month 

group showed a decrease in both MKK7 mRNA and p-MKK7 levels compared to control. Liu 

et al. increased the susceptibility of mice to heart failure by knocking out the MKK7 gene 

specifically in the heart (Liu et al. 2011). The inhibitory effect of Sunitinib on MKK7 in 3 

month rats may have been responsible for the increased level of infarct size demonstrated 
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by TTC staining compared to the older groups assessed. However, further investigation is 

required to identify whether MKK7 directly effects tissue necrosis. Studies using siRNA 

which target MKK7 and over expression of MKK7 in cardiomyocytes treated with Sunitinib 

should provide an insight into this. 

The 12 month group treated with Sunitinib did not have an altered level of MKK7 mRNA. 

However, p-MKK7 levels were significantly increased compared to control. Increased levels 

of activated MKK7 have been previously shown to increase levels of cellular apoptosis and 

produce characteristic phenotypes of cardiac hypertrophy and cardiomyopathy (Mitchell et 

al. 2006, Wang et al. 1998). This increase in p-MKK7 could be responsible for the increased 

level of cardiac dysfunction identified by decreases in LVDP and HR and the significant 

increase in infarct size compared to control. 

The 24 month group treated with Sunitinib showed an increase in MKK7 mRNA but a 

significant decrease in p-MKK7 levels compared to control. An increase in MKK7 mRNA 

suggests an increase in total MKK7 protein levels. However, we did not see a difference in 

total MKK7 levels between the age groups. This could suggest degradation of MKK7 protein 

is occurring due to dysfunctional protein degradation in the aged hearts, as MKK7 mRNA 

levels were altered. Dysfunctional protein regulation and signalling is associated with ageing 

(Martinez-Vicente, Sovak and Cuervo 2005). It is possible that dysfunctional protein 

regulation could have resulted in cardiac remodelling which gave the lower baseline HR in 

the 24 month group. Sunitinib treatment may have caused myocardial damage and a 

reduction in LVDP to the 24 month rat hearts because of the reduction in p-MKK7. However, 

this does not explain why the 24 month group had a smaller infarct size. Perhaps other 

signalling pathways are involved in Sunitinib-induced cardiotoxicity in ageing models. 

293 | P a g e 



Further studies into cellular signalling and Sunitinib-induced cell death, such as those 

previously described are required to fully characterise the differences in cardiotoxicity 

identified in this study. 

In summary, the first results chapter of this thesis (chapter 3) has shown that Sunitinib at a 

concentration of 1µM produces significant cardiotoxic responses in the isolated rat heart 

Langendorff perfusion model and by changes in cardiac injury specific miRNAs. 

Chapter 3 also demonstrated the involvement of MKK7 in Sunitinib-induced cardiotoxicity. 

Therefore, potential cardioprotective adjunct therapies, as well as, intracellular proteins and 

cardiac injury specific miRNAs were subsequently investigated. 

Small molecule inhibitors of MKK7 are not commercially available. Therefore, for the first 

investigation into adjunct therapy we used an ASK1 inhibitor, NQDI-1 (Chapter 4). ASK1 is an 

upstream regulator of MKK7. This project demonstrated that NQDI-1 reduced the level of 

infarct generated by Sunitinib. However, the reduction in the haemodynamic properties of 

the heart induced by Sunitinib were not attenuated. In previous studies, NQDI-1 has been 

shown to attenuate ischaemic injury in kidneys and the brain (Eter 2013, Hao et al. 2016). 

However, the exact mechanism of protection has not been established and NQDI-1 has not 

been previously studied in the heart. Previous studies, have however, investigated the level 

of cardioprotection generated through inhibition of ASK1. It has been found that inhibition 

of ASK1 or the deletion of the ASK1 gene reduces levels of apoptosis and non-apoptotic 

cardiomyocyte cell death (Liu et al. 2009, Liu and Min 2002, Watanabe et al. 2005). 

Therefore, the attenuation of Sunitinib-induced heart tissue infarction by NQDI-1 could be 

due to inhibition of ASK1 mediated cell death. However, to confirm this, further 

investigation into the cellular mechanisms responsible for the cardioprotection exhibited by 
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NQDI-1 is required. Future studies should consider investigating other ASK1 inhibitors 

(Fujisawa 2017) along-side apoptosis detection assays to identify whether this is an effective 

method for cardioprotection against Sunitinib-induced cardiotoxicity (Krysko et al. 2008). 

In addition, the pharmacodynamic properties of NQDI-1 have not previously been 

investigated. Future investigation into the effect of NQDI-1 on cardiomyocyte repolarisation 

and its effect on ion channels are required to determine if NQDI-1 has a direct impact on 

cardiac functions such as HR and LVDP. The use of a variety of concentrations of NQDI-1 

should also be investigated, as lower concentrations of NQDI-1 may provide a more 

satisfactory level of cardioprotection. 

Unexpectedly, NQDI-1 treatment increased levels of MKK7 mRNA levels, phosphorylation 

levels of: MKK7, ASK1 and JNK, when co-administered with Sunitinib. This suggests that the 

combination of Sunitinib and NQDI-1 has an unknown effect on the MKK7 pathway at a 

transcriptional, translational and post-translational level. It could be possible that the two 

drugs interact with each other, and prevent the inhibition MKK7 transcription and the 

proteins of the MKK7 pathway. As previous studies have not investigated the effect of 

NQDI-1 on MKK7 and cardioprotection, further investigation is necessary. 

