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Abstract 
The antioxidant Tiron has been shown to protect against reactive oxygen species (ROS) related 

injury in several experimental models. However, to date, there is little information on the effects 

of Tiron in the heart. Therefore, the focus of this thesis was to identify and examine the effects 

of Tiron on the myocardium in a non-clinical setting using 3-month-old, male Sprague-Dawley 

rats. In addition, the effect of Tiron against Doxorubicin, a potent anti-cancer drug, was also 

investigated in naïve and ischaemia/reperfusion (I/R) conditions in the myocardium. The 

anticancer properties of Doxorubicin in the co-treatment with Tiron were assessed in human 

leukaemia HL60 and human liver carcinoma HepG2 cancer cell lines. 

The results of these studies showed that under normoxic conditions, treatment with low 

concentrations of Tiron (0.25-1mM) did not reveal a negative effect on cardiac viability. However, 

administration of Tiron at high concentrations significantly increased the infarct size and 

decreased cell viability, indicating a pro-oxidant effect in the myocardium in normoxic settings. 

In the context of simulated regional ischaemia and reperfusion in the isolated hearts, treatment 

with Tiron (0.25-2.5mM) showed a significant reduction in the infarct size. In addition, an 

improved cellular viability, an increased concentration of the pro-survival Akt and a decrease in 

caspase-3 activity was also reported in Tiron treated groups when compared to 

ischaemia/reperfusion (I/R) or hypoxia/reoxygenation (H/R) control group.  

Concomitant treatment of Tiron with Doxorubicin in both normoxic and ischaemia/reperfusion 

(I/R) or hypoxia/reoxygenation (H/R) conditions attenuated myocardial injury, improved the 

cardiac function and cellular viability, reduced cellular oxidative stress and caspase-3 levels when 

compared to Doxorubicin treated groups. Interestingly, in human cancerous HL60 and HepG2 cell 
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lines, 24-hour treatment with Tiron (0.25-2.5mM) alone did not cause significant changes in the 

cell viability, caspase-3 and reactive oxygen species (ROS) levels. Co-administration of Tiron with 

Doxorubicin did not impact the cytotoxic effects of Doxorubicin, which were marked by a 

decrease in cell viability and an increase in caspase-3 activity.  

In conclusion, the results presented in this thesis showed for the first time that Tiron exhibited 

cardioprotective properties in both myocardial ischaemia/reperfusion (MI/R) injury and against 

Doxorubicin induced-cardiotoxicity via its antioxidative properties. Besides the beneficial 

cardioprotective effects, Tiron did not alter the efficacy of Doxorubicin in human cancerous cell 

lines, highlighting the potential use of Tiron as an adjunctive therapy that selectively reduces the 

toxic side effects of Doxorubicin in the heart without altering its anticancer potency. 
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Chapter 1. Introduction 

1.1 Cardiovascular diseases 

Cardiovascular diseases (CVDs) represent the leading cause of mortality and morbidity in the 

world, accounting for 17.3 million of deaths each year (WHO, 2016). A recent statistical report 

published by British Heart Foundation showed that CVDs account for more than one quarter of 

all deaths in the UK (British Heart Foundation, 2015). One of the major forms of CVDs is coronary 

heart disease (CHD) which contributes to over 150,000 deaths of CVDs deaths each year (British 

Heart Foundation 2015). It has been projected that by the year 2030 the number of deaths 

caused by CVDs is expected to increase to more than 23.6 million each year (Mozaffarian et al. 

2015). 

CVDs encompasses a variety of diseases affecting the heart and blood vessels, such as CHD, 

cerebrovascular disease, hypertension (high blood pressure), peripheral arterial disease (PAD) 

rheumatic heart disease and deep vein thrombosis (Stewart, Manmathan and Wilkinson 2017).  

The main risk factors associated with CVDs are smoking, obesity, diabetes mellitus, hypertension, 

increased levels of low density lipoproteins (LDL) and depleted levels of high density lipoproteins 

(HDL) (Danaei et al. 2009, Lucero et al. 2014).  

In all forms of CVDs, the myocardium undergoes oxidative changes and the resulting reactive 

oxygen species (ROS) act as the determining factor in the extent of injury, however they may be 

employed in the diagnostic methods where they can be used as specific biomarkers (Kurian et al. 

2016). Research has demonstrated that cardiomyocytes (the major cells of the heart) have 
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complex mechanisms comprised of enzymatic and non-enzymatic molecules that maintain the 

oxidative balance (Santos et al. 2011). It has been hypothesised that molecules which stabilise 

the free radicals produced in the tissue could be useful in treating several diseases (Kurian et al. 

2016, Santos et al. 2011), and thus this concept provides the basis to utilise these molecules as 

adjunctive therapies in preventing oxidative stress in tissue injury in the heart. 

1.2 Mitochondria 

Mitochondria- the power house of the living cell, have an essential role in generating ATP 

synthesis via oxidative phosphorylation (Chen and Zweier 2014, Gustafsson and Gottlieb 2007b). 

In mammals, the process of mitochondrial energy transduction is regulated by the respiratory 

enzyme complexes I-IV and ATP synthase (F0F1ATPase) (Chen and Zweier 2014, Marín-García and 

Goldenthal 2002) (Figure 1.1). The process of energy transduction required for ATP synthesis is 

conducted by the electron transport chain (ETC) localised within the internal mitochondrial 

membrane and requires the oxidation of the proteins nicotinamide adenine dinucleotide 

phosphate (NADPH) and flavin adenine dinucleotide 2 (FADH2) (Chen and Zweier 2014, 

Hüttemann et al. 2007) (Figure 1.1). The ETC function is to regulate the electron flow from NADPH 

or succinate to O2 via a number of electron reactions and complexes such as complexes I-IV, 

ubiquinone and cytochrome c (Chen and Zweier 2014, Hüttemann et al. 2007). Electron flow 

facilitated by ETC can trigger the translocation of the proton from the mitochondrial matrix area 

in to the cytoplasmic region, which in turn promotes the catalysis of ATP synthesis by the 

F0F1ATPase complex (Berg, Tymoczko and Stryer 2012, Chen and Zweier 2014) (Figure 1.1). This 

process is termed oxidative phosphorylation.  
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Figure 1.1 Schematic diagram illustrating the mechanism of reactive oxygen species generated 
by the mitochondrial transport chain (Chen and Zweier 2014). Complex I (NADH ubiquinone 
oxidoreductase) mediates the transport of the electrons from the mitochondrial NADH to 
ubiquinone (Q) leading to the translocation of the protons across the membrane and thereby 
creating a proton gradient. In complex II (succinate-CoQ reductase), additional electrons derived 
from succinate are received by ubiquinone via FADH, however the protons are not transferred 
across the intermembrane space.  Complex III (CoQH2-cytochrome c reductase) facilitates the 
transfer of the electrons received from the Q to cytochrome c. As a result, the electrons are 
passed to Complex IV (cytochrome c oxidase) via cytochrome c, which in turn reduces the O2 to 
H2O.  

 

1.3 Free radicals and reactive oxygen species 

Reactive oxygen species (ROS) are highly reactive radicals that are produced within the 

mitochondria by oxidative phosphorylation reaction and through exposure to specific 
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compounds and exogenous sources (Di Lisa et al, 2011; Teresa and Lunawati, 2011).These 

radicals are comprised of ions and molecules that are derived from the reduction of a single, 

uncoupled electron of O2 to form the radical superoxide (O2
-) (Sullivan and Chandel 2014).  The 

conversion of two superoxide molecules can lead to the formation of one molecule of non-radical 

ROS molecule hydrogen peroxide (H2O2) and one water molecule by superoxide dismutases 

(SOD) (Sullivan and Chandel 2014, Thannickal and Fanburg 2000).  The hydrogen peroxide form 

can also receive an additional electron in the presence of iron or copper by the Fenton reaction 

to form a hydroxyl radical (HO) (Sullivan and Chandel 2014, Thannickal and Fanburg 2000). 

Reactive oxygen species can be divided in to two different categories:  free oxygen radicals and 

non-radical ROS (Table 1.1). Free oxygen radicals consist of superoxide (O2
-), nitric oxide (NO), 

hydroxyl radical (OH), thiyl peroxyl radicals (RSOO), disulfides (RSSR), sulfonyl radicals (ROS) and 

organic radicals (R) (Liou and Storz 2010, Thannickal and Fanburg 2000). Non-radical ROS are 

comprised of hydrogen peroxide (H2O2), ozone/trioxygen (O3), organic hydroperoxides (ROOF), 

singlet oxygen (1O2), hypochloride (HOCl) and peroxynitrite (ONO-), nitrosoperoxycarbonate 

anion (O=NOOCO2
-), dinitrogen dioxide (N2O2), nitronium (NO2

+), nitrocarbonate anion 

(O2NOCO2
-) and highly reactive lipid or carbohydrate derived carbonyl compounds (Genestra 

2007). 
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Free oxygen radicals Non-radical reactive oxygen species 

Superoxide (O2
-) Hydrogen peroxide (H2O2)   

Nitric oxide (NO) Ozone/trioxygen (O3), 

Hydroxyl radical (OH) Organic hydroperoxides (ROOF) 

Thiyl peroxyl radicals (RSOO) Singlet oxygen (1O2) 

Disulfides (RSSR) Hypochloride (HOCl) 

Sulfonyl radicals (ROS) Peroxynitrite (ONO-) 

Organic radicals (R) Nitrosoperoxycarbonate anion (O=NOOCO2
-), 

 Dinitrogen dioxide (N2O2), 

 Nitronium (NO2
+) 

 Nitrocarbonate anion (O2NOCO2
-) 

 Highly reactive lipid or carbohydrate derived 

carbonyl compounds 

 

Table 1.1 Types of reactive oxygen species (ROS) 
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Within the heart, mitochondria occupy approximately 30-40% of the cardiomyocyte volume and 

produce approximately 90% of the ATP, making them a major source of ROS production 

(Gustafsson and Gottlieb 2007a, Murphy and Steenbergen 2007). In normal physiological 

conditions, the electron transport of molecular oxygen is connected with the oxidative 

phosphorylation process required for ATP synthesis (Wallace 1999). However, it has been shown 

that oxidative phosphorylation represents the main endogenous source of ROS leading to the 

generation of toxic derivatives such as O2
-, OH and H2O2 (Wallace 2005, Wallace 1999). The 

production of superoxide anions by mitochondria is mostly generated by the electron leakage 

from the ETC (Chen and Zweier 2014) (Figure 1). Under physiological circumstances of stage 4 of 

respiration process, the oxygen pressure within the mitochondria is low, decreasing the oxidative 

phosphorylation reaction (Chen and Zweier 2014). A reduction in the ratio of mitochondrial 

oxidative phosphorylation enhances the electron leakage from the ETC, leading to the generation 

of O2
- anions, which in turn is converted to H2O2 by manganese superoxide dismutase (MnSOD). 

Then the H2O2 is further catalysed by glutathione peroxidase (GPx) and converted to H2O (Chen 

and Zweier 2014).  

It is well established that proteins within the mitochondrial ETC are abundant in metal particles 

(complexes II, III and IV) and in iron-sulfur clusters (complexes I,II and III) (Atkinson and Winge 

2009, Xu, Barrientos and Andrews 2013). Within the mitochondria, oxidative stress can be 

significantly elevated in the presence of reduced metal species because H2O2 can react with the 

iron groups (Fe2+ and Fe3+) and can be oxidised to hydroxyl radicals via Fenton reaction or Haber-

Weiss reaction (Winterbourn 1995, Xu, Barrientos and Andrews 2013) (Figure 1.1).   
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Even though minor variations in the steady-state concentration of free radicals and ROS play a 

part in the intracellular signalling mechanisms in a normal cell, uncontrolled rises in ROS generate 

free radical-mediated chain reactions (oxidative stress) which extensively target proteins, lipids, 

polysaccharides and DNA (Diplock et al. 1998, LeDoux et al. 1999, Rubbo et al. 1994, Stadtman 

and Levine 2000, Teresa and Lunawati 2011, Valko et al. 2007b).   

1.4 Oxidative stress in cardiovascular diseases  

Oxidative stress can be described as an imbalance between oxidants and antioxidants, which 

leads to the accumulation of ROS resulting in cellular damage (Kurian et al. 2016). Generally, cells 

trigger an adaptive mechanism to defend them against deleterious effects of oxidative stress, 

however when the adaptive capacity of the cells is surpassed by uncontrolled oxidant 

concentration, the cell experiences exacerbated levels of oxidative stress (Kurian et al. 2016). 

Oxidative stress can be defined as an imbalance in the redox couples such as reduced to oxidised 

glutathione (GSH/GSSG) or NADPH/NADP+ ratios (Kurian et al. 2016). 

Extended research has shown that oxidative stress is involved in the pathophysiology of several 

cardiovascular diseases including coronary artery diseases, ischaemia-reperfusion injury and 

heart failure (Dusting and Triggle 2005, Witztum and Steinberg 2001).  

1.5 Oxidative stress and coronary artery diseases 

Coronary artery diseases (CAD) are a result of the accumulation of plaques which restricts the 

blood flow in the coronary arteries that supplies the myocardium (Graham et al. 2004). Plaques 

are deposits comprised of cholesterol, fatty acids, calcium and fibrin, a clotting agent (Kalanuria, 
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Nyguist and Ling, 2012).   Several studies have shown that atherosclerosis and arteriosclerosis 

are both linked with oxidative stress and inflammation (Bonomini et al. 2008, Madamanchi, 

Vendrov and Runge 2005, Nojiri, Daida and Inaba 2004).   

It has been indicated that the progression of atherosclerosis is triggered by endothelial injury, 

which in turn stimulates the aggregation of LDL located in the subendothelial membrane (Kattoor 

et al. 2017, Riccioni et al. 2003). The oxidation of LDL promotes the expression of vascular cell 

adhesion molecules on the surface of endothelial cells resulting in the accumulation of 

monocytes and T-lymphocytes into the sub endothelial membrane (Kattoor et al. 2017, Ketelhuth 

and Hansson 2011). This process triggers the activation of chemoattractant proteins which in turn 

facilitate the transport of the monocytes and T-lymphocytes into the innermost tunica of the 

arterial wall (Kattoor et al. 2017). The interaction between these cells and the chemoattractant 

proteins results in the transformation and differentiation of the monocytes into scavenger 

receptors, macrophages and modified lipoprotein particles (Kattoor et al. 2017, Singh and Jialal 

2006). Due to their structure and appearance, the newly formed lipid overloaded macrophages 

(also called foam cells) represent the initial feature of atherosclerotic lesions (Singh and Jialal 

2006, Stocker and Keaney Jr 2004).   Furthermore, during the migration process of leukocytes 

within the innermost tunica of the artery, a number of cytokines and growth factors are released 

within the arterial wall (Kattoor et al. 2017, Singh and Jialal 2006, Stocker and Keaney Jr 2004). 

Along with ROS, these cytokines and growth factors promote the passage of smooth muscle cells 

and accumulation of collagen, resulting in the formation of atheromatous plaque (Kattoor et al. 