To obtain a greater understanding of the involvement of the MKK7 pathway in Sunitinib 

induced cardiotoxicity, a variety of agonists and antagonists of the MKK7 pathway should be 

used in future work. 

Due to the limitations of NQDI-1 as a cardioprotective agent identified in this thesis, such as 

NQDI-1 was unable to attenuate Sunitinib-induced LVDP decline; a second cardioprotective 

agent was investigated. IB-MECA had previously been shown to alleviate the adverse 
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cardiovascular effects of Doxorubicin (Emanuelov et al. 2010). Therefore IB-MECA was 

chosen to determine whether Sunitinib-induced cardiotoxicity could be attenuated (chapter 

5). Data from this thesis revealed that IB-MECA successfully reduced infarct size, attenuated 

the reduction in LVDP and HR. Altered: the expression profiles of miRNAs associated with 

cardiotoxicity, as well as the phosphorylation levels of MKK7, JNK and PKCα. 

Phosphorylation of MKK7, JNK and PKCα were returned to levels similar to control hearts. As 

mentioned in chapter 1, Sunitinib has an inhibitory effect on MAPK signalling pathways 

(Faivre et al. 2007). This was confirmed when the phosphorylation levels of the proteins of 

the MKK7 pathway were significantly reduced in response to Sunitinib treatment, which 

suggests that Sunitinib inhibits this pathway. However, biochemical investigations into 

protein-protein interactions and drug binding are required to determine whether Sunitinib 

directly interacts with the proteins of the MKK7/JNK/ASK1 pathway. 

Interestingly, adenosine receptors also have the ability to initiate the regulation of MAPK 

and PKC signalling pathways. The use of an A3 adenosine receptor agonist has been 

previously shown to regulate these pathways (Borea et al. 2015). The cardioprotective 

effect of IB-MECA could have been generated through the initiation of MAPK and PKC 

signalling regulation, returning the protein phosphorylation levels back to control levels. 

However, the results in this thesis do not provide a clear explanation as to why 

cardioprotection occurs. Investigations into apoptosis, ROS generation and pathways 

involved in cardiac hypertrophy and cardiac injury should be considered in future work to 

identify the exact mechanism of cardioprotection by IB-MECA (Seddon et al. 2007). 

PKCα involvement in response to stresses in the heart is more established than the MKK7 

pathway. Previous studies identified that an increase in PKCα phosphorylation indicated 
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cellular stresses which may lead to apoptosis (Braz et al. 2004), data from this thesis 

confirms this. PKCα phosphorylation levels were increased by Sunitinib treatment. However, 

numerous isozymes of PKC have also been shown to be involved in cardiac function (Budas, 

Churchill and Mochly-Rosen 2007). Further studies into other PKC isozymes and the level of 

apoptosis generated by Sunitinib should be investigated. 

Furthermore, data in this thesis revealed that expression levels of miRNA involved in 

myocardial injury and cancer changed in response to Sunitinib, NQDI-1 and IB-MECA 

treatment. However, the miRNA expression patterns did not clearly identify the role of 

these miRNAs in Sunitinib induced cardiotoxicity, plus the role of miRNA levels during 

cardioprotection by NQDI-1 and IB-MECA is unclear. An explanation for this could be that 

each of the miRNAs investigated have many targets (Thum et al. 2007). Therefore, it is 

difficult to determine which miRNA-mRNA interactions occur during the myocardial injury 

generated by Sunitinib and the cardioprotection by NQDI-1 and IB-MECA. Future work, 

should investigate a larger panel of miRNAs and use methods of miRNA inhibition or 

activation to act as positive and negative controls. This would provide a clearer indication of 

miRNAs which could act as predictors on Sunitinib induced cardiotoxicity. 

In addition, this thesis investigated the anti-cancer properties of Sunitinib and the named 

adjunct therapies by assessing the cell viability of a cancer cell line (HL60 cell). The MTT 

assay demonstrated that Sunitinib has a negative effect on the cell viability the HL60 cancer 

cell line. As Sunitinib is an anti-cancer therapy, this result was expected. Sunitinib has 

previously been shown to induce G1 cell cycle arrest and apoptosis in acute myeloid 

leukaemia using the trypan blue staining method to identify viable cells (Teng et al. 2013). 

Sunitinib induces leukaemia cell growth arrest and apoptosis through the inhibition of FLT3, 
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which is commonly over expressed in cases of acute myelogenous leukaemia (Nishioka et al. 

2009). 

ASK1 inhibitor, NQDI-1 decreased the level of viable cells compared to control at high 

concentrations. ASK1 has previously been shown to have oncogenic properties (Luo et al. 

2016). Inhibition of ASK1 by high concentrations of NQDI-1 may have resulted in the 

reduction in cell viability detected compared to control. 

NQDI-1 also decreased the number of viable cells when co-treated with Sunitinib, compared 

to Sunitinib alone. The combination of NQDI-1 enhanced the anti-cancer properties of 

Sunitinib in HL60 cells. This could be through the inhibition of oncogenic ASK1 (Luo et al. 

2016). Luo et al. (2016) demonstrated that ASK1 is over expressed in pancreatic cancer cells 

and ASK1 promotes proliferation and stimulates tumorigenic capacity. However, many 

studies have concluded that activation of ASK1 is required to induce cancer cell apoptosis 

(Park et al. 2016, Zhang et al. 2016). Findings in this thesis confirm that inhibition of ASK1 

enhances Sunitinib-induced reductions in HL60 cell viability. However, due to the 

controversial findings in the literature, further investigation is required to determine the 

exact mechanism which caused NQDI-1 to increase Sunitinib’s anti-cancer properties and to 

identify whether these enhanced anti-cancer properties would occur in patients treated 

with Sunitinib. 

Similarly, IB-MECA decreased the number of viable cells compared to control. This was an 

expected result as A3AR agonists have been previously shown to induce apoptosis in HL60 

cells (Kohno et al. 1996). However, the exact mechanism of IB-MECAs ability to reduce HL60 

cell viability needs to be further investigated. In co-treatment with Sunitinib, IB-MECA did 
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not increase the number of viable cells, compared to Sunitinib alone. Therefore, IB-MECA 

did not enhance or diminish Sunitinib’s anti-cancer properties. 

The MTT assay involves the reduction of tetrazolium into formazan by dehydrogenases 

which occur in mitochondria. This suggests that the MTT assay is measuring mitochondrial 

activity. Therefore, the MTT assay reflects the metabolic activity of living cells (Gerlier and 

Thomasset 1986). There is a potential for negative data as viable cells can have low 

metabolic rates. Therefore, to accurately assess cell viability, a more appropriate technique 

for measuring cell viability, such as trypan blue staining, which only stains the cells with 

damaged cell membranes and are therefore not viable. Therefore, additional studies which 

investigate apoptosis and necrosis should be carried out to confirm our data. 

Finally, this thesis investigated the effect of Sunitinib treatment on the expression patterns 

of miRNAs associated with cancer (miR-15a, miR-16-1 and miR-155) in both cancer cells and 

cardiac tissue. The same miRNAs responded differently to Sunitinib ± IB-MECA and IB-MECA 

alone in the HL60 cancer cell line and rat left ventricular cardiac tissue. IB-MECA alone 

demonstrated cancer properties through the altering of miRNA profiles. For example, the 

increase in miR-155 is related to tumour promoting pathways (Eis et al. 2005). However, IB-

MECA treatment alone caused a significant decrease in HL60 cell viability. The investigation 

of miRNA associated with cancer demonstrate that the anti-cancer properties of Sunitinib 

and IB-MECA alone are unclear. Future studies should clarify this by the use of specific 

miRNA inhibitors, siRNAs and models of miRNA overexpression. 
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6.2 Study limitations and future prospects 

6.2.1 The use of Sprague-Dawley rats as models of ageing 

The rodents used in this thesis did not suffer from comorbidities such as diabetes or 

hypertension and are therefore less likely to develop cardiovascular events compared to 

elderly human patients (Dai and Rabinovitch 2009). A more accurate model of ageing, such 

as a model with a comorbidity common in humans is required to properly reflect the toxicity 

of Sunitinib in elderly patients. Though, this study highlights through successful ageing, the 

small population who surpass the standard life expectancy, without comorbitities, could 

have a lower incidence of cardiotoxicity than younger patients (Capitanio et al. 2016). 

6.2.2 Sunitinib induced cardiotoxicity and adjunct therapy 

Sunitinib does cause cardiotoxicity, however, further investigation is required to establish 

the exact mechanism of Sunitinib induced cardiotoxicity and the cardioprotective action of 

NQDI-1 and IB-MECA. The current study observed a significant reduction in the 

haemodynamic function of the heart following Sunitinib administration. This study is very 

limited as it only demonstrates that decline in haemodynamic function could be due to the 

loss of functional cardiomyocytes, as demonstrated by TTC staining. This is very simplistic, as 

there are many contributing factors which may have resulted in a Sunitinib-induced 

reduction in HR and LVDP. Therefore, investigation into Sunitinib’s ability to inhibit ion 

channels such as hERG, calcium signalling and ATP regulation within cardiomyocytes, is 

required to identify if Sunitinib has a direct effect on heart contraction and therefore HR and 

LVPD. 

300 | P a g e 



Also, in the three age groups assessed, differing levels of Sunitinib-induced cardiotoxicity 

were experienced. It is important to investigate this further to identify whether ageing can 

elicit a protective response in the heart by measuring changes to cell survival mechanisms 

over time in an aging model. 

Additionally, this research demonstrated that Sunitinib does not alter CF. However, Sunitinib 

has been shown to induce vasoconstriction which in the clinic can lead to hypertension 

(Kappers et al. 2012). This highlights that a further parameter is required to measure the 

effect of Sunitinib on the vasculature of the heart. The use of technology such as video 

capillary microscopy with frame-to-frame analysis or laser Doppler anemometry could be 

used to identify changes in flow velocity of coronary flow. This would give a more refined 

technique to determine the effect of Sunitinib on CF and predict hypertension of the heart. 