2017, Singh and Jialal 2006).  
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Notably, ROS have an important role in stimulating the expression of scavenger receptors in 

smooth muscle cells and their differentiation into foam cells.  In addition, ROS can promote the 

activation of matrix metalloproteinases (MMP), a group of enzymes implicated in the 

disintegration of the atheromatous plaque and the basement membranes of endothelial cells, 

causing physical disruption of the plaque (Kattoor et al. 2017, Libby, Ridker and Maseri 2002). 

This enables the expansion of plaque lesions within the artery walls, process that leads to stenosis 

of the arterial lumen, reduction of the blood flow, coronary thrombosis and complete blockage 

of the arteries (Falk 2006, Glass and Witztum 2001, Libby, Ridker and Maseri 2002).  

Plaque rupture and coronary thrombosis have serious implications on the myocardium by 

depriving the muscle of blood and nutrients and causing acute clinical complications of ischaemic 

heart disease (IHD) such as myocardial infarction (Glass and Witztum 2001, Steinberg and 

Witztum 2010). 

1.6 Myocardial infarction 

Myocardial infarction (MI), more commonly described as heart attack, is a process that occurs 

due to formation of plaques in the in the inner walls of the arteries, leading to reduced blood 

flow to the heart. This process has severe implications, leading to irreversible damage of the 

heart and necrosis of the cardiomyocytes (Frangogiannis 2015, Lu et al. 2015).  The symptoms of 

myocardial infarction comprise of chest pain, shortness of breath, arrhythmia, anxiety and 

nausea leading to permanent damage of the heart muscle, and ultimately to heart failure 

(Frangogiannis 2015, Lu et al. 2015).   
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1.7 Myocardial ischaemia  

Under normal conditions the myocardium pumps blood around the body, providing organs with 

the oxygen and nutrients required for cellular homeostasis (Balaban 2006). However, following 

the occlusion of the vessels which supply the myocardium with blood, several areas of the 

myocardium are restricted of oxygen and nutrients, leading to structural and metabolic changes 

(Farber, Chien and Mittnacht 1981; Hausenloy and Yellon, 2013). This process is described as 

myocardial ischaemia. The ultrastructural changes to the cells during prolonged ischaemic 

conditions include cell swelling and rupture, decreased levels of cellular ATP, changes in the free 

radical mediated injury, elevated levels of Ca2+ within the mitochondria, increased levels of lactic 

acid (Figure 1.2). Furthermore, these alterations can lead to cell death which may occur via 

several mechanisms such as: necrosis, apoptosis and autophagy (Farber, Chien and Mittnacht 

1981, Hausenloy and Yellon 2013, Kalogeris et al. 2012) 
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Figure 1.2 Schematic diagram illustrating the main components of the acute myocardial 

ischaema-reperfusion injury (Hausenloy and Yellon 2013). During ischaemia, due to the lack of 

oxygen, the cell metabolism is converted to anaerobic respiration, resulting in the production of 

lactatate and a decrease in the intracellular pH. This process leads to significant changes in the 

Na+-H+ exchanger, leading to the overload of Ca2+ ions. The Na+-K+ ATPase activity stops during 

ischaemia, leading to the excessive intracellular Na+ overload. The acidic environment during 

ischaemia counteracts the opening of MPTP and prevents cardiomyocyte herpcontracture.  

During reperfusion, the Na+-H+ pump is activated resulting in the wash-out of lactic acid and 

restoration of the physiological pH. In addition, the ETC is reactivated leading to the formation of 

ROS, which subsequently triggers the opening of MPTP, and facilitates SR damage, thereby 

contributing to intracellular Ca2+ overload and cell membrane damage.  

 

1.8 Myocardial reperfusion 

Reperfusion is a vital process which facilitates cellular recovery and maintenance of function; 

neutralises the lactic acid accumulation during ischaemia by activating the Na+-H+ pump and Na+-

HCO- symporter and restores the physiological pH level to normal values (Hausenloy et al. 2005, 

Hausenloy and Yellon 2013) (Figure 1.2). Even though early reperfusion is one of the best 
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approaches to reduce ischaemic damage, the process of restoring blood flow to the ischaemic 

myocardium can result in additional reperfusion-induced damage and exacerbated production 

of ROS (Yellon and Hausenloy 2007). However, reperfusion of an ischaemic myocardium can 

generate two different outcomes on the myocardium: 

 1) a beneficial effect- characterised by an attempt to rescue the myocardium and reduce the 

infarct size by 50% (Yellon and Hausenloy 2007)  

 2) a detrimental consequence- which results in cardiomyocyte injury and death, a phenomenon 

called “reperfusion injury” (Braunwald and Kloner 1985, Verma et al. 2002, Yellon and Hausenloy 

2007).  

Detrimental consequences of reperfusion injury are associated with arrhythmias, production of 

ROS, activation and release of myocardial cytokines, microvascular obstruction, myocardial 

stunning and lethal myocardial reperfusion injury (Eltzschig and Collard 2004, Hausenloy and 

Yellon 2013, Kalogeris et al. 2012). Previous studies have described the involvement of ROS and 

reactive nitrogen species (RNS) in ischaemia and reperfusion injury (Granger and Kvietys 2015, 

Guarnieri, Flamigni and Caldarera 1980, Tompkins et al. 2006). Factors that have been linked with 

cardiac dysfunction and death are comprised of oxidative stress, disruption of mitochondrial ion 

pumps homeostasis, mitochondrial permeability transition pore (MPTP) opening, myocyte 

hypercontracture and cytochrome c release (Perrelli, Pagliaro and Penna 2011, Sanada, Komuro 

and Kitakaze 2011, Yellon and Hausenloy 2007). 

Even though the cellular homeostasis of the ischaemic area has been re-established after 

reperfusion, myocardial stunning often follows.  Myocardial stunning is a short span effect 
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characterised by a temporary mechanical dysfunction that develops after ischaemia and 

reperfusion without causing any irreversible histological injury (Bolli and Marbán 1999; Guarrici 

et al, 2018). During this process, the left ventricular section of the myocardium is affected, 

resulting in a visible post-ischaemic contractile dysfunction (Bolli and Marbán 1999). 

It has been shown that myocardial stunning activates the production of toxic hydroxyl radicals, 

which cause sarcoplasmic reticulum damage, also results in imbalances in Ca2+ membrane 

homeostasis and in turn increases the injury provoked by the free radicals (Pomblum et al. 2010).  

Despite being a reversible effect of post-ischaemic injury, the clinical relevance of myocardial 

stunning remains controversial. Therefore, researchers have been focusing in identifying 

mechanisms and pathways associated with stunning, however, reperfusion therapies have been 

shown to be more relevant in the treatment of myocardial ischaemia/reperfusion injury 

(Pomblum et al. 2010).  Results from both pre-clinical experimental studies and clinical trials have 

shown that therapeutic agents such as cyclosporin A (CsA) and carperitide (an atrial natriuretic 

peptide) could be employed in order to limit the damaging effects associated with MI/R injury 

(Kitakaze et al. 2007, Mewton et al. 2010, Piot et al. 2008). For example, results from a human 

clinical trial using a single dose of CsA in patients prior to primary percutaneous intervention for 

an acute MI revealed that administration of CsA caused a 29% reduction in the myocardial 

infarction size and significantly decreased the left ventricular end-diastolic volume at 5 days and 

6 months after infarction (Mewton et al. 2010). In additional, experimental studies using animal 

models of MI/R injury have shown that administration of antioxidant therapies could be 

promising agents in reducing myocardial damage caused by oxidative stress (Burstein et al. 2007, 
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Hung, Su and Chen 2004, Qu et al. 2016, Yim and Ko 1999). Relevant examples in this case are 

flavonoids- a group of natural occurring compounds that possess strong antioxidant and 

cardioprotective properties (Akhlaghi and Bandy 2009a, Liebgott et al. 2000, Testai et al. 2013). 

Several studies have suggested that flavonoids may exhibit protective effects against ischaemia-

reperfusion by scavenging ROS such as superoxide anion radicals (Chun, Kim and Lee 2003, Huk 

et al. 1998), peorxynitrite (Pollard et al. 2006) and peroxyl radicals (Nakao, Takio and Ono 1998). 

For instance, in vivo investigations carried out with Yulangsan flavonoid in the Sprague-Dawly rat 

model of iscahemia/reperfusion injury have shown that pre-treatment with Yulangsan exhibited 

potent cardioprotective effects that were marked by a significant decrease in the myocardial 

infarction, an improved activity of endogenous antioxidants SOD and GSH-Px and an enhanced 

expression of ANT1 mRNA, a protein present within the myocardial mitochondrial spaces (Zhang 

et al. 2014). In addition, it was revealed that Yulangsan administration was associated with a 

remarkable decrease in the levels of caspase-3, indicating the anti-apoptotic effects of this 

antioxidant (Zhang et al. 2014).  

1.9 Oxidative stress in myocardial ischaemia/reperfusion (I/R) 

injury 

Myocardial injury induced by ischaemia-reperfusion of the heart has been partly linked with the 

excessive production of ROS (Kalogeris et al. 2012, Levraut et al. 2003). Under normal 

physiological conditions, ROS is essential in mediating several cellular signaling pathways that 

control cell growth, development and stress adaptation (Sugamura and Keaney Jr 2011). 

However, exposure to environmental insults, such as hypoxia, leads to enhanced production of 
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ROS, overwhelming the endogenous antioxidant system and causing tissue dysfunction (Kalogeris 

et al. 2012, Zhou, Chuang and Zuo 2015, Zhu and Zuo 2013). A range of free radicals are produced 

within cells by several mechanisms, although the majority are generated in the mitochondria 

upon reperfusion, leading to the formation of superoxide anions, hydrogen peroxide and 

hydroxyl radicals (Raedschelders, Ansley and Chen 2012, Sugamura and Keaney Jr 2011, Zhou, 

Chuang and Zuo 2015).   

Under normal conditions, xanthine oxidase enzyme is present in the dehydrogenase form and 

there is a little production of O2
- (Raghuvanshi et al. 2007). However, under ischaemic conditions, 

the reduced ATP availability causes loss in the Ca2+ membrane gradient. An enhanced 

concentration of Ca2+ leads to the activation of Ca2+ dependent proteases (calpains), which 

activate the translation of xanthine dehydrogenase to xanthine oxidase, therefore resulting in 

the production of ROS and hydrogen peroxide (Raghuvanshi et al. 2007). 

In normal physiological conditions, the free radical production in the myocardium is regulated by 

free radical scavengers that provide an antioxidant defense system and prevent ROS and RNS 

induced injury (Rodrigo et al. 2013a, Venardos and Kaye 2007). The free radical scavengers found 

in the heart are comprised of SOD, glutathione peroxidase (GSH-Px), catalase (CAT) which are 

located within mitochondria and cytosol. However, in ischaemic conditions, the antioxidant 

enzyme function is disrupted and a leakage of these enzymes in the extracellular matrix occurs 

(Venardos and Kaye 2007). During reperfusion, these enzymes are washed out, and the 

antioxidant defense control is lost, leading to exacerbated production of ROS. Therefore, the 
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uncontrolled production of free radicals overpowers the activity of these enzymes resulting in 

cell injury and loss of cell viability (Rahman 2007, Venardos and Kaye 2007). 

In an early experimental model, using electromagnetic resonance Zweier et al, (1987), identified 

a spectral peak of free radicals in the heart during the first 10 seconds of reperfusion (Zweier, 

Flaherty and Weisfeldt 1987). In a different study, Ambrosio et al, (1991) noted that the spectral 

of carbon and oxygen radicals peaked quickly at 15-20 seconds upon reperfusion (Ambrosio, 

Zweier and Flaherty 1991).  

Previous experimental models using genetically modified animals have exhibited the importance 

of endogenous antioxidant SOD in protecting the myocardium against I/R injury (Chen et al. 1998; 

Zhongyi et al, 2009). In this investigation, Zhongyi et al, (2009) have shown that overexpression 

of MnSOD in transgenic hearts resulted in a reduction in the infarct size and a decrease in lactate 

dehydrogenase release (Chen et al. 1998).  

Research has also shown that exogenous antioxidants such as SOD mimetics (Masini et al. 2002), 

Fisetin (Shanmugam et al. 2018), Resveratrol (Shen et al. 2006), Kaempferide (Wang et al. 2017) 

and other flavonoids (Akhlaghi and Bandy 2009b) can reduce the levels of ROS within the cells, 

therefore ameliorating the damaging effects of ROS. However, a number of clinical trials carried 

out with antioxidants such as vitamin C, E and β-carotene in patients post MI have shown that 

treatment with these antioxidants did not improve the damaging effects of ROS, causing an 

increase in the risk of congestive heart failure (Marchioli et al. 2006; Hennekens et al. 1996, Lee 

et al. 1999). 
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1.10 Metabolic changes of cardiomyocytes in myocardial 

ischaemia/reperfusion injury (I/R) 

Cardiac fatty acid and glucose metabolism are highly mediated mechanisms that supply the 

myocardium with required amount of energy (Frank et al. 2012). During ischaemia, the anaerobic 

metabolism characterized by enhanced rate of glycolysis which leads to the production of lactic 

acid and hydrogen ions (H+), resulting in a significant decline in intracellular pH leading to acidosis 

(Frank et al. 2012, Rosano et al. 2008). Furthermore, the rapid depletion of ATP causes a reduced 

activity of the Na+/K+ ATPase ionic pump, which in turns causes an imbalanced increase in the 

intracellular Na+ ions, leading to Ca2+ overload (Halestrap, Clarke and Khaliulin 2007, Rosano et 

al. 2008). 

1.11 Calcium overload of cardiomyocytes in myocardial 

ischaemia/reperfusion injury 

Calcium overload is a common mechanism that is triggered during ischaemia and reperfusion in 

the myocardial cells, and it can result in further injury to the myocardium (C Bompotis et al. 2016).   

During ischaemia, the anaerobic glycolysis causes a reduction of the intracellular pH and 

deactivates the troponin C sensitivity to Ca2+ (Mani et al. 2015, Sanada, Komuro and Kitakaze 

2011). In order to protect the rapid decrease in pH, excessive production of intracellular H+ ions 

is activated by Na+/H+ exchanger pump, which in turn results in a sustained rise of Na+ ions (C 

Bompotis et al. 2016, Garcia-Dorado et al. 2012). In addition, the rapid depletion of ATP hampers 
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the activity of ATPases, such as Na+/K+ ATPase, ATP-dependent Ca2+ reuptake and active Ca2+ 

excretion, leading to an overload of Ca2+ ions in the cell (Garcia-Dorado et al. 2012). 

During reperfusion, the rapid increase of pH to basal levels results in the formation of excessive 

H+ gradient across the plasma membrane, activating a strong Na+/H+ exchange and a massive 

increase in Na+ concentrations (Sanada, Komuro and Kitakaze 2011).  This imbalance in the ion 

exchanger pump stimulates the passive, inverted mechanism of the Na+/Ca2+ exchanger pump, 

which absorbs the Na+ accumulation via the excretion pathway, and causes overload of 

intracellular Ca2+ (Sanada, Komuro and Kitakaze 2011, Santulli et al. 2015).  