Moreover, only one concentration of Sunitinib and of each of adjunct therapies investigated 

was used in the Langendorff study. The reason for this was to reduce the number of animals 

used for this project. According to the National Centre for the Replacement, Refinement and 

Reduction of Animals in research (NC3Rs) if animal experimentation data is publicly 

available, an experiment should not be repeated. Therefore, after a review of existing 

literature, 1 µM of Sunitinib, 2.5 µM of NQDI-1 and 1nM of IB-MECA was used (Volynets et 

al. 2011, Henderson et al. 2013, Maddock, Mocanu and Yellon 2002, Doherty et al. 2013). 

However, this is a limitation as a dose response of each compound would have produced a 

suitable IC50 value, giving an optimal concentration of each drug. To limit the number of 

animals used for a dose response, assessment of cardiomyocyte viability could be used in 

the future to establish ideal drug concentrations for both measurement of cardiotoxicity 

and cardioprotection of Sunitinib and adjunct therapies. 
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6.2.3 Using the Langendorff system 

The use of an acute Langendorff perfusion experiment allows an indication to the potential 

adverse cardiovascular side effects of Sunitinib and whether adjunct therapies could reduce 

cardiotoxic effects (Guo, Dong and Guthrie 2009). 

However, as the Langendorff uses an isolated heart, it is difficult to predict if the same 

response would be found in vivo or in the clinic (Bell, Mocanu and Yellon 2011). Denervation 

and the absence of peripheral factors, such as hormones, reduces the ability for this 

technique to mimic physiological conditions in vivo. This could be compensated for by the 

addition of neurotransmitters and other factors, in a controlled manor to the perfusion 

buffer. 

In physiological conditions, the blood is in a constant state of homeostasis in regard to 

oxygen and nutrient contents. The oxygen supply is closely monitored by chemoreceptors 

located on the carotid body (Prabhakar and Semenza 2015). Detection of changes in oxygen 

levels results in the induction of neuronal transduction signals which regulate breathing. 

However, the Langendorff is unable to simulate this response. It is therefore important to 

use Langendorff experiments to initially predict cardiotoxicity. In vivo models should be 

used to give a more physiologically relevant model of Sunitinib induced cardiotoxicity. 

However, the Krebs-Henseleit buffer (KHB) used for Langendorff isolated heart perfusion 

has a low oxygen carrying capacity. A PO2 of >500mmhg is required to adequately oxygenate 

the heart. In this project the O2 levels were not monitored, but the solution was 

continuously gassed. Closer monitoring of O2 levels could help reduce variation between 

Langendorff experiments and also represent physiological conditions more accurately. 
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Also, the KHB has low oncotic pressure as it does not contain proteins which mimic plasma 

proteins. It has been shown that low oncogenic pressure and oxygen-carrying capacity of 

KHB results in high CF levels, which severely limits the coronary reserve. This means CF 

values from Langendorff experiments do not reflect normal physiological CF rates. 

The metabolism of the heart is also altered by the use of KHB. KHB uses glucose as its main 

metabolic substrate, whereas the heart uses mostly fatty acids for oxidative metabolism. 

Addition of fatty acids and proteins such as albumin to the perfusate buffer would allow the 

buffer to better represent physiological conditions. As a result of KHB variation from blood 

plasma, myocardial function reduces by approximately 10 % per hour (Bell, Mocanu and 

Yellon 2011). 

In addition to this, the experiments using the Langendorff technique in this thesis were 

found to produce infarction (<10 %). This is a limitation of the Langendorff technique as 

healthy control subjects receiving a placebo in the clinic or in vivo, would not produce 

cardiac damage. The main reported causes of cardiac ischaemia or infarction in control 

hearts during the Langendorff isolated heart assay are warm ischaemia or exposure to air 

during the dissection and isolation process (Olejnickova et al. 2015). The animal has ceased 

breathing during the dissection process and as the heart utilises oxygen at a rapid rate, 

hypoxia can occur in its tissue. To reduce this the heart was submerged in ice cold KHB, 

which reduces the rate of respiration in the heart (Bell, Mocanu and Yellon 2011). However, 

a small level of ischaemia is inevitable. The heart is also vulnerable to contusion injuries 

during the dissection and cannulation stages of the assay, which have the potential to result 

in infarction. 
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As well as this, the use of the crystalloid KHB increases the likelihood of hypoxia during 

perfusion. Schenkman et al. 1999 reported that the use of KHB can reduce arterial PO2 levels 

from 600 to 100 mmHg, which resulted in declines in LVDP and also myoglobin O2 saturation 

(Schenkman et al. 1999). In addition, it has been shown that while bubbling KHB with 95% 

O2 and 5% CO2 produces an initial PO2 of >450 mmHg, this is not sustainable as KHB has a 

very low oxygen-carrying capacity (Schenkman et al. 2003). This was shown to result in 

heart O2 saturation levels of lower than 72 %, where in physiological conditions this is 

approximately 90% (Schenkman et al. 2003). The lack of KHB’s O2-carrying ability has the 

potential to induce hypoxic mechanisms within the heart which have been shown to result 

in tissue infarction during Langendorff perfusion (Zhao et al. 2010). 

Furthermore, this project only investigated the acute dosing of Sunitinib via a 125 minute 

Langendorff perfusion. In the clinic, Sunitinib can be administered for many weeks at a 

time. Using a longer Langendorff perfusion times for Sunitinib treatment would be more 

relevant as it would allow the cardiotoxic side effects to manifest over time. 

It is important to note that the Langendorff isolated heart model is ideal for producing a 

preliminary prediction as to whether a compound may produce adverse cardiovascular 

effects at the preclinical stages of drug development. However, In vivo studies are required 

to give insight into the effect of whole body physiology. Also, animal studies are more 

relevant to clinical conditions as dosing can mimic that of the clinic. Therefore, it is 

important that in vivo studies are carried out in the future to determine the level of clinical 

relevance the data presented in this thesis possesses. 
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6.3 Concluding remarks 

In conclusion, the results within this thesis have produced novel data, which identified that 

Sunitinib caused cardiotoxicity in all age groups. Also, the current data highlighted that 

cellular signalling mechanisms produced by Sunitinib-induced cardiotoxicity are very 

complex. Inhibition of the MKK7 pathway and activation of PKC could be involved in 

Sunitinib-induced cardiotoxicity. However, MKK7 signalling was altered by ageing. The use 

of miRNAs as markers for Sunitinib-induced cardiac injury and anti-cancer capabilities were 

inconclusive. However, both NQDI-1 and IB-MECA possess promising cardioprotective 

properties and did not diminish the anti-cancer properties of Sunitinib. 

Importantly, the first results chapter of this thesis (chapter 3) has shown that Sunitinib at a 

concentration of 1µM produces significant cardiotoxic responses in the isolated rat heart 

Langendorff perfusion model and by changes in cardiac injury specific miRNAs. To our 

knowledge, no other study has compared the cardiotoxic effects of Sunitinib treatment in 

different age group. The majority of published clinical studies have investigated the 

occurrence of Sunitinib-induced cardiotoxicity in patients with an average age of above 54 

years old (Chu et al. 2007, Khakoo et al. 2008, and Telli et al. 2008). In addition, other 

studies have solely concentrated on one age group. For example, DuBois et al. (2008) 

investigated the pharmacokinetic properties of Sunitinib in paediatric patients aged 10-20 

years. This group found the pharmacokinetic properties of Sunitinib to be comparable to 

that of adults. However, DuBois et al. also found that 17% of the Sunitinib treated paediatric 

patients developed cardiotoxic effects and required treatment for cardiac symptoms 

(DuBois et al. 2008). Very few studies have investigated the cardiotoxic side effects Sunitinib 

produces, which could be due to only 1.5% of patients receiving Sunitinib treatment are 
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paediatric or young adults (Prakash et al. 2005). Perhaps the occurrence of juvenile 

Sunitinib-induced cardiotoxicity is under reported because of this. This thesis revealed for 

the first time that Sunitinib produces different cardiac responses in different age groups and 

cardiac injury specific miRNA expression patterns. This implies that patients of different age 

groups may benefit from the monitoring of different cardiac symptoms during Sunitinib 

chemotherapy and also different levels of cardioprotective adjunct therapy. It is therefore 

important that further research is conducted to investigate the cardiotoxic effect of 

Sunitinib treatment in patients of all ages, so that effective monitoring and cardioprotective 

treatment can be developed and eventually administered in the future. 

Chapter 3 also demonstrated the involvement of MKK7 in Sunitinib-induced cardiotoxicity. 

Sunitinib produced an inhibitory effect on the p-MKK7 levels of the 3 month group. As a 

MKK7 is a stress signalling molecule, it is likely that inhibition of MKK7 by Sunitinib enhances 

the level of cardiomyocyte cell death. This could have resulted due to the additional 

cardiotoxic properties of Sunitinib, such as Sunitinib’s ability to reduce cellular ATP levels 

and induce apoptosis (Cohen et al. 2011). Liu et al. (2011) demonstrated that deprivation of 

MKK7 in cardiomyocytes lead to heart failure following pressure over load (Liu et al. 2011). 

Perhaps, this could explain why the 3 month group produced the largest infarct size, as the 

12 month and 24 month groups did not experience inhibition of MKK7. The involvement of 

MKK7 in Sunitinib-induced cardiotoxicity has not been previously investigated therefore, 

further studies which investigate the differences in MKK7 signalling between different age 

groups could be important for determining the exact mechanisms of Sunitinib-induced 

cardiotoxicity. It is likely, that much more complicated mechanisms occur during Sunitinib 
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treatment. It would therefore be interesting to investigate additional cellular signalling 

pathways. 

Furthermore, this thesis revealed that the adjunct therapies NQDI-1 and IB-MECA both 

demonstrated a level of cardioprotection. NQDI-1 attenuated Sunitinib-induced infarction 

and IB-MECA attenuated both Sunitinib-induced infarction and declines in haemodynamic 

function. However, NQDI-1 did not attenuate Sunitinib-induced declines in haemodynamic 

function. As NQDI-1 is a relatively new compound, there are no published studies which 

investigate interactions with other proteins. It could be possible that NQDI-1 has off target 

interactions which may have resulted in the declines in LVDP and HR identified in this thesis. 