Changes in the concentrations of intracellular Ca2+ ions have been suggested to have various 

negative effects such as the stimulation of intracellular calcium proteases and phospholipases, 

which leads to fragile cellular structure and hypercontracture, and may even initiate the cellular 

death pathways (Buja 2005, Santulli et al. 2015). 

1.12 Cell death of cardiomyocytes 

Cell death has an essential function in many physiological processes including differential tissue 

development during embryogenesis, tissue homeostasis, ageing and destruction and removal of 

damaged cells (Tait, Ichim and Green 2014).  

 Cell death can be divided into the following groups: necrosis, apoptosis and autophagy (Tait, 

Ichim and Green 2014). Countless studies have reported a link between the myocardial I/R injury 

and the major pathways of cell death (Eefting et al. 2004, Kim and Kang 2010, van Empel et al. 

2005). 
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1.13 Necrosis of cardiomyocytes 

Necrosis can be described as an uncontrolled, degradative process that usually affects multiple 

types of cells (Elmore 2007). This process is usually triggered in response to physical and chemical 

insults, including hypoxia, ischaemia, hypoglycemia and steep changes in the temperature 

homeostasis (Galluzzi et al. 2014, Konstantinidis, Whelan and Kitsis 2012, Vanlangenakker et al. 

2008).  The features of the necrotic cell death include fissure of the plasma membrane, cell and 

cytoplasmic organelles swelling, disintegration of mitochondria and the subsequent loss and 

release of the cellular content within the cytoplasmic area of the cell (Elmore 2007, 

Vanlangenakker et al. 2008).  For decades, necrosis has been considered the only process 

implicated in the cardiomyocyte death following myocardial ischaemia and reperfusion injury 

(Buja and Willerson, 1981; Jennings and Reimer, 1981). However, since then significant research 

in this area elucidated that apoptosis, autophagy and oncosis are also responsible for the fate of 

cardiomyocytes following an ischaemic insult (Kostin et al, 2003; Buja and Vela, 2008).  It has 

been suggested that necrosis may account for approximately 35% to 50% of the cardiomyocyte 

death following an episode of acute myocardial infarction (Buja and Weerasinghe, 2010). The 

main cause of necrosis in the reperfused myocardium is via the formation and opening of the 

MPTP which activates mitochondrial dysfunction and cardiomyocyte necrosis (Hausenloy and 

Yellon, 2013; Hausenloy, 2012).  

Necrosis has been considered an uncontrolled process, however recent reports have exhibited 

that necrosis may be linked to a number of signaling pathways and mechanisms, a process called 

necroptosis (Konstantinidis, Whelan and Kitsis 2012, Takahashi et al. 2012, Vanlangenakker et al. 
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2008).  Studies have indicated that necroptosis could be associated with the activation of death 

receptors such as TNFR1 signaling system, T-cell receptor, FasR, and TNF-related apoptosis 

inducing ligand receptor (TRAIL-R) and could have an important role in cardiac dysfunction (Zhe-

Wei, Li-Sha and Yue-Chun, 2018; Adameova et al, 2016). Furthermore, it has been suggested that 

oxidative stress and a number of anticancer drugs might induce necroptotic cell death (Davis et 

al, 2010; Han et al, 2007). Several studies have shown that necroptosis could be stimulated by 

the inhibition or absence of the caspase-8 mediated apoptosis and relies on the activation of the 

receptor-interacting protein kinase 1 and 3 (RIP1 and RIP3) and pseudokinase MLKL resulting in 

the formation of the necrosome complex (Vandenabeele et al, 2010; Li et al, 2012; Zhe-Wei, Li-

Sha and Yue-Chun, 2018).  

Recently, a number of experimental studies have discovered that necrostatins 1, -3 and -5 (Nec-

1, Nec-3, Nec-5) which target and inhibit the kinase domain of RIPK1 could be employed in 

preventing the cell death by necroptosis in myocardial I/R injury (Takahashi et al, 2012; 

Kleinbongard et al, 2011; Lin et al, 2004). Furthermore, several in-vivo and ex-vivo studies using 

the model of acute myocardial infarction have shown that administration of necrostatins has 

been associated with a reduction in the infarct ratio, improvement of the haemodynamic 

parameters and contractile function of the heart (Koshinuma et al, 2014; Luedde et al, 2014; 

Oerlemans et al, 2012; Smith et al, 2007). Specifically, the study carried out by Koshinuma et al, 

(2014) in the ex-vivo model of guinea pigs exposed to 30 minutes of global ischaemia and 4 hours 

of reperfusion aimed to investigate if necroptosis was implicated in the I/R injury. The study 

showed that concurrent administration of the Nec-1 and Z-VAD inhibitors 5 minutes prior 

ischaemia and 30 minutes throughout reperfusion resulted in a decrease in the infarct size and 
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amelioration of left ventricular diastolic pressure (LVDP) and left ventricular ejection fraction 

(LVEF) haemodynamic parameters when compared to control group (Koshinuma et al, 2014). In 

addition, in a different study carried out in the mouse in vivo model subjected to 30 minutes of 

regional ischaemia, it has been demonstrated that administration of Nec-1 5 minutes before 

reperfusion showed a reduction in the infarct size, oxidative stress along with a decrease in the 

activation of necrosis (Oerlemans et al, 2012). Furthermore, within the same study, the apoptotic 

cell death was also assessed, and the results showed no significant differences between the 

untreated and Nec-1 treated groups (Oerlemans et al, 2012). 

1.14 Apoptosis of cardiomyocytes 

Apoptosis or programmed cell death is an energy-dependant, highly conserved biochemical 

process that occurs under physiological and pathological circumstances in response to 

endogenous and exogenous stimuli (Elmore 2007, Fulda 2010, Majno and Joris 1995). The 

morphology associated with this process include cell shrinkage and pyknosis, cytoplasmic 

condensation and cellular fragmentation into membrane-enclosed “apoptotic bodies” (Fink and 

Cookson 2005, Fulda 2010, Konstantinidis, Whelan and Kitsis 2012). The apoptotic bodies are 

rapidly phagocytised by macrophages, parenchymal cells and neoplastic cells and are eliminated 

by the phagolysosomes (Elmore 2007, Konstantinidis, Whelan and Kitsis 2012). Apoptosis can be 

triggered through the stimulation of a death receptor or via the mitochondrial pathway (Buja 

2005).  

Apoptosis is associated with a number of molecular, biochemical and morphological processes 

such as gene activation (programmed cell death), stimulation of caspases, mitochondrial changes 
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including membrane potential loss, activation of the membrane permeability transition and 

release of cytochrome C (Buja 2005, Eefting et al. 2004, Fink and Cookson 2005, Fulda 2010). 

Several studies have suggested that the process of apoptosis is activated in myocardial I/R injury. 

Furthermore, the involvement of apoptosis following ischaemia and reperfusion has been 

previously demonstrated in animal experimental models (Anversa et al. 1998, Dumont et al. 

2000, Gottlieb et al. 1994, Mocanu, Baxter and Yellon 2000). Findings have suggested that 

extended periods of myocardial ischaemia are linked with a rise in necrosis, while reperfusion of 

the myocardium leads to an increase in the apoptotic process (Dumont et al. 2000, Gottlieb et al. 

1994).  An early study carried out by Fliss and Gattinger, 1996 on Sprague-Dawley rats revealed 

that apoptosis can be triggered during the first 2 hours after continuous coronary occlusion and 

exhibited an increase after 45 minutes of ischaemia and 1 hour of reperfusion (Fliss and Gattinger 

1996). Although, in a rabbit experimental model, Gottlieb and his colleagues, 1994 have showed 

that apoptosis occurs after 30 min of ischaemia followed by 4 hours of reperfusion in the rabbit 

myocardial tissue, but not in the permanent ischaemic area (Gottlieb et al. 1994). This finding 

would imply that apoptosis is induced during reperfusion stage.  In addition, a study undertaken 

in dog hearts by Zhao et al, (2000) demonstrated that apoptosis was observed in the myocardium 

subjected to a short period of ischaemia and reperfusion, but not in the ischaemic tissue only 

(Zhao et al. 2000) 

The process of apoptosis occurs via two molecular signalling pathways: the extrinsic and the 

intrinsic signalling pathway (Winter et al. 2014a) (Figure 1.3).  
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Figure 1.3 The intrinsic and extrinsic apoptotic signalling pathways (Sarvothaman et al. 2015). 

The extrinsic pathway is triggered by the binding of the death receptors to the death ligands. This 

interaction leads to the formation of the death inducing signalling complex (DISC), which in turn 

binds to the procaspase-8 and stimulates the autocatalytic activation of caspase-8, and 

subsequently triggers the protease cascade, leading to apoptosis. The intrinsic pathway is 

activated by a number of stress factors such as DNA damage, hypoxia, ER stress and growth factor 

deprivation. The death signal is detected by BH3 only protein which in turn interacts with BAX 

and BAK. This process leads to the conformational change of BAX and BAK, initiating the 

formation of the mitochondrial pores and enhancing the permeability of the outer mitochondrial 

membrane, promoting the release of apoptogenic proteins (cytochrome C and SMAC/Diablo 

complex, etc). The released cytochrome C connects with the apoptotogenic activator factor-1 

(Apaf-1) and enables the formation of the apoptosome complex, which in turn recruits and 

triggers pro-caspase-9. The activated caspase-9 initiates the activation of caspase-3,-6 and -7 

leading to apoptosis. 

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

The extrinsic pathway is stimulated by cell surface death receptors such as Fas, tumour necrosis 

factor (TNFα) and TRAIL receptors that bind to extracellular death ligands (Kiechle and Zhang 

2002). The activation of the death ligand leads to the oligomerisation of the receptors and 

recruitment of Fas-associated death domain (FADD) and procaspase 8, forming the death-

inducing signalling complex (DISC) (Jin and El-Deiry 2005, Kiechle and Zhang 2002, Winter et al. 

2014b). This complex binds to the procaspase 8 and triggers the auto-catalytic activation of 

caspase 8, which in turn stimulates the protease cascade (caspase-3, -6 and -7), leading to 

apoptosis (Elmore 2007, Jin and El-Deiry 2005, Kiechle and Zhang 2002) (Figure 1.3). 

1.14.2  Intrinsic pathway of apoptosis 

The intrinsic pathway, also known as the mitochondrial-mediated apoptosis can be triggered by 

several endogenous and exogenous stimuli including ischaemia, oxidative stress, DNA damage 

and endoplasmic reticulum (ER) stress (Galluzzi, Kepp and Kroemer 2014, Loreto et al. 2014). This 

pathway plays a vital role in the development and in removal of damaged cells (Loreto et al. 

2014). The intrinsic pathway is mainly controlled by Bcl-2 family proteins (Chipuk et al. 2010). The 

Bcl-2 protein complex is comprised of both antiapoptotic proteins (Bcl-2, Bcl-XL, and Mcl-1) and 

pro-apoptotic proteins (Bax, Bak and BH3 only proteins) (Kim and Kang 2010, Konstantinidis, 

Whelan and Kitsis 2012, Zhang et al. 2009a). In normal, physiological conditions, Bax is located in 

the cytosol, however in response to exogenous stimuli, Bax translocates from the cytosol into the 

outer mitochondrial membrane (OMM) of the cardiomyocytes (Kim and Kang 2010, 

Konstantinidis, Whelan and Kitsis 2012, Tait and Green 2010, Zhang et al. 2009a). Furthermore, 



54 
 

the stress stimuli promote the conformational change of Bak, which resides to the outer 

mitochondrial membrane (OMM) (Cheng et al. 2003, Konstantinidis, Whelan and Kitsis 2012, 

Zhang et al. 2009a). The apoptotic stimuli that activate Bax and Bak are sensed and converted by 

BH3 only proteins (Konstantinidis, Whelan and Kitsis 2012). This process results in the formation 

of mitochondrial pores and enhances the permeability of the external mitochondrial membrane 

(Sarvothaman et al. 2015). The permeabilisation of the OMM promotes the release of the 

apoptogenic proteins (cytochrome C and SMAC/Diablo complex, Apoptosis Inducing Factor (AIF), 

Omi/HtrA2 and Endonuclease G (Endo G) from the mitochondria to the cytosol (Keoni and Brown 

2015, Konstantinidis, Whelan and Kitsis 2012, Sarvothaman et al. 2015, Tait and Green 2010, 

Zhang et al. 2009a). The released cytochrome c connects with the apoptotic activating factor-1 

(Apaf-1) and facilitates the formation of the apoptosome complex, which in turn recruits and 

triggers pro-caspase 9 (Keoni and Brown 2015, Sarvothaman et al. 2015, Zhang et al. 2009a). As 

a result, caspase-9 initiates the activation of downstream effector caspases-3, -6 and -7 leading 

to apoptosis of cardiomyocytes (Reed 2000, Slee et al. 1999) (Figure 1.3).   

It is well established that intrinsic pathway occurs mainly in mitochondria, however recent 

studies have highlighted that ER and other organelles including lysosomes and nucleus may be 

linked with mitochondrial death signalling pathway (Crow et al. 2004, Danial and Korsmeyer 

2004). This process is triggered mainly by intracellular Ca2+ overload. The concentrations of Ca2+ 

within the ER are increased by Bax and Bak, which can reside in the ER as well as in the 

mitochondria (Scorrano et al. 2003, Zong et al. 2003). It has been shown that exacerbated levels 

of cytoplasmic Ca2+ may initiate a number of apoptotic processes, including the opening of the 

MPTP and the release of cytochrome c (Halestrap, McStay and Clarke 2002).  The 
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permeabilization of the membrane facilitates the release of AIF, Endo-G, Smac/DIABLO complex, 

Bax, Bak and HtrA2/Omi (Elmore 2007, Scorrano et al. 2003).  Another mechanism by which 

intrinsic apoptotic pathway may be triggered is via the nucleus and implicates the activation of 

poly[ADP-ribose] polymerase (PARP) complex and recruitment of Apoptotic Inducing Factor (AIF) 

as a response to oxidative stress (Yu et al. 2002). In the nucleus, AIF initiates DNA degradation 

and activates the mitochondria to release cytochrome c- processes that induce apoptosis (Crow 

et al. 2004, Yu et al. 2002).  

1.15 Autophagy of cardiomyocytes  

Autophagy, also known as the third pathway of the cell death, is a stricly controlled catabolic 

intracellular process in which lysosomes control the degradation and removal of the damaged 

and dysfunctional proteins and organelles (Lavandero et al. 2015; Przyklenk et al. 2012). As 

opposed to the other cell death pathways (apoptosis and necrosis) the main mechanism of 

autophagy involves the consumption of the cellular components to produce energy instead of 

utilising it (Ma et al. 2012; Lavandero et al. 2015). Several studies have shown that during 

conditions of stress such as exacerbated increase in ROS levels, DNA damage and nutrient 

starvation the process of autophagy can be triggered in order to supply nutrients and energy for 

the maintenance of cell metabolism.  However, excessive or uncontrolled autophagy can lead to 

apoptotic cell death (Eisenberg-Lerner et al. 2009; Lavandero et al. 2015; Antunes et al. 2018).  