Perhaps other inhibitors of ASK1 would produce and more effective level of 

cardioprotection against Sunitinib-induced cardiotoxicity. Thioredoxin is a potent 

endogenous inhibitor of ASK1, perhaps the use of thioredoxin or its analogues could provide 

more effective cardioprotection and reduce the haemodynamic side effects of Sunitinib 

(Satoh et al. 2007). Interestingly, both NQDI-1 and IB-MECA were able to significantly reduce 

inhibition of MKK7 by Sunitinib. NQDI-1 was not expected to increase MKK7 levels as it is an 

inhibitor of the upstream regulator of MKK7, ASK1 (Volynets et al. 2011). In addition, both 

ASK1 and JNK phosphorylation levels are increased by co-treatment of NQDI-1 with 

Sunitinib. This could suggest that other pathways may activate MKK7 or it may support the 

idea that NQDI-1 has off-target effects. IB-MECA on the other hand was expected to 

increase MKK7 levels as A3 adenosine receptors have previously been shown to activate 

MAPK signalling pathways (Merighi et al. 2006). This thesis suggests that it could be 

possible, that both NQDI-1 and IB-MECA produced a cardioprotective effect by returning p-

MKK7 levels back to control levels. 
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In addition, in this thesis PKCα was shown to be involved in both Sunitinib‐induced 

cardiotoxicity and Sunitinib’s ability to reduce cancer cell viability (Chapter 5). Levels of 

PKCα were significantly increased by Sunitinib treatment in both left ventricular tissue and 

HL60 cells. To our knowledge, the involvement of PKCα in Sunitinib‐induced cardiotoxicity 

has not been investigated before. However, an increase in PKCα has been previously 

associated with heart failure (Braz et al. 2004). Therefore, this increase in p‐PKCα by 

Sunitinib further implies that Sunitinib has the ability to cause adverse effects in the heart. 

Interestingly, co-treatment with the cardioprotective IB-MECA and Sunitinib returned 

increased p‐PKCα levels back to control levels. This suggest that PKCα could be involved in 

IB‐MECA’s ability to provide cardioprotection. Investigations into inhibitors of PKCα could 

provide further evidence of PKCα’s involvement in Sunitinib induce cardiotoxicity and IB‐

MECA’s cardioprotection. 

Furthermore, activation of PKC has been shown to produce apoptosis in HL60 cells (Bang, 

Park and Kang 2001). Therefore, Sunitinib may also produce anti-cancer effects through 

mechanisms involving PKCα. 

Finally, the ability of Sunitinib to reduce HL60 cell viability was not inhibited by either NQDI-

1 or IB-MECA. Maintaining anti-cancer properties is a desirable property of a 

cardioprotective adjunct therapy against Sunitinib-induced cardiotoxicity. This is because 

Sunitinib has the important role in treating many forms of cancer. A cardioprotective 

therapy which does not reduce Sunitinib’s anti-cancer properties will allow Sunitinib to 

effectively treat cancer and protect the heart from Sunitinib-induced cardiac injury at the 

same time. It would therefore, be important to assess the effect of both NQDI-1 and IB-
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MECA on Sunitinib’s anti-cancer ability in other cell lines, such as a renal cell cancer cell line 

to establish whether NQDI-1 and IB-MECA’s anti-cancer properties are universal. 

In this thesis, IB-MECA has demonstrated a higher level of cardioprotection against 

Sunitinib-induced cardiotoxicity compared to NQDI-1. Therefore, IB-MECA has been shown 

to have potential to act as an adjunct therapy in the clinic. However, this would need to be 

confirmed with chronic in vivo studies. Additionally, investigations into Sunitinib and IB-

MECA therapy should be further investigated in human tissue and cells to further 

strengthen the data presented in this thesis. 
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Appendices 

Normalised haemodynamic data in tables 

Haemodynamic data from chapter 3 

Table 0.1: Time points at which Sunitinib (1 µM) significantly alters LVDP compared to control in (3 

month, 12 month and 24 month aged rat hearts. 

Stats: students t-test between Control vs Sunitinib * = p < 0.05, **= p < 0.01, *** = p <0.01. 

Time point 3 month 12 month 24 month 

15 Control 

Sunitinib 

106. 62 ± 4.23 

107.38 ± 6.13 

107.04 ± 4.42 

100.40 ± 5.17 

104.07 ± 1.20 

76.28 ± 6.72 ** 

30 Control 

Sunitinib 

106.46 ± 4.47 

93.04 ± 3.39 * 

97.23 ± 5.35 

96.50 ± 2.90 

97.42 ± 3.14 

73.49 ± 5.54 ** 

35 Control 

Sunitinib 

104.61 ± 4.63 

93.90 ± 3.39 

100.60 ± 4.27 

97.38 ± 4.67 

94.45 ± 3.42 

71.81 ± 4.28 * 

50 Control 

Sunitinib 

101.65 ± 7.23 

85.04 ± 4.69** 

98.98 ± 4.34 

91.18 ± 5.39 

86.21 ± 5.17 

69.39 ± 3.01 

65 Control 

Sunitinib 

98.50 ± 5.94 

81.67 ± 4.79** 

90.04 ± 3.43 

89.64 ± 5.68 

77.78 ± 3.09 

60.36 ± 3.18 

80 Control 

Sunitinib 

92.62 ± 4.41 

80.50 ± 4.56 

90.85 ± 4.93 

83.86 ± 4.58 

76.14 ± 1.84 

57.28 ± 3.21 

95 Control 

Sunitinib 

90.46 ± 4.13 

81.95 ± 5.61 

87.68 ± 2.60 

81.43 ± 5.16 

76.70 ± 0.71 

56.08 ± 2.17 * 

110 Control 

Sunitinib 

85.27 ± 3.51 

70.39 ± 3.38 

84.84 ± 2.11 

75.32 ± 3.75 

75. 68 ± 0.58 

57.35 ± 3.21 

125 Control 

Sunitinib 

85.27 ± 3.51 

70.39 ± 3.38 *** 

80.32 ± 1.57 

69.47 ± 1.29 

73.50 ± 1.21 

55.14 ± 2.70 
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Table 0.2: Time points at which Sunitinib (1 µM) significantly alters HR compared to control in (3 

month, 12 month and 24 month aged rat hearts. 

Stats: students t-test between Control vs Sunitinib * = p < 0.05, **= p < 0.001. 

Time point 3 month 12 month 24 month 

80 Control 

Sunitinib 

96.77 ± 2.99 

86.51 ± 4.38 

98.29 ± 4.16 

81.60 ± 2.09 ** 

91.72 ± 3.01 

88.41 ± 6.20 

95 

110 

125 

Control 

Sunitinib 

Control 

Sunitinib 

Control 

Sunitinib 

98.81 ± 1.74 

84.87 ± 4.86 

99.63 ± 2.50 

82.37 ± 5.28 ** 

100.48 ± 2.22 

79.78 ± 4.99 *** 

97.44 ± 4.47 

84.34 ± 2.85 

97.68 ± 2.68 

81.21 ± 3.96 ** 

98.00 ± 2.76 

79.73 ± 2.88 ** 

93.39 ± 4.16 

89.19 ± 7.19 

95.24 ± 4.76 

89.67 ± 7.18 

92.06 ± 7.94 

89.93 ± 7.05 
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Haemodynamic data from chapter 4 

Table 0.3: Time points which produced significant changes (p<0.05) in LVDP. 

Stats: one way ANOVA Comparing: Control versus Sunitinib (A), Control versus Sunitinib + NQDI-1 

(B), Control versus NQDI-1 (C). Sunitinib versus Sunitinib + NQDI-1 (D). 

Time/min Control Sunitinib Suntinib+NQDI-1 NQDI-1 

50 101.65 ± 7.23 83.84 ± 5.04 A 85.04 ± 4.70 85.71 ± 5.51 

65 98.50 ± 5.94 81.37 ± 3.73 81.67 ± 4.79 80.42 ± 5.43 C 

80 92.62 ± 4.41 77.86 ± 2.86 80.50 ± 4.56 73.57 ± 5.51C 

95 90.46 ± 4.13 76.23 ± 3.43 81.95 ± 5.61 69.33 ± 4.13 C 

110 85.57 ± 3.28 70.72 ± 3.72 74.29 ± 3.62 69.31 ± 4.53 C 

125 85.27 ± 3.50 68.53 ± 4.05 70.39 ± 3.38 67.57 ± 5.54 C 

Table 0.4: Time points which produced significant changes (p<0.05) in HR 

Stats: One way ANOVA Comparing: Control versus Sunitinib (A), Control versus Sunitinib + NQDI-1 (B), 

Control versus NQDI-1 (C). Sunitinib versus Sunitinib + NQDI-1 (D). 

Time/min Control Sunitinib Suntinib+NQDI-1 NQDI-1 

95 98.81 ± 1.74 84.87 ± 4.86 A 87.78 ± 4.52 90.83 ± 3.78 

110 99.63 ± 2.50 82.37 ± 5.28 AA 84.84 ± 4.15 B 90.06 ± 3.65 

125 100.48 ± 2.22 79.78 ± 4.99 AAA 83.42 ± 4.39 BB 89.35 ±4.45 
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Table 0.5: Time points which produced significant changes (p<0.05) in CF. 

Stats: One way ANOVA comparing: Control versus Sunitinib (A), Control versus Sunitinib + NQDI-1 

(B), Control versus NQDI-1 (C). Sunitinib versus Sunitinib + NQDI-1 (D 

Time/min Control Sunitinib Suntinib+NQDI-1 NQDI-1 

5 92.69 ± 2.76 103.98 ± 1.96 A 100.87 ± 1.71 94.32 ± 3.92 

10 89.46 ± 2.81 106.54 ± 3.48 A 95.50 ± 4.13 D 96.24 ± 3.39 

15 87.03 ± 2.31 102.91 ± 4.51 A 94.65 ± 3.48 95.03 ± 4.47 

Haemodynamic data from chapter 5 

Table 0.6: Time points which produced significant changes (p<0.05) in LVDP. 

Stats: One way ANOVA comparing: Control versus Sunitinib (A), Control versus Sunitinib + IB-MECA 

(B), Control versus IB-MECA (C). Sunitinib versus Sunitinib + IB-MECA (D). 