In the context of myocardial ischaemia, a number of investigations have suggested that 

autophagy exhibits an important role in cardioprotection and this effect occurs via mechanisms 

that inhibit apoptosis, protecting against cardiomyocyte damage (Eisenberg-Lerner et al. 2009; 
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Ma et al. 2014). Furthermore, in support of the role of autophagy in cardioprotection, the study 

undertaken by Nishida et al. (2009) in mice has shown that inactivation of Atg5 gene (a vital 

mediator of autophagy) caused ventricular dysfunction and dilation (Nishida et al. 2009). In 

addition, a number of studies have shown that activation of autophagy by rapamycin (which 

prevents the mammalian target of rapamycin (mTOR) and subsequently phosphoinositol-3 kinase 

(PI3K) and Akt stimulation) revealed distinctive cardioprotection against both I/R injury and 

Doxorubicin, effects that were indicated by an improvement in cell viability, a decline in the ROS 

levels and apoptosis, and an increased mitochondrial function (Shishi et al. 2012; Yang, Wang and 

Peng, 2010).   

 

1.16 Cardioprotective strategies 

The concept of cardioprotection includes management of cellular pathways and events by 

pharmacotherapies and other strategies during ischaemia and reperfusion to diminish 

myocardial cell death (Gerczuk and Kloner 2012). 

During the last decade, research has been focused on finding novel, effective therapeutic 

strategies that could limit the myocardial injury and reduce the mortality and morbidity rates in 

patients with IHD (Fox et al. 2007, Hamilton 2007, Rodrigo et al. 2013b).  Systemic thrombolysis 

and percutaneous coronary angioplasty (PCA), are two of the approaches that have been 

clinically used to salvage the myocardium, with the second approach being the most effective as 

it enables the blood reperfusion of the cardiac area affected by coronary artery occlusion 
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(Rodrigo et al. 2013b). However, as a result of this procedure, the ischaemic area of the 

myocardium is reperfused, facilitating the over production of ROS, which leads to myocardial 

tissue damage and activation of cell death signalling pathways (Maxwell 1997, Rodrigo et al. 

2013b).  

In addition, a variety of pharmacological therapies have been used to reduce the adverse effects 

of reperfusion injury (Spath, Mills and Cruden 2016). Pharmacological therapies that improve 

cardiac remodelling and are currently clinically available include β- blockade, statins and 

inhibitors of the renin-angiotensin-aldosterone axis (Spath, Mills and Cruden 2016).  

Furthermore, several reports have highlighted that the use of antioxidants could ameliorate the 

oxidant stress associated with myocardial IR injury (Hamilton 2007, Maxwell 1997). 

1.17 Role of antioxidants in cardioprotection  

Antioxidants (also named free radical scavengers) are substances that directly scavenge ROS or 

indirectly functions to up-regulate the antioxidant defence mechanism and to prevent oxidation 

and ROS production (Halliwell 2007, Khlebnikov et al. 2007). The antioxidant defence mechanism 

in the heart is comprised of endogenous enzymatic antioxidants such as superoxide dismutase 

(SOD), catalase, glutathione peroxidase, which enable the removal of excessive ROS including 

superoxide anions (O2
-), hydroxyl radicals (OH), alkoxyl radicals (RO) and peroxyradicals (ROO) 

(Bouayed and Bohn 2010, Ratnam et al. 2006a). However, the endogenous antioxidant defence 

mechanism is incomplete without the exogenous antioxidants such as vitamin C, vitamin E, β 

carotene and polyphenols (Bouayed and Bohn 2010). These compounds have an important role 
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in sustaining the redox homeostasis between the oxidant and antioxidant in the heart (Hedayati 

et al. 2017, Moser and Chun 2016, Salvayre, Negre-Salvayre and Camaré 2016) 

Cumulative evidence has shown that treatment with vitamin C, vitamin E and β carotene 

exhibited cardioprotective properties against oxidative-stress mediated myocardial injury 

(Hamilton 2007, Jackson et al. 1998, Qin et al. 2006, Upston et al. 2001). Furthermore, in a rabbit 

experimental model, Qin et al, 2006 have demonstrated that combined administration of vitamin 

E and C for 11 weeks in rabbits 1 week after myocardial infarction resulted in decreased ROS 

production, increased the anti-apoptotic Bcl-2 protein, decreased the pro-apoptotic protein Bax, 

inhibited the cytochrome c release, diminished the activity of caspase-3 and caspase 9, and 

reduced myocyte apoptosis when compared to control (Qin et al. 2006). Furthermore, the 

combined treatment prevented the downregulation of sarcoplasmic reticulum (SR) Ca2+ATPase, 

an IR-associated alteration that contributes to Ca2+ overload related with IR injury (Qin et al. 

2006).  Although much work has documented the effects of these antioxidants, many randomised 

clinical trials and observational studies with vitamin C, E and β carotene concentrating on the 

prevention of cardiovascular diseases revealed disappointing outcomes (Hennekens et al. 1996, 

Lee et al. 1999, Virtamo et al. 1998). The results from HOPE clinical trial have shown that 

treatment with vitamin E increases the incidence of congestive heart failure (McQueen et al. 

2005). In another clinical trial that included over 8000 post-MI patients without congestive heart 

failure at baseline, it has been observed that administration with vitamin E in these patients 

resulted in a 50% increase in the risk of progressing to chronic heart failure (Marchioli et al. 2006).  

However, the outcomes from Cambridge Heart Antioxidant Study have revealed that patients 
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with coronary atherosclerosis treated with vitamin E exhibited a significant decline in the rate of 

non-fatal MI (Stephens et al. 1996).   

In the recent years, various experimental studies investigated the cardioprotective properties of 

the anti-ageing antioxidants (Petrovski, Gurusamy and Das 2011, Santhakumar, Bulmer and Singh 

2014, Santhakumar et al. 2015). An example in this case is Resveratrol, a compound found in the 

polyphenols from grapes and red wine (Hung et al. 2000a, Magyar et al. 2012, Wu and Hsieh 

2011). The cardioprotective properties exerted by Resveratrol include vasorelaxation, anti-

inflammatory response and ROS scavenging (Das, Mukherjee and Ray 2011, Das et al. 1999). A 

study carried out by Hung et al. (2000) has emphasised the potent cardioprotective properties of 

Resveratrol against myocardial IR injury in rat experimental models (Hung et al. 2000b). This 

study has demonstrated that pre-treatment with Resveratrol exerted potent protective effects 

against IR induced arrhythmias and mortality, reducing the myocardial infarction ratio, 

ventricular tachycardia and ventricular fibrillation (Hung et al. 2000b). Furthermore, tests carried 

out on the enzyme activity have revealed that pre-treatment with Resveratrol increased the 

levels of NO, and significantly decreased the lactate dehydrogenase activity levels (Hung et al. 

2000b). In addition, a number of experimental studies have reported that treatment with 

Resveratrol reduced the platelet aggregation and inflammation (Delmas, Jannin and Latruffe 

2005), inhibited the activation of NFkB factor (Holmes-McNary and Baldwin 2000), inhibited the 

oxidation of LDL (Wu and Hsieh 2011)  and promoted the neovascularization of the infarcted 

myocardial tissue linked with rises in thioredoxin, haemoxygenase-1 and vascular growth factor 

levels (Fukuda et al. 2006, Kaga et al. 2005).  
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Several signaling pathways have been suggested to be implicated in the process of cell survival 

and death. Investigations designed to distinguish these pathways may be useful to determine 

and emphasise the importance of the pathways linked with cardioprotection and cardiotoxicity. 

1.18 Intracellular signalling pathways involved in 

cardioprotection  

The maintenance of cellular homeostasis plays a vital role in the regulation of normal cellular 

processes, and it is determined by the capacity of the cells to distinguish and react to stimuli 

appropriately (Gomes and Blenis 2015). This is achieved through the ability of the cells to convert 

the intracellular and extracellular cues into cellular responses such as cell division and cell death 

(Gomes and Blenis 2015). This process involves the activation of a metabolic network of signaling 

pathways that mediate the cellular processes such as cell proliferation, growth, migration and 

apoptosis (Gomes and Blenis 2015). These cues are transferred to the cells through the cell 

surface receptors which bind to the appropriate ligand leading to conformational changes 

followed by the phosphorylation or dephosphorylation of proteins that culminate in the 

activation or inhibition of signal transduction pathways (Mockridge, Marber and Heads 2000). 

Within the myocardial ischaemia/reperfusion injury setting, it has been highlighted that 

activation of protective signaling cascades is vital in rescuing the cardiac myocytes from reversibly 

damaged myocardium, preventing the progression to irreversible myocardial damage (Rossello 

and Yellon 2018). Cumulative reports have shown that the pro-survival kinases play an important 

role in cellular protection and growth in both healthy and I/R cells (Hausenloy and Yellon 2007, 

Rossello and Yellon 2018).  Investigations carried out by Hausenloy and his co-workers in 2004 
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have demonstrated that cardioprotection from acute myocardial I/R damage occurs via the 

recruitment of pro-survival kinases Akt and extracellular signal-regulated protein kinases 1 and 2 

(ERK1/2)- also referred as RISK pathway (Hausenloy and Yellon 2004). Further investigations 

carried out by the same group have revealed that RISK pathway includes the activation of 

phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) (PI3K/Akt) cascade, c-Jun N-terminal 

kinase (JNK) cascade and extracellular regulatory kinase ERK1/2 pathway.  

1.18.1  Phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) (PI3K/Akt) 

signaling pathway involved in cardioprotection  

The serine/threonine kinase Akt (also known as protein kinase B or PKB) has a critical function in 

regulating various functions of cell physiology including metabolism, growth, proliferation, 

transcription, survival and protein synthesis in normal and cancer cells (Bozulic and Hemmings 

2009).  In addition, cumulative evidence has reported that PI3K/Akt signalling pathway has an 

important role in cardiac physiology and has been associated with a protective role against both 

myocardial I/R injury and I/R preconditioning.  

Akt is comprised of 3 subunits: one central catalytic domain (Thr308), an N-terminal plekstrin 

homology (PH) domain and a C-terminal regulatory domain (Ser473) (Mullonkal and Toledo-

Pereyra 2007). 

The first step in the process of activating the Akt/PKB pathway is the activation of PI3K lipid 

enzymes. The stimulation of PI3K requires the interaction and binding of specific growth factors 

and cytokines to G coupled protein receptors, triggering the phosphorylation of catalytic subunits 

phospholipid phosphoinositol-4,5 biphosphate (PIP2), which in turn stimulates the activation of 
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the membrane phospholipid phosphoinositol-(3,4,5)-phosphate (PIP3). A fraction of this is 

converted to PIP2 by inositol phosphatase activity (Mullonkal and Toledo-Pereyra 2007).  

Following the activation of PI3K, the amino-terminal PH domain (PH) interacts and binds to PIP3 

facilitating the recruitment of Akt to plasma membrane from the cytosol (Fujio et al. 2000). This 

process triggers the phosphorylation of Akt at its Thr308 and Ser473, resulting in the full 

activation of Akt protein (Fujio et al. 2000). 

Stimulation of pro-survival Akt/PKB signalling pathway has been associated with a number of 

cellular responses and protein interactions within the heart. Examples of the downstream effects 

of Akt include regulation of the glucose metabolism, by phosphorylating glycogen synthase 

kinase-3 (GSK-3), regulation the nitric oxide synthesis in endothelial cells and control of the gene 

transcription (Abel and Doenst 2011, Fulton et al. 1999, Isner and Asahara 1999, Shiojima and 

Walsh 2002). 

Several studies indicated that within the mitochondria, Akt activation supports the survival of 

cardiomyocytes against apoptosis by phosphorylating and activating the anti-apoptotic proteins 

(Bcl-2, Bcl-XL,) and inhibiting the promotion of pro-apoptotic proteins (Bax, Bak and BH3-only 

proteins) (Armstrong 2004, Kim et al. 2012, Matsui et al. 2001). The subsequent activation results 

in the inhibition of the mitochondrial outer membrane permeabilisation (MOMP), which in turn 

prevents the release of cytochrome c and AIF into the cytosol (Forini, Nicolini and Iervasi 2015, 

Kim et al. 2012). Further to this, studies have suggested the ability of Akt to inhibit apoptosis, by 

supressing the activation of caspase-3 signalling cascade and prevent the apoptosome formation 

(Su et al. 2011). Although short term activation of Akt can have beneficial effects on the 
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myocardium, sustained Akt stimulation might have a negative impact on the heart, increasing 

the cardiac contractility and promoting heart failure (O'Neill and Abel 2005, Wende et al. 2015). 

1.19 Anticancer therapies and cardiotoxicity 

Many anticancer therapies have demonstrated to be extremely cardiotoxic and have been 

associated with exacerbated production of ROS in the cardiac tissue (McGowan et al. 2017, 

Volkova and Russell 2011). Relevant example in this case are anthracyclines, an effective group 

of anticancer drugs, which induce cardiac toxicity through various mechanisms of action (Volkova 

and Russell 2011). 

1.19.1  Anthracyclines chemotherapy and its side effects 

Anthracyclines are one of the most effective anticancer agents, playing an important role in 

treating several forms of solid and liquid malignancies (McGowan et al. 2017, Weiss 1992).  The 

first anthracyclines Doxorubicin (DOX) and Daunorubicin (DNR) were first isolated in early 1960s 

from soil bacterium Streptomyces peucetius (Grein 1987).  The revolutionary discovery of these 

drugs had a massive impact in the antibiotic overproduction techniques of the day (Rimal et al. 

2015). Furthermore, anthracyclines are currently listed in the in the World Health Organization 

(WHO) model list of essential medicines (Organization May 2015). 

Currently, cancer affects more than 1 in 3 people in their lifetime, and along with cardiovascular 

diseases, they represent the leading causes of mortality in developed countries. Findings from an 

analysis of population-based cancer registry data carried out by Coleman et al, (2011) has 

revealed that ten-year cancer survival trend is approximately 50% among the most common 

types of cancer, and approximately an 80% survival in lymphoma, melanoma and uterine 
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malignancies (Coleman et al. 2011) These trends indicate a major progress in the survival ratios 

in the developed countries (Coleman et al. 2011). Furthermore, in the United Kingdom, since the 

1960s, a two-fold increase was noted in the ten-year or more cancer survival rates in adults, and 

a three-fold increase in children (Cancer Research 2014). However, the effective use of DOX has 

been limited by its dose-limiting toxicities such as nausea, vomiting, extravasation, 

hematopoietic suppression, and nevertheless cardiotoxic reactions (Mitry and Edwards 2016, 

Octavia et al. 2012). 

1.19.2  Anti-tumour activity of Doxorubicin  

Despite expensive research and clinical use of anthracyclines, the mechanisms of action of these 

anti-tumour agents in cancer cells remain unknown and continue to be a matter of debate.  

Various hypotheses were suggested, including inhibition and synthesis of macromolecules which 

intercalates into DNA, causing inhibition of DNA replication and synthesis (Minotti et al. 2004, 

Schott and Robert 1989a). Another hypothesis of DOX activity includes generation of reactive 

oxygen species, which plays an important role in producing DNA damage and causing lipid 

peroxidation (Benchekroun et al. 1993, Minotti et al. 2004). Furthermore, several investigations 

suggested that DOX treatment can activate DNA binding and alkylation, DNA strands separation 

and direct membrane activity (Benchekroun et al. 1993, Minotti et al. 2004, Schott and Robert 

1989b). One of the major mechanisms of DOX-induced cytotoxic effects is the inhibition of 

topoisomerase II activity which triggers the initiation of DNA damage and stimulation of 

apoptosis (Minotti et al. 2004, Ramachandran et al. 1993). There are two types of toposiomerase 

II enzymes: topoisomerase IIα and topoisomerase IIβ isoforoms. Topoisomerase IIα is well 

established marker of cell proliferation, and it is overexpressed in cancer tissue, but is not present 
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in healthy tissue (Zhang et al. 2012; Lyu et al. 2006). Therefore, topoisomerase IIα isoform is 

recognised as an important molecular target for Doxorubicin antiproliferative activity (Zhang et 

al. 2012). Within the heart, the topoisomerase II isoforom expressed in adult cardiomyocytes is 

topoisomerase IIβ. This isoform represents a target for Doxorubicin, having the ability to induce 

DNA double strand breaks, resulting in cardiomyocyte cell death (Lyu et al. 2007; Zhang et al. 

2012).  

Although DOX is considered one of the most effective anti-tumour compounds, countless 

investigations have shown that its use has been associated with a series of cardiac events, 

including progression to heart failure (Groarke and Nohria 2015, Volkova and Russell 2011, Von 

Hoff et al. 1979).  For example, the study carried out by  

1.19.3  Cardiotoxic effects of Doxorubicin treatment 

Although, DOX is one of the most effective anti-cancer therapies, there are numerous off target 

effects, which can affect healthy tissues in other organs (Groarke and Nohria 2015, Volkova and 

Russell 2011). Serious side effects caused by DOX cumulative toxicity include damage to cardiac 

myocytes leading to dilative cardiomyopathy and congestive heart failure (CHF) (Groarke and 

Nohria 2015, Volkova and Russell 2011, Von Hoff et al. 1979). Early clinical trials carried out by 

Von Hoff et al, (1979) which included over 4000 patients subjected to DOX treatment have 

revealed that patients developed clinical effects of CHF (Von Hoff et al. 1979). This study has 

demonstrated that cumulative dose of DOX plays a crucial role in the frequency of CHF, observed 

at the administration of cumulative doses of 550 mg/m2 (Von Hoff et al. 1979). Furthermore, 

investigations carried out in three clinical trials reported that an increased dose of DOX resulted 
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in an increased level of risk of congestive heart failure (Swain, Whaley and Ewer 2003). The 

incidence of DOX-related CHF in patients receiving a dose of 400 mg/m2 was 5%, with a higher 

percentage of 26% at 550 mg/m2, and 48% at 700 mg/m2 (Sawin et al, 2003). The prevalence of 

DOX induced CHF has been shown to be dependent on age (Figure 1.4) (Swain, Whaley and Ewer 

2003). Investigations carried out demonstrated that cumulative DOX-related CHF has a higher 

risk of incidence in patients over the age of 60, and a lower risk of CHF prevalence in younger 

patients (Barrett-Lee et al. 2009, Grann et al. 2006, Swain, Whaley and Ewer 2003). Furthermore, 

gender difference has also been noted as one of the risk features of DOX-related cardiotoxic 

effects (Lipshultz et al. 1995). A study carried out by Lipshultz et al, (1995) showed that female 

patients exhibited severe cardiotoxic events with more depressed contractility (Lipshultz et al. 

1995).     
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Figure 1.4 The percentage of DOX-related CHF dependant on age (Barrett-Lee et al. 2009. The 
risk of developing CHF in Doxorubicin treated patients is age dependant and increases 
significantly at cumulative doses of 500 mg/m2 and higher.  

 

Several studies have revealed that a concentration of 1-2µM DOX in plasma concentration 

appears to be the most effective concentration used in the in vitro studies (Camaggi et al. 1988). 

Severe acute and chronic adverse effects of DOX administration have been reported (Mitry and 

Edwards 2016). The acute side effects include arrhythmias, hypotension, tachycardia, arrhythmia 

and depression of the contractile function (Shakir and Rasul 2009a, Zucchi and Danesi 2003). 

Chronic adverse effects of DOX administration appear to develop or degrade over an extended 

time interval (Ganz et al. 2008, Hooning et al. 2007, Longhi et al. 2007).  The main adverse 

reactions of anthracycline intake comprise of congestive heart failure and cardiomyopathy 

(Cardinale et al. 2010, Hooning et al. 2007, Shakir and Rasul 2009a). There are countless reports 
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which demonstrate that the cardiovascular events of anthracycline intake are dependent on 

dosage and irreversible (Drafts et al. 2013, Minotti et al. 2004, Salvatorelli et al. 2018).  

1.19.4  Mechanisms of Doxorubicin-induced cardiotoxicity 

Cardiotoxic effects of DOX were first studied during early clinical trials in the late 1970s. These 

studies revealed cardiac disturbances that could be a result of DOX repeated administration 

(Ganz et al. 2008, Torres and Simic 2012, Von Hoff et al. 1979). DOX-induced cardiac injury is a 

complex process and involves different pathways, of which some of these pathways are linked 

with the metabolism and the anti-tumour activity of the drug (Torres and Simic 2012). The 

mechanisms that are responsible for DOX-induced cardiac events are: free radical stress, calcium 

overloading and mitochondrial dysfunction (Octavia et al. 2012, Torres and Simic 2012).  The 

proposed mechanisms are illustrated in Figure 1.5.  
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Figure 1.5 Proposed mechanisms of DOX induced cardiac toxicity (Renu et al. 2017). 

1.19.5  Free radical stress induced by Doxorubicin 

Even though DOX induced cardiac toxicity is a multifactorial process, formation of reactive 

oxygen species (ROS) plays an important role in activating the oxidative mitochondrial damage 

(Simunek et al. 2009, Torres and Simic 2012, Xu et al. 2001). The elevated level of free radical 

stress produced by DOX is linked to the molecular aspects which facilitate the initiation of redox 

reaction and consequently free radical cascade (Torres and Simic 2012, Xu et al. 2001).  

Some materials have been removed from this thesis due to Third Party Copyright considerations. Pages where material has 
been removed are clearly marked in the electronic version. The unabridged version of the thesis can be viewed at the 
Lanchester Library, Coventry University.
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DOX is a member of the quinone group of chemicals, which comprises of naphtacenequinone 

nucleus connected via a glycosidic bond to an amino sugar, daunosamine (Guin, Das and Mandal 

2011). Reduction of quinone can occur in either one-electron or two-electron reduction. One 

electron of the tetracyclic ring of DOX results in the formation of a free radical semiquionone 

(Guin, Das and Mandal 2011, Montaigne, Hurt and Neviere 2012). This radical is stable in anoxic 

conditions, but in neutral environment, the unpaired electron is donated to oxygen, which results 

in the formation of superoxide radicals (Berthiaume and Wallace 2007, Guin, Das and Mandal 

2011, Montaigne, Hurt and Neviere 2012).  This reaction is catalysed by cytochrome P450, 

cytochrome P450 reductase, ubiquinone oxireductase, cytochrome b5 reductase and xanthine 

dehydrogenase, endothelial nitric oxide synthase enzymes (Berthiaume and Wallace 2007, 

Minotti et al. 2004). This sequence of reaction, also called “redox cycle” can have a damaging 

effect, due to the formation of various superoxide radicals (Berthiaume and Wallace 2007, Hahn, 

Lenihan and Ky 2014, Montaigne, Hurt and Neviere 2012).  The redox cycle of DOX administration 

has been observed in cytoplasm, mitochondria and sarcoplasmic reticulum (Berthiaume and 

Wallace 2007, Hahn, Lenihan and Ky 2014).  

Activation of myocardial oxidative stress represents one of the most important mechanisms of 

anthracycline-induced cardiac toxicity (Simunek et al. 2009). ROS promotion as well as drug 

binding to the nucleus, leads to DNA, mitochondria and myocytes cell death (Montaigne, Hurt 

and Neviere 2012). Several investigations have demonstrated that ROS production can lead to 

various cardiotoxic effects, such as: reduced expression of cardiac proteins, imbalance in cellular 

and mitochondrial calcium homeostasis, activation of mitochondrial DNA lesions, disturbances in 

mitochondrial bioenergetics and ATP system, deprivation of cytoskeleton and myofilament 
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proteins (Gilleron et al. 2009, Sawyer et al. 2010, Simunek et al. 2009, Tokarska-Schlattner et al. 

2006). Several investigations and experiments carried out with isolated cardiac myocytes 

supported the involvement of oxidative stress in anthracyclines cardiac toxicity (Asensio-López 

et al. 2017, Ludke et al. 2017, Zhang et al. 2009a). It has been previously demonstrated that 

isolated cardiac myocytes are exhibiting production of mitochondrial ROS when exposed to 

anthracyclines treatment (Zhang et al. 2009a, Zhao and Zhang 2017). 

1.19.6  Mitochondrial dependent ROS induced by Doxorubicin  

It is well established that mitochondria are the most exposed and progressively damaged 

organelles of DOX-induced cardiotoxic effects (Chang et al. 2011, Octavia et al. 2012). One 

possible explanation for this effect could be associated with the cationic form of DOX that is 

preserved in the inner membrane of the mitochondria, leading to formation of an almost 

irreversibly complex with cardiolipin-a phospholipid of the inner mitochondrial membrane 

(Goormaghtigh et al. 1980). The cardiolipin is responsible for maintaining the functionality and 

homeostasis of the proteins from the electron-transport chain (Goormaghtigh et al. 1980), and 

since DOX disturbs the cardiolipin-protein interaction, elevated levels of superoxide anions O2
- 

are formed (Schlame, Rua and Greenberg 2000).  In a different investigation, Kashfi et al, (1990), 

have postulated that several membrane proteins that control the transport of carnitine, could be 

disrupted by DOX, causing a reduction in the mitochondrial function (Kashfi et al. 1990). The 

disturbances in mitochondrial function result in structural changes such as mitochondrial swelling 

and disruption of homeostasis within the mitochondria (Cole et al. 2006). Several reports have 

reported the damaging effects of DOX-induced myocardial injury, however, these studies tested 

high concentrations of DOX (Minotti et al. 1998, Papadopoulou et al. 1999). Nevertheless, clinical 



72 
 

concentrations of DOX could have a negative impact on the mitochondrial function, but these 

reactions are less damaging.  Carvalho et al, (2010) have reported that in a rat model of DOX-

induced cardiotoxicity, the oxidation of long-chain fatty acid in the mitochondria exhibited a 

significant reduction, whereas, the glucose metabolism was significantly enhanced, suggesting 

that an overall change from the aerobic to anaerobic respiration occurs (Carvalho et al. 2010).     

Due to DOX accumulation in the mitochondria of cardiomyocytes, one electron reduction 

appears to be another possible pathway involved in the quinone reduction in the heart (Minotti 

et al. 2004, Montaigne, Hurt and Neviere 2012). Furthermore, quinones have a high activity, 

which can interact and redox cycle with their semiquionone radicals, resulting in formation of 

ROS such as H2O2 and hydroxyl radical (Minotti et al. 2004, Montaigne, Hurt and Neviere 2012).  

Moreover, early studies suggested that cultured cells and animal models expressed antioxidant 

protection against anthracyclines induced cardiotoxicity (Yen et al. 1999). It has been highlighted 

that upregulation of MnSOD has been revealed to increase the cell survival rate in the presence 

of DOX via its function as a free radical scavenger in the mitochondria (Pani et al. 2000). 

Furthermore, Kim et al, (2006) have shown that calceolarioside, a natural substance from 

traditional Chinese medicine, offered protection against DOX-induced apoptosis by increasing 

the expression of SOD and hindered the mitochondrial death signalling (Kim et al. 2006a). Also, 

an investigation carried out in the rat model of DOX-induced cardiomyopathy, showed that 

MnSOD transgenic mice exhibited protection against DOX-induced ultrastructural mitochondrial 

injury in the heart (Yen et al. 1999). 
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1.19.7  Nitric oxide synthase and Doxorubicin induced cardiotoxicity 

Besides ROS, RNS have a significant role in DOX induced cardiotoxicity (Fogli, Nieri and Breschi 

2004).  

The effect of DOX on the nitric oxide (NO) signalling pathway has been previously investigated in 

in vivo and in in vitro studies. In an in vivo model using M-mode and Doppler echocardiography 

to assess left ventricular performance in CF-1 mice, Weinstein et al, (2000) have shown that 

administration of DOX 5 days post treatment caused a reduction in the cardiac contractility and 

a significant increase was detected in the myocardial inducible nitric oxide synthase (iNOS) and 

3-nitrotyrosine formation when compared to control (Weinstein, Mihm and Bauer 2000). These 

results indicate that iNOS production and the formation of ONOO-, a harmful by-product in 

cardiomyocytes could be linked with a crucial process of DOX-induced cell damage (Fogli, Nieri 

and Breschi 2004). Several experimental studies have reported that absence of iNOS has been 

associated with protection against DOX-induced cardiotoxicity (Cole et al. 2006, Mukhopadhyay 

et al. 2009).  

Furthermore, the role of endothelial nitric oxide synthase (eNOS) in DOX-induced cardiac toxicity 

has been previously investigated (Kalivendi et al. 2001, Vásquez-Vivar et al. 1997).  It has been 

demonstrated that DOX binding to the reductase domain of eNOS leads to the formation of the 

semiquinone and O2
- generation (Vásquez-Vivar et al. 1997). It has been postulated that DOX-

induced apoptosis is associated with an enhanced transcription of eNOS (Kalivendi et al. 2001). 

Furthermore, in an in vitro experimental model of bovine aortic endothelial cells (BAEC), 

Kalivendi and his colleagues, (2001) have confirmed that administration of DOX caused a 
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significant increase in the eNOS transcription and protein expression and pre-treatment with 

antisense eNOS oligonucleotide prevented DOX-induced apoptosis (Kalivendi et al. 2001).  

1.19.8  Nicotinamide adenine dinucleotide phosphate oxidase and 

Doxorubicin induced cardiac dysfunction 

The nicotinamide adenine dinucleotide phosphate (NADPH) oxidases represent a class of 

numerous subunit enzymes that produce O2
·- by reducing one electron of oxygen utilising NADPH 

as an electron resource (Bedard and Krause 2007). The NADPH oxidase is encompassed of two 

membrane-bound subunits (gp91 and p22) and four cytoplasmic subunits (p40, p47, p67 and G 

protein Rac1 or 2) (Bedard and Krause 2007). There are a number of seven Nox isoforms that are 

existent in non-phagocytic cells, along with vascular endothelial cells, smooth muscle cells, 

fibroblasts, and cardiac myocytes (Chen, Craige and Keaney Jr 2009). 