Time/ min Control Sunitinib Sunitinib + IB-MECA IB-MECA 

30 

35 

50 

65 

80 

95 

110 

125 

106.29 ± 5.53 

101.69 ± 5.36 

99.40 ± 7.77 

92.04 ± 6.37 

88.70 ± 3.40 

90.98 ± 4.13 

84.26 ± 3.62 

86.08 ± 2.37 

88.01 ± 3.49 A 

90.44 ± 3.03 

78.25 ± 4.27 AA 

76.32 ± 3.35 

76.26 ± 3.51 

76.68 ± 4.61 

69.61 ± 2.23 

65.63 ± 2.23 A 

98.96 ± 5.13 

96.76 ± 6.07 

92.43 ± 6.52 

87.35 ± 5.98 

82.23 ± 3.84 

82.38 ± 4.75 

80.30 ± 3.33 

78.36 ± 4.56 

94.50 ± 4.38 

97.01 ± 3.47 

87.31 ± 3.39 

85.00 ± 4.13 

82.45 ± 3.71 

82.97 ± 6.75 

79.83 ± 7.11 

76.16 ± 7.92 
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Table 0.7: Time points which produced significant changes in HR. 

Stats: One way ANOVA comparing: Control versus Sunitinib (A), Control versus Sunitinib + IB-MECA 

(B), Control versus IB-MECA (C) and Sunitinib versus Sunitinib + IB-MECA (D) (p<0.05). 

Time/min Control Sunitinib Sunitinib + IB-MECA IB-MECA 

30 

35 

50 

65 

80 

95 

125 

99.44 ± 2.93 

102.72 ± 2.45 

97.20 ± 2.20 

97.50 ± 1.80 

96.77 ± 2.99 

98.81 ± 1.74 

95.97 ± 5.15 

85.52 ± 3.23 A 

88.83 ± 3.75 A 

84.82 ± 3.82 

85.58 ± 4.02 

85.33 ± 3.84 

86.34 ± 3.42 A 

82.53 ± 4.82 AA 

89.07 ± 1.97 

88.72 ± 1.97 

89.39 ± 3.01 

88.09 ±3.23 

86.13 ± 2.88 

87.19 ± 3.91 

86.37 ± 5.23B 

99.01 ± 5.20 

101.01 ± 4.78 

104.13 ± 4.11 

105.96 ± 4.00 

102.80 ± 4.50 

97.90 ± 6.53 

96.97 ± 8.11 
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Representative Western blots 

Western Blots from chapter 3 

MKK7 western blot 

Age (months) 3 3 12 12 24 24 3 12 24 

Sunitinib - + - + - + + + + 

p-MKK7 48 kDa → 

Total MKK7 48 kDa → 
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Western blots from chapter 4 

ASK1 western blot 

Sunitinib - + + -

NQDI-1 - - + + 

p-ASK1 155 kDa → 

Total ASK1 155 kDa → 
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MKK7 western blots 

Sunitinib - + - + 

NQDI-1 - - + + 

60 kDa → 

100 kDa → 

80 kDa → 

50 kDa → 

40 kDa → 

30 kDa → 

100 kDa → 

80 kDa → 

60 kDa → 

50 kDa → 

40 kDa → 

30 kDa → 

←48 kDa p-MKK7 

←48 kDa Total MKK7 
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JNK western blots 

Sunitinib - + + -

NQDI-1 - - + + 

← 54 kDa p-JNK 

← 46 kDa p-JNK 

← 54 kDa Total MKK7 

← 46 kDa Total JNK 
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Western blots from chapter 5 

MKK7 Western Blot 

Sunitinib - + + -

IB-MECA - - + + 

←48 kDa Total MKK7 

←48 kDa p-MKK7 

30 kDa → 

30 kDa → 

40 kDa → 

40 kDa → 

50 kDa → 

50 kDa → 

60 kDa → 

60 kDa → 

80 kDa → 
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JNK Western blot 

Sunitinib - + + -

IB-MECA - - + + 

140 kDa → 

100 kDa → 

80 kDa → ← Non-specific band 

← 54 kDa p-JNK 60 kDa → 

← 46 kDa p-JNK 

50 kDa → 

100 kDa → 

80 kDa → 
← Non-specific band 

60 kDa → 
← 54 kDa Total JNK 

← 46 kDa Total JNK 50 kDa → 
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PKC western blots 

Left ventricular tissue 

Sunitinib - + + -

IB-MECA - - + + 

80 kDa → 

100 kDa → 

60 kDa → 

50 kDa → 

40 kDa → 

← 77 kDa p-PKCα 

30 kDa → 

80 kDa → 

100 kDa → 

60 kDa → 

50 kDa → 

40 kDa → 

← 77 kDa Total PKCα 
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HL60 cell PKCα Western Blot 

Sunitinib - + + -

IB-MECA - - + + 

100 kDa → 

80 kDa → 

60 kDa → 

50 kDa → 

40 kDa → 

30 kDa → 

100 kDa → 

80 kDa → 

60 kDa → 

50 kDa → 

40 kDa → 

← 77 kDa p-PKCα 

← 77 kDa Total PKCα 
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