Previous investigations have postulated that NADPH oxidases are associated with elevated levels 

of ROS upon DOX treatment (Deng et al. 2007; Gilleron et al. 2009).  Deng et al, (2007), have 

shown that DOX and NADPH can generate superoxide radicals without any enzymatic activity 

(Deng et al. 2007). They have also demonstrated that gp91phox KO mice were resistant to 

cardiotoxic effects caused by DOX treatment, whereas the wild-type mice exhibited the opposite 

effects (Deng et al. 2007). A recent study carried out by Iwata and co-workers, (2016), has 

demonstrated that a non-phagocytic isoform of NAPDH oxidase, NOX1 in the heart was up-

regulated in DOX-treated wild-type mice leading to an increase in ROS (Iwata, Matsuno and Yabe-

Nishimura 2016). Furthermore, in NOX1 deficient mice, DOX-induced cardiac damage and the 

activity of pro-inflammatory cytokines were significantly reduced (Iwata, Matsuno and Yabe-
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Nishimura 2016). Additionally, in vitro experiments in H9c2 rat cardiomyoblasts carried out by 

Gilleron et al, (2009) highlighted the importance of NADPH oxidases in the progression of DOX-

induced cardiac dysfunction (Gilleron et al. 2009). The study demonstrated that treatment with 

DOX resulted in a rapid generation of superoxide radicals through NADPH oxidase activation 

(Gilleron et al. 2009), and the use of NADPH inhibitors resulted in a decrease in DOX-induced ROS 

generation, improving cell survival (Gilleron et al. 2009).  

1.19.9  Iron and Doxorubicin induced cardiotoxicity  

A different proposed mechanism of anthracyclines ROS production may be via the redox cycle of 

the aglycone groups along with the anthracycline-iron complexes (Montaigne, Hurt and Neviere 

2012, Torres and Simic 2012).   

Iron is an essential element used for several vital cellular processes within the body such as 

oxygen transport, energy generation and cell cycle (Gammella et al. 2014, Gammella et al. 2015). 

Previous studies have revealed that iron can play an important role in DOX-induced cardiotoxicity 

(Ichikawa et al. 2014). Iron is an essential element used for several vital cellular processes within 

the body such as oxygen transport, energy generation and cell cycle (Gammella et al. 2014, 

Gammella et al. 2015). Previous studies have revealed that iron can play an important role in 

DOX-induced cardiotoxicity (Ichikawa et al. 2014). However, in normal, physiological conditions, 

the concentration of free iron is not sufficient to interact with DOX to cause cardiotoxic effects 

(Dos Santos and Dos Santos Goldenberg, 2018). On the other hand, it has been postulated that 

DOX causes an iron-regulated increase in ROS, also called “ROS and iron hypothesis” (Ichikawa et 

al. 2014, Myers 1998). According to this theory, there are 2 major pathways by which iron could 
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generate ROS production in DOX-treated cells: the first pathway is via the Fenton and Haber-

Weiss reactions, whereas, the second one includes activation and formation of DOX-iron 

complexes (Simunek et al. 2009). The ability of DOX-aglycone complex to undergo oxidation leads 

to the formation of superoxide free radicals (O2-), which is rapidly converted into H2O2 

spontaneously or it could be regulated by SOD enzyme activity (Ichikawa et al. 2014, Simunek et 

al. 2009, Xu, Persson and Richardson 2005). It is well established that H2O2 molecules are 

relatively stable molecules, and under biological conditions, the exacerbated levels of this 

molecule are removed by the CAT and GPx enzyme complex (Simunek et al. 2009). However, 

H2O2 molecules could lead to the formation of extremely toxic hydroxyl radicals’ activity 

(Ichikawa et al. 2014, Simunek et al. 2009, Xu, Persson and Richardson 2005). This reaction is also 

called Fenton-Weiss reaction, and it is initiated in the presence of heavy metals, such as iron 

(Simunek et al. 2009). Taking into consideration the catalytic role that free cellular iron plays in 

the production of harmful hydroxyl radicals, organisms have specific proteins intended for iron 

acquisition, passage and storage as well as complex mechanisms that mediate the levels of 

intracellular iron homeostasis (Ichikawa et al. 2014, Simunek et al. 2009).  

The labile pool of cytosolic iron (which matches to the iron transported between the transporter 

ferritin and the storage protein ferritin) is detected by the iron regulatory proteins (IRPs). The 

main role of these proteins is to regulate and control the expression of transferrin receptor and 

ferritin at the translation level, preserving the intracellular free iron pool at a low concentration 

(Simunek et al. 2009; Dos Santos and Dos Santos Goldenberg, 2018; Myers 1998). In an early 

study undertaken by Thomas and Aust (1986) it has been demonstrated that DOX enhanced the 

concentration of free, redox-active iron by stimulating the production of O2- radicals, which 
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subsequently facilitated the reductive discharge of iron from ferritin (Thomas and Aust, 1986).  

The resultant hydroxyl radical produced in this manner is highly reactive, cannot be removed by 

the enzymatic systems and it can produce an impairment in the macromolecules function such 

as lipid peroxidation, protein and nucleic acid mutations (Halliwell and Gutteridge, 2007). 

The second pathway by which iron could stimulate ROS production in DOX treated cells involves 

the activation of DOX-iron compounds. Previous studies have demonstrated that DOX can react 

with the iron leading to the generation of reactive DOX-iron compounds such as doxorubicinol 

(Ichikawa et al. 2014, Minotti, Cairo and Monti 1999, Montaigne, Hurt and Neviere 2012).  

Earlier experimental evidence has demonstrated that the effects of DOX on iron uptake may be 

regulated via the proteins that separate and bind the intracellular iron. A proposed mechanism 

was described by Minotti et al, (1998), and includes doxorubicinol metabolite producing 

complexes with aconitase/IRP-1 (iron regulatory protein), a mechanism that increases transferrin 

mRNA stability and counteracts the translation of iron sequestration proteins (Minotti et al. 

1998). In addition, a reduction in IRP-1 results in an enhanced production of free iron, which 

could have an impact on the ROS formation (Minotti et al. 1998). In a different experimental 

study, using Hfe (human hereditary hemochromatosis)-deficient mice, Miranda et al, (2003) have 

shown that these mice exhibited a higher predisposition of DOX-induced cardiotoxicity (Miranda 

et al. 2003).  Furthermore, experimental approaches carried out in a rodent model have shown 

that Sprague-Dawley rats exposed to an iron-rich chow diet for 10-14 weeks exhibited a 

significant increase in DOX-induced cardiac dysfunction (Panjrath et al. 2007). These findings 

highlight the vital role that iron plays in DOX-induced cardiac toxicity. 



78 
 

1.19.10 Doxorubicin treatment induced apoptosis  

It has been previously demonstrated that cardiac toxicity induced by anthracyclines involves two 

mechanisms: oxidative stress and apoptosis (Montaigne, Hurt and Neviere 2012, Sawyer et al. 

2010, Simunek et al. 2009, Zhang et al. 2009b). The majority of the cellular events caused by ROS 

production are involved in the process of cardiac myocytes death, which has been revealed as 

being one of the major mechanisms of anthracyclines induced cardiomyopathy (Montaigne, Hurt 

and Neviere 2012, Sawyer et al. 2010, Simunek et al. 2009, Zhang et al. 2009b). Several studies 

carried out in animal experimental in vivo and in vitro models have shown that cardiac myocyte 

death involves the activation of the apoptotic and necrotic pathways, phenomenon that occurs 

after in vivo and in vitro treatment with anthracyclines (Toldo et al. 2013, Zhao and Zhang 2017).  

The mechanism of apoptosis in the heart caused by anthracyclines administration reveals the 

involvement of mitochondrial pathways, which involves the release of Bax proteins, cytochrome 

c and activation of caspase-3 (Kotamraju et al. 2000, Montaigne, Hurt and Neviere 2012, Zhao 

and Zhang 2017).  

Research has also suggested that elevated levels of ROS produced by DOX administration might 

disrupt the calcium homeostasis balance by altering the Ca2+ gradient (Mitry and Edwards 2016, 

Pecoraro et al. 2017, Zhang et al. 2009a). It has been proposed that DOX might interact with 

ryanodine receptor, stimulating uncontrolled concentrations of calcium to be released from the 

sarcoplasmic reticulum (Angsutararux, Luanpitpong and Issaragrisil 2015, Kim et al. 2006, Saeki 

et al. 2002, Zhou et al. 2001). In addition, studies have shown that DOX could also disrupt the 

Na+/K+ pump located on the sarcolemma, affecting the Na+ concentrations required for Ca2+ ions 

to flow into the sarcolemma of cardiac myocytes (Zhou et al. 2001). Alterations of these pumps 



79 
 

and channels disturb the calcium homeostasis leading to calcium overload phenomenon, which 

in turn results in mitochondrial dysfunction and apoptosis (Kim et al. 2006, Zhou et al. 2001).  

1.20 Cardioprotection against Doxorubicin induced cardiotoxicity 

As mentioned before, cardiac toxicity is one of the most common side effects associated with 

anthracyclines, so the improvement in life expectancy after treatment with anthracyclines might 

be compromised by life threatening cardiovascular diseases and risk factors such as: 

hypertension, myocardial dysfunction, arrhythmias, myocardial infarction, cardiomyopathy and 

congestive heart failure (Rahman, Yusuf and Ewer 2007, Shakir and Rasul 2009b) 

Several studies have been carried out in order to find adjunctive therapies that would offer 

protection against DOX induced cardiotoxicity (Della Torre et al. 1999, Erboga et al. 2016, Lou et 

al. 2015, QuanJun et al. 2017). For instance, experimental animal studies carried out by Osman 

et al, (2013), have revealed that treatment with Resveratrol exhibited an increase in the cytotoxic 

activity of DOX in cancer cells, as well as offering protection against DOX-induced cardiotoxicity 

(Osman et al. 2013).  The histopathological analysis of the heart following the co-administration 

of Resveratrol and DOX in male Wistar rats indicated that Resveratrol exhibited cardioprotective 

properties against DOX-induced cardiotoxicity by preserving the normal structure of the muscle 

fibres (Osman et al. 2013). Furthermore, co-treatment with Resveratrol and DOX in Ehrlich ascites 

carcinoma bearing mice showed that Resveratrol increased the survival rate percentage to 70% 

long term survivors compared to 10% long survivors when DOX treatment alone was 

administered (Osman et al. 2013). In addition, findings from the same study have shown that 
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Resveratrol increased the cytotoxicity of DOX against Ehrlich ascites carcinoma cells (Osman et 

al. 2013).  

In the last decade, clinical trials and meta-analysis studies have examined the cardioprotective 

effects of Dexrazoxane against DOX-induced cardiotoxicity (Lipshultz et al. 2004, Venturini et al. 

1996). Dexrazoxane, and FDA approved drug and an iron-chelator compound, has been found to 

reduce the cardiotoxic effects of anthracyclines administration in patients with breast cancer, 

sarcoma and lung cancer (Langer 2014). It has been suggested that protection of Dexrazoxane 

against DOX induced-cardiotoxicity involves the binding of free iron in the cell, diminishing the 

intracellular concentrations of iron associated with DOX, therefore inhibiting the production of 

free radicals, which could cause injury to the mitochondria and other cellular components (Della 

Torre et al. 1999, Lebrecht et al. 2007, Wouters et al. 2005). Despite the beneficial 

cardioprotective properties of Dexrazoxane against DOX-induced cardiotoxic effects in adults 

exposed to anthracycline treatment (Swain et al, 1997), several studies and clinical trials carried 

out in paediatric patients reported that treatment with Dexrazoxane resulted in a threefold 

increase in the incidence of secondary malignancies in children with acute lymophoblastic 

leukaemia and myelodysplastic syndrome (Salzer et al. 2010, Tebbi et al. 2007). According to the 

authors, the cohort studies were not designed to monitor the cardiac effects of Dexrazoxane in 

these patients. 

Other cardioprotective agents that have been reported to protect against DOX associated cardiac 

dysfunction in animal studies include phenolic compounds (Razavi-Azarkhiavi et al. 2016), 

phosphodiesterase-5 inhibitors (PDE-5) (Koka and Kukreja 2011), green tea extract (Khan et al. 
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2014), phytochemicals (Abushouk et al. 2017) and many other compounds. For instance, the 

investigation conducted by Khan et al, (2014) in the in vivo Wistar albino rat model exposed to 

green tea extract for 30 days and DOX administered once in the 29th day of the study showed 

that oral treatment with green tea extract protected against DOX induced cardiotoxicity, by 

restoring the activities of glutathione transferase, superoxide dismutase, glutathione peroxidase 

and catalase and enhancing the heart antioxidant defense system (Khan et al, 2014). In addition, 

in a similar manner, in the same in vivo model, Singh et al, (2007) have demonstrated that 

treatment with different doses of Arjunolic acid, (a phytochemical antioxidant) 6 days a week for 

4 weeks and a single dose of DOX accelerated the cardiac defense mechanism and reduced the 

levels of creatine kinase-MB and decreased the lipid peroxidation when compared to DOX 

treated animals (Singh et al, 2008). Furthermore, within the same study, the electron microscope 

myocardial histological analysis showed that animals treated with DOX displayed mitochondrial 

swelling, focal dilation of smooth endoplasmic reticulum and lipid inclusions, whereas the 

concomitant treatment of Arjunic acid reduced DOX-induced histological alterations (Singh et al, 

2008). 

Several investigations have suggested the involvement of PI3K/Akt pathway as a strategy to 

prevent DOX-induced cardiotoxic effects (Maulik et el, 2018; Deres et al. 2005, Gao et al. 2016, 

Yu et al. 2017). In a recent in vitro study Maulik et al, (2018) have shown that simulated ischaemia 

preconditioning protects the isolated cardiomyocytes against DOX induced cell damage in a 

PI3K/Akt dependant manner.  It has been shown that cardioprotective effects of simulated 

ischaemia preconditioning were associated with an increase in the Akt phosphorylation levels in 

the cells, and the PI3K inhibitor LY294002 abolished the increase in Akt phosphorylation and 
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protection against DOX (Maulik et al, 2018).   Furthermore, in the Kumming mice experimental 

model, Wei et al, (2017) have investigated the cardioprotective effects of Apigenin antioxidant 

(a natural flavonoid) against Adriamycin induced cardiotoxicity and the involvement of PI3K/Akt 

signalling pathway (Yu et al. 2017). It has been highlighted that treatment with Apigenin 

protected against Adriamycin induced apoptosis by reducing the Bax/Bcl-2 ratio production and 

activating the PI3K/Akt pathway, suggesting that the cardioprotective properties of Apigenin 

against Adriamycin-induced cardiotoxicity could partly be attributed to Akt pathway activation 

(Yu et al. 2017).   

1.21 Tiron 

Tiron is a vitamin E analogue, a SOD mimic, a selective cell permeable scavenger and a substrate 

in electron chain processes (Herscher et al. 1994, Krishna et al. 1992). Its chemical term is sodium 

4,5- dihydroxybenzene- 1,3- disulfonate, and the chemical formula is C6H4Na2O8S2 (NIH- 

PubChem) (Figure 1.6). Tiron is available in a white powder form, highly soluble in water, with a 

melting point above 300oC. It is also used as a colorimetric reagent for iron, manganese, titanium 

and molybdenum and it generates water-soluble coloured mixtures with metal salts (Santa Cruz 

Biotechnology, 2010).  
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Figure 1.6 The chemical structure of Tiron (NIH-PubChem) 

Early experimental studies used Tiron as a metal ion chelating reagent for the assessment and 

purification of metal ion particles (Krishna et al. 1992, Poeggeler et al. 2002) as well as a 

treatment of heavy metal poisoning such as lead (Pocock and Simons 1987), beryllium (Sharma, 

Johri and Shukla 2000), uranium (Basinger and Jones 1981) and vanadium (Domingo 1994).  

The antioxidant properties of Tiron have been previously assessed in comparison with a number 

of other antioxidants. For example, the study undertaken by Oyewole et al. (2014) aimed to 

investigate and compare the effects of mitochondria targeted antioxidant MitoQ and the 

mitochondria-localised antioxidant Tiron with a number of cellular antioxidants (Oyewole et al. 

2014). The study has shown that antioxidant Tiron provided superior protection against both 

H2O2 induced mitochondrial damaged and UV radiation in the in vitro skin cell model when 

compared to MitoQ and a number of other untargeted antioxidants including curcumin, 

resveratrol and N-acetyl cysteine (Oyewole et al. 2014).  

A possible explanation for the greater protection conferred by Tiron in this study could be 

associated with its antioxidative and iron chelation properties (Oyewole et al. 2014). Although 

both Tiron and MitoQ are mitochondria targeted antioxidants, their mechanism of targeting the 

mitochondria is different. For example, MitoQ, a derived ubiquinone conjugated to 
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triphenylphosphonium (a lipophilic cation) facilitates the accumulation and passage of this 

molecule within the inner mitochondrial membrane as a result of the electrochemical gradient 

(Oyewole and Birch-Machin, 2015; Gottwald et al. 2018). 

In comparison with MitoQ, Tiron is a mitochondria-localised antioxidant which belongs to the 

group of spin traps and instead of being developed to target the mitochondria, has the ability to 

permeabilise the cell membrane and accumulate within the organelle (Oyewole and Birch-

Machin, 2015; Vorobeja and Pinegin, 2016).   

In addition to this, a number of studies investigating the effects of oxidative stress in a number 

of cellular models have compared Tiron in response to different exogenous antioxidants (Lin et 

al. 2012; Vorobeja and Pinegin, 2016). For instance, the in vitro study undertaken by Vorobeja 

and Pinegin (2016) in human neutrophils has revealed that Tiron provided the most effective 

scavenger activity against phorbol 12-myristate 13-acetate (PMA) induced ROS when compared 

to Trolox and Tiron (Vorobeja and Pinegin, 2016). In a previous study, Resveratrol and Vitamin C 

demonstrated significant ROS protection against the chemotherapeutic drug temozolomide (Lin 

et al. 2012). When compared to Tiron, the ROS protection generated with these antioxidants was 

similar however, in some assays Tiron demonstrated to offer a greater protection against ROS 

production (Lin et al. 2012). Furthermore, within the same study, co-administration of Tiron with 

the anticancer drug temozolomide in human glioblastoma (U87MG) cells was marked by a 

decrease in the autophagy and a subsequent activation of apoptosis, indicating that the 

combination of Tiron and temozolomide has a synergistic effect (Lin et al. 2012).  
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1.22 The superoxide scavenger properties of Tiron 

In the recent decades, several investigations have been focusing on the superoxide scavenger 

properties of Tiron in mediating a number of biological reactions (Arimura et al. 2001, MacKenzie 

and Martin 1998, Münzel et al. 1999, Seki et al. 1999).  For example, in a study carried out by 

Bryan and his colleagues in 2001 on middle cerebral artery of Long-Evans rats, Tiron, at a 

concentration of 10mM/L was able to significantly reduce the shear stress-induced constrictions 

in the vessels with intact endothelium and in vessels in which the endothelium had been 

disconnected (Bryan, Steenberg and Marrelli 2001). Furthermore, in a different report, carried 

out on electrically stimulated rat diaphragms, Tiron was used at a concentration of 32mM to 

assess the specificity of the fluorescent assay for ROS on the hypothesis that the effects of Tiron 

were mainly associated with its active properties to act as an intracellular scavenger of 

superoxide anion (Supinski et al. 1999).   

The effects of Tiron on Na+-K+-ATPase on K+ basolateral channels in the Sprague-Dawley rat 

cortical collecting duct have also been examined (Lu and Wang 1998, Wei, Lu and Wang 2001). It 

has been revealed that Tiron, at a concentration of 10mM, significantly reduced the inhibitory 

effect of increased concentrations of calcium (400nM) on the small-conductance K+ basolateral 

channel activity (Lu and Wang 1998). In addition, treatment with the same concentration of Tiron 

significantly reversed the inhibitory effect of strophanthidin- an inhibitor used to block the 

activity of Na+-K+-ATPase on the basolateral K+ channel (Wei, Lu and Wang 2001). Based on these 

findings with Tiron, the authors of these studies suggested that the inhibitory effect of elevated 



86 
 

concentrations of calcium was facilitated by the interaction of NO with superoxide anions (Lu and 

Wang 1998, Wei, Lu and Wang 2001).   

An early investigation carried out by Herscher et al, (1994) demonstrated that administration of 

Tiron at a final concentration of 5mM protected the Chinese V79 (lung fibroblasts) hamster cells 

against SR 4233 (an experimental anti-cancer drug exploiting hypoxia in solid tumours) aerobic 

cytotoxicity in clonogenic assay (Brown 1993, Herscher et al. 1994). 

In addition, the effects of Tiron unconnected to its properties as a scavenger of superoxide anions 

have also been reported (Ghosh, Wang and McNeill 2002). In an experimental model of rat 

mesenteric bed, the effects of Tiron (10mM) on calcium binding and vascular responses were 

studied (Ghosh, Wang and McNeill 2002). It has been reported that in competition assays in 

buffered solutions in the absence of tissue, Tiron significantly reduced the fluorescence of fura-

FF-an assay used to quantify the amount of Ca2+ binding (Ghosh, Wang and McNeill 2002). 

Furthermore, in the rat perfused mesenteric bed preconstricted with KCl, Tiron exhibited a 

vasodilator response, reducing the perfusion pressure of the mesenteric bed (Ghosh, Wang and 

McNeill 2002). In addition, this study has also tested the effects of Tiron on Ca2+ induced 

responses. It has been shown that in the presence of KCl in the perfusate, increasing 

concentrations of Ca2+ resulted in an increased of perfusion pressure of the mesenteric bed. 

Addition of Tiron in the perfusate shifted the concentration-response curve to Ca2+ to the right, 

indicating the Tiron binds to the Ca2+ (Ghosh, Wang and McNeill 2002). It was also noted that in 

freshly collected blood from the rats, Tiron caused an increase in the clotting time (Ghosh, Wang 

and McNeill 2002). 
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1.23 The effects of Tiron in cardiovascular system 

In the recent years, cumulative evidence has highlighted the ROS scavenger properties of Tiron 

in cardiovascular system (Arimura et al. 2001, Bosch et al. 2011, Fleming et al. 2001, Klawitter et 

al. 2002, Matsumoto et al. 2003, Wambi-Kiéssé and Katusic 1999a). 

The experiments carried out by Wambi-Kiesse and Katusic, (1999) in rings of isolated canine 

basilar arteries highlighted the pharmacological properties of Tiron in abolishing the impairment 

of NOS-mediated relaxations after the inhibition of Cu/Zn SOD activity. In this study, Tiron 

significantly attenuated the inhibitory effect of diethylduthuicarbamic acid, a Cu+ chelator, and 

enhanced the relaxations to bradykinin in control rings (Wambi-Kiéssé and Katusic 1999b).  

Furthermore, in a in vivo canine model of tachycardia-induced HF, it has been reported that 

treatment with Tiron (7mmol/min) significantly inhibited the formation of oxidative free radicals 

in myocardium and coronary arteries and improved the endothelium vasodilation by enhancing 

the activity of NO in the dog model of pacing induced HF (Arimura et al. 2001). In addition, in a 

different experimental model of New Zeeland White rabbits, microinjection of Tiron into the 

pressor area of the rostral ventrolateral medulla decreased the cardiovascular effects to air-jet 

stress rabbits (De Matteo, Head and Mayorov 2006). Also, treatment with Tiron significantly 

reduced the blood pressure (BP) and heart rate (HR) responses to stress in the air-jet stress 

rabbits (De Matteo, Head and Mayorov 2006). 

A more recent study carried out on hypoxic rat diaphragm muscle strips, a model similar to 

ischaemia in the heart, revealed that treatment with the superoxide scavenger Tiron (10mM) 
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inhibited the contracture during hypoxia and protected the contractile function of the skeletal 

muscle (Wright et al. 2005).  

1.24 Anti-cancer effects of Tiron 

Besides the known action in scavenging the ROS, Tiron has shown potent anti-cancer activity 

against human promyelotic HL60-leukaemia cell line in in vitro studies (Kim et al. 2006b).  It has 

been shown that treatment with Tiron at concentrations ranging between 0.1mM and 3mM on 

HL-60 cells resulted in a growth inhibition and differentiation in the cells, induced severe DNA 

damage and activated the apoptotic cell death (Kim et al. 2006b). 
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1.25 Aims, objectives and hypotheses 

1.25.1  Aims 

The aims of this thesis were to: 

 Determine the effects of Tiron in normoxic conditions in the Langendorff heart model 

using male Sprague-Dawley rats.  

 Determine the effects of Tiron in I/R conditions in the Langendorff heart model using male 

Sprague-Dawley rats.  

 Investigate the ability of Tiron to offer cardioprotection against anti-cancer therapies 

without affecting the antineoplastic effect in HL60 and HepG2 cells; 

 Establish whether Tiron is capable to reduce the myocardial injury caused by I/R and 

treatment with anti-cancer therapies. 

1.25.2  Objectives 

The objectives of this thesis were to: 

 Examine the effects of increasing concentrations of Tiron in normoxic settings in the 

isolated rat hearts and adult ventricular myocytes; 

 Identify whether Tiron offered protection in the myocardium in the model of I/R and 

respectively H/R conditions; 

 Investigate the effects of Tiron on ROS levels and PI3K/Akt intracellular signaling pathway 

in heart tissue; 
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 Determine the cardioprotective properties generated by co-treatment of Tiron with the 

anti-cancer drug Doxorubicin in naïve and stressed hearts; 

 Elucidate the potential mechanism of protection generated by Tiron against Doxorubicin 

induced cardiotoxicity  

 Test the effects of Tiron in HepG2 and HL60 cell lines when co-administered with 

Doxorubicin and their effects on cell viability, ROS levels and caspase-3 activity. 

1.25.3  Hypotheses 

The hypotheses of this thesis are defined below. 

 Administration of Tiron will not elicit an effect in the heart in normoxic conditions. 

 Treatment with Tiron will offer cardioprotection in the model of I/R injury, and this effect 

will be observed by a decrease in the infarct size, an improvement in the cardiac function 

and an increase in the Akt survival pathway. 

 Tiron will protect against the cardiotoxic effects of Doxorubicin treatment in both 

normoxic and I/R settings by reducing myocardial injury and the levels of the apoptosis 

marker caspase-3. 

 In HL60 and HepG2 cell lines, co-administration of Tiron and Doxorubicin will reduce the 

cell viability and cause an increase in the intracellular ROS and cleaved-caspase-3 activity. 
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Chapter 2. Material and methods 

2.1 Experimental animals 

Sprague-Dawley male rats with a body weight of 350±50 g were used for all experiments. The 

animals were obtained from Charles River (UK), had unrestricted access to food and water 

receiving human care assistance in concordance with the Guidance in the Operation of the 

Animals (Scientific Procedures) Act 1986 (The Stationary Office, London, UK). 

2.2 Chemical and drugs used 

Tiron (4,5-dihydroxy-1.3-benzenedisulfonic acid disodium salt monohydrate) was purchased 

from Sigma Aldrich (Dorset, UK) and prepared freshly every day prior to each experiment by 

dissolving in ultrapure water to a stock concentration of 60mM. 

Doxorubicin hydrochloride ((7S,9S)-7-[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl] oxy-

6,9,11-trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-tetracene-5,12- 

naphthacenedione hydrochloride and Wortmannin 11-(Acetyloxy)-1,6b,7,8,9a,10,11,11b-

octahydro-1-(methoxymethyl)-9a,11b-dimethyl-3H-furo[4,3,2-de]indeno[4,5,-h]-2-h]-2-

benzopyran-3,6,9-trione) were purchased from Tocris (Bristol, UK). DOX was dissolved in ultra-

pure water to a stock concentration of 1mM; Wortmannin was dissolved in dimethyl sulfoxide 

(DMSO), with a final concentration of DMSO less than 0.02%. The dissolved drugs were aliquoted 

and stored in the freezer at -20˚C.  

All salts and chemicals used to prepare the buffers for Langendorff technique and cardiomyocyte 

isolation were purchased from Fischer Scientific (Loughborough, UK). All antibodies were 
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purchased from Cell Signalling (UK). The equipment and the reagents used for Western blot 

technique were purchased from Bio-Rad (Watford, UK). DCFDA (Cellular reactive oxygen species 

detection assay) kit was purchased from Abcam (Cambridge, UK). 

2.3 Cell lines and culture conditions 

As previously mentioned in the introduction chapter 1 (Section 1.9.1), DOX is a potent anti-cancer 

therapy used in both solid and liquid malignancies. Therefore, DOX in combination with Tiron was 

investigated in cell lines (HepG2 and HL60) derived from both solid and liquid malignancies. 

In order to investigate the mechanisms of Doxorubicin in combination with the antioxidant Tiron, 

human hepatocellular carcinoma (HepG2) and human leukaemia (HL60) cell lines were used as 

relevant cell models. 

HepG2 cells are immortalised cell lines that maintain the characteristics of hepatocytes, as well 

as the activities of enzymes that control the stimulation and detoxification of DNA-reactive 

carcinogens (Cao et al. 2007).  

HL60 cells are immortalised cell lines that display a myeloblastic/promyelocytic morphology 

(Birnie, 1988). This cell line represents a practical model in studying the induction of cell death 

pathways by anti-cancer agents and topoisomerase II inhibitors such as Doxorubicin (Zare 

Mirakabadi et al. 2012; Kluza et al. 2000). 

HepG2 cell lines were obtained from American Type Culture Collection (ATCC) and maintained in 

monolayer cultures at 37oC in a humidified atmosphere containing 5% CO2 in Dulbecco Modified 

Eagle Medium (DMEM) (Fisher Scientific, UK) supplemented with 10% foetal bovine serum (FBS) 
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(Fisher Scientific, UK), 2mM L-glutamine (Fisher Scientific, UK) and 1% Penicillin-Streptomycin 

(10,000 U/mL) (Fisher Scientific, UK). 

HL60 cell lines were supplied from the European Collection of Cell Cultures (ECACC) and grown 

in a suspension culture. Cells were cultured in RPMI 1640 media (Fisher Scientific, UK) 

supplemented with 10% FBS (Fisher Scientific, UK), 1% L-glutamine (Fisher Scientific, UK) and 1% 

Penicillin-Streptomycin (10,000 U/mL) (Fisher Scientific, UK) and maintained at 37oC in a 

humidified atmosphere containing 5% CO2. 

2.4 Buffers and reagents 

Krebs Henseleit buffer (KHB) containing 118.5mM NaCl, 25 mM NaHCO3, 4.8mM KCl, 1.2mM 

MgSO4, 1.2mM KH2PO4, 12mM glucose and 1.7mM CaCl2 was prepared freshly every day prior to 

each experiment. KHB was gassed with 95% O2, 5% CO2, maintained at 37oC, at a pH of 7.4 (Bell 

et al, 2011). 

Modified calcium free Krebs Hensleit buffer used for isolation of adult rat ventricular 

cardiomyocytes containing 116mM NaCl, 5.4mM KCl, 0.4mM MgSO4, 10mM glucose, 20mM 

taurine, 5mM sodium pyruvate, 25mM NaHCO3 and 11.75mM KH2PO4 was prepared freshly every 

day prior to each experiment. Modified KHB was gassed with 95% O2, 5% CO2, maintained at 

37oC, at a pH of 7.4. 

Restoration buffer containing 116 mM NaCl, 5.4mM KCl, 0.4mM MgSO47H2O, 10mM glucose, 20 

mM taurine, 5mM sodium pyruvate, 25 mM NaHCO3, 11.75mM KH2PO4, 1% bovine serum 
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albumin (BSA), 1% Pen-Strep, 5mM creatine monohydrate and 100mM CaCl2, pH 7.4 was used to 

re-suspend the ventricular cardiomyocytes following the isolation protocol.  

Esumi ischaemic buffer containing 11.95 mM KCl, 1.04mM MgCl2, 1.7mM CaCl2, 4mM HEPES, 

10mM deoxyglucose and 20mM sodium pyruvate, pH 6.2, was used to induce hypoxia in isolated 

rat ventricular cardiomyocytes.  

2.5 Langendorff technique  

2.5.1 Heart extraction procedure and isolated heart perfusion technique 

The animals were sacrificed by cervical dislocation as outlined in Schedule 1 Home Office 

Procedure. The heart was removed using the process of thoracotomy as described below (Bell et 

al, 2011).  

A trans-abdominal skin incision was carried out at the xyphoid-sternum and expanded to the 

lateral ends of the right and left costal sides (Bell et al, 2011). The surgical procedure was 

continued to through the ribs at the left and right anterior axillary lines to generate the clamshell 

thoracotomy (Bell et al, 2011). Next, the pericardium was opened, the thoracic cage was 

detached, and the heart was exposed (Bell et al, 2011).  

The heart was promptly removed by excising the descending aorta, the inferior vena cava 

followed by the superior vena cava and pulmonary arteries (Skrzypiec-Spring et al, 2007). 

Immediately after excision, the heart was transferred in ice cold KHB (see buffers and reagents 

section 2.2.1) in order to prevent any ischaemic damage of the organ (Skrzypiec-Spring et al, 

2007, Bell et al, 2011). The heart was rapidly mounted on the Langendorff-perfusion apparatus. 
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The aortic cannula was carefully inserted into the aorta, and the aortic clip was positioned around 

it to secure the heart while establishing the coronary perfusion with KHB (see buffers and 

reagents section 2.2.1) (Skrzypiec-Spring et al, 2007, Bell et al, 2011, Gharanei et al, 2013). 

Next, a thread was fastened several times around the aorta in order to secure the heart on the 

Langendorff perfusion circuit before removing the aortic clip (Skrzypiec-Spring et al, 2007, Bell et 

al, 2011).  The perfusion buffer was administered in the retrograde route via the aorta, at a 

constant hydrostatic pressure and stable flow rate (Skrzypiec-Spring et al, 2007, Bell et al, 2011).  

Furthermore, it was essential to take extra care to prevent mechanical fissure of the aortic valves 

or obstruct the coronary ostia by ensuring the cannula was not inserted too deep into the aorta 

(Bell et al, 2011). Once the heart was stabilised on the Langendorff perfusion circuit, the 

temperature of the organ was maintained between 36.5o C and 37.5 o C by a water-jacketed 

reservoir surrounding the heart at a temperature of 37 OC (Bell et al, 2011). 

The optimal time of stabilisation the heart function was confirmed to be within 5-10 minutes 

after the cannulation process, the contractile strength and heart rate functions were established 

within seconds (Skrzypiec-Spring et al, 2007, Bell et al, 2011).  

2.5.2 Evaluation of cardiac parameters: CF (coronary flow), LVDP (left 

ventricular developed pressure) and HR (heart rate) 

The pressure transducer was calibrated prior to each experiment using the LabChart 7 with 

PowerLAB (AD Instruments Ltd. Chalgrove, UK) software. Prior to each experiment, the pressure 

transducer was set to the zero point via the bridge amp. The force transducer nominal value was 
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recorded by applying pressure to the force transducer and digital resolution scale was set by 

changing the range values within the bridge amp. Once the force transducer values and range 

were set, the units conversion was established by applying the desired calibration values and 

recording these values in the software with the applicable units (mmHg) required for the 

experiment.  

As soon as the heart contraction was observed, the left atrium was removed and an iso-volumic, 

latex balloon was inserted into the left ventricle and inflated with water to set a pre-load of 5-

10mmHg (Skrzypiec-Spring et al, 2007, Bell et al, 2011). The iso-volumic balloon was connected 

to a pressure transducer through which the LVDP and HR were constantly recorded and examined 

using the Power Lab system (AD Instruments, Chalgrove, UK) (Figure 2.1) (Gharanei et al, 2013).  

The LVDP, HR parameters were recorded at regular time intervals. In order to measure CF rate, 

the effluent was collected for 1 min at each time point and recorded at regular intervals. All three 

parameters were recorded every 5 minutes throughout stabilisation and ischaemia period, and 

every 15 minutes during reperfusion.  
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Left ventricular developed pressure (mmHg) 

 

 

 

 

 

 

 

 

Haemodynamic values were graphed using Microsoft Excel for analysis. LVDP and HR were 

calculated as the percentage of the mean stabilisation period, whereas CF was adjusted by the 

heart weight and calculated as the percentage of the mean stabilisation period. Hearts that had 

a high coronary flow rate (>27 ml/min) or arrhythmic episodes during the 20 minutes stabilisation 

period were excluded from this study.  

 

Heart beats (bpm) 

 

Figure 2.1 Langendorff trace illustrating the heart beats and left ventricular developed pressure 

using the Power Lab system 
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2.5.3 Induction of ischaemia 

Regional ischaemia was induced by ligation, using a surgical needle to obstruct the main left 

coronary artery, the occlusion point being established above the coronary artery branch. Next, 

the ends of the suture were passed through two plastic tubes to form a tight snare. Ischaemia 

was induced by tightening the snare, and the reperfusion was initiated by removal of the plastic 

tubes and release of the threads.  After reperfusion, the surgical threads were tightened to 

obstruct the left coronary artery and 1 ml of saline solution containing 0.25% Evans blue was 

administered slowly via the aorta to delineate the viable areas (Figure 2.2).  

 

Figure 2.2 Sprague-Dawley rat heart mounted on the Langendorff setup illustrating the 

stabilisation period before ischaemia (A); heart during reperfusion after regional ischaemia was 

induced by tightening the snare to ligate the left anterior descending aorta (B), end of reperfusion 

when the surgical thread was tightened, and Evans blue was perfused via the aortic cannula (C). 
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2.5.4 Infarct size and area at risk analysis  

At the end of reperfusion period, all hearts were decannulated, weighed and frozen at -20˚C. The 

frozen hearts were sectioned into 2 mm thick transverse slices and incubated in 

triphenyltetrazolium chloride (TTC) solution (1% of TTC in phosphate buffer, pH 7.3, 37˚C) (Bell 

et al, 2011). The TTC staining method is dependent on the capacity of intracellular dehydrogenase 

enzymes to react with tetrazolium salts, resulting in production of formazan (Bell et al, 2011). As 

a result, the viable cells, containing preserved NADPH are stained in brick-red colour, whilst the 

non-viable cells (infarct cells) are represented by a pale white-yellow colour (Bell et al, 2011). 

Next, the tissue slices were incubated in 10% formaldehyde for 24 hours prior to analysis. This 

step enabled a distinct contrast between the infarct and the risk areas. 

For measurement, transversal sections of the heart were positioned between two glass plates in 

order to expand the tissue and fixed with clips. The viable, non-risk area (dark blue), risk area 

(brick-red) and infarct (pale white-yellow) areas were traced on an acetate paper and each trace 

was examined using Image Tool program (Version 3.1, Rockford, USA). The ratio of the infarct 

area within the risk area was evaluated for each heart. The viable, risk and infarct area were 

traced in a blinded manner an analysed by an unconnected individual to ensure no bias. A 

selection of samples was double analysed to ensure accuracy (Figure 2.3).  
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Figure 2.3 TTC stained transversal section of the left ventricle showing the non-risk area (dark 

blue), viable risk area (brick-red) and infarcted area (pale white-yellow) 

 

The infarct size (IS) for each group was calculated as a percentage of the are at risk (AAR) 

(IS/AAR%). AAR is defined as the area devoid of Evans blue that corresponds to the entire 

myocardial perfusion bed distal to the occluded left anterior descending artery (Redford et al, 

2012; Murry, Jennings and Reimer, 1986).  It is well established that the AAR represents a possible 

source of variance in infarct size, therefore it is important to assess and quantify it to confirm 

that there is no substantial difference among the experimental groups. The AAR was quantified 

for all hearts subjected to I/R experimental protocol and it was expressed as a percentage of the 

left ventricle (LV) (AAR/LV%). The hearts that had an AAR of less than 30% or over 45% of the 

ventricular volume were excluded from this study.  

The infarct size and area at risk were calculated as a percentage and the graphs were plotted in 

Microsoft Excel. Statistical analysis was performed using IBM Statistical Package for the Social 

Sciences (SPSS) programme, and the data was analysed using one-way ANOVA, with Tukey post 

hoc test and mean±SEM. 
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2.6 Adult rat ventricular cardiomyocyte isolation 

Adult ventricular rat cardiomyocytes were harvested and isolated as previously described 

(Maddock et al, 2002; Gharanei et al, 2013). Adult Sprague Dawley rats (350±50g) were sacrificed 

by cervical dislocation as in the Langendorff method. The hearts were quickly excised and 

mounted on a modified constant flow Langendorff apparatus and perfused in a retrograde 

manner. The hearts were initially perfused with modified calcium free buffer KHB (see buffers 

and reagents section 2.2.1) in order to stop the contractions of the heart. Next, the hearts 

underwent the perfusion stage with modified KH digestion buffer (1mg/ml Gibco’s type II 

Collaginase isolated from Clostridium histolyticum, 1mM CaCl2). During the perfusion phase with 

collagenase (Gibco, UK), the effluent was recirculated throughout the experiment in order to help 

obtain a successful isolation subjecting the tissue to the same steady decline in the enzyme 

activity (Louch et al, 2011). Once the enzyme digestion of the heart was complete, the ventricles 

were fragmented and incubated for 5 minutes in an orbital shaker containing digestion buffer. 

The supernatant was centrifuged for 2 minutes at 600 rpm and the pellet obtained was gently re-

suspended in fresh restoration buffer (See buffers and reagents section 2.2.1). 

The cell viability was strictly monitored and assessed by visualising the cells under the inverted 

microscope. In order to avoid calcium overload, the final concentration of calcium was gradually 

increased to establish a final concentration of 1.25 mM. Only isolations with above 60% cell 

viability were progressed to the experimental procedure.  

 

 



102 
 

 

 

Figure 2.4:    Viable culture of isolated adult 

rat ventricular cardiomyocytes 

 

 

a) b)    

b)  

2.7 Hypoxia induction in isolated rat ventricular myocytes 

Isolated adult rat ventricular cardiomyocytes were centrifuged for 2 minutes at 600 rpm, the 

supernatant was gently removed and the pellet containing viable cardiac myocytes was gently 

redistributed in Esumi ischaemic buffer (see buffers and reagents section 2.2.1) and transferred 

into culture dish and incubated for 1 hour in New Brunswick hypoxic chamber at 37oC, in 5%CO2 

and 0.01-1% O2 to induce hypoxia. 

 

 

 

Figure 2.4 Viable rat ventricular cardiomyocytes observed under the inverted microscope: a) 

10x magnification; b) 20x magnification 
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2.8 Assessment of cell viability using the colorimetric MTT assay 

and Trypan blue staining 

2.8.1 Colorimetric MTT assay  

Assessment of cell viability using the colorimetric MTT assay [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide)] assay was used to evaluate the cell viability (Gomex et al, 1997). 

Briefly, MTT assay is presented as a yellow tetrazole and is utilised to analyse the enzymatic 

function of NAD(P)H-dependent cellular oxidoreductase enzymes (Riss et al, 2013; Gomex et al, 

1997). These enzymes reduce the MTT yellow dye into purple formazan pigment, which 

represents the number of viable cells with active metabolism (Riss et al, 2013; Gomex et al, 1997). 

The absorbance of formazan pigment can be assessed at specific wavelengths using a 

spectrophotometer device. This technique was used in several investigations to assess the effects 

of various compounds on cell viability and death. 

The MTT (Sigma-Aldrich, UK) was dissolved in PBS (phosphate buffer saline) to a concentration 

of 5mg/ml and stored in the fridge at 4˚C in a light protected container before use in cell viability 

asssay.  

2.8.2 Cell treatment  

Cells were counted using a haemocytometer in order to determine the cell concentration 

required for each assay.  Drug concentrations of Tiron and DOX were prepared by serial dilution 

of the drug stock in restoration buffer (Tiron: 0.25-2.5mM; DOX:1µM). 
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Next, 100µl suspension cells containing 10,000 cells/well were incubated in the absence and 

presence of the drug treatment in a 96 well flat-bottomed microtitre plate (ThermoFisher 

Scientific, UK) for 24 hours in a Nuair incubator in an atmosphere of 37˚C, 21%O2 and 5% CO2. 

2.8.3 MTT experimental protocol  

After 24 hours incubation with drug treatment, 50µl of 5mg/ml MTT assay was added to each 

well containing 10,000 cells/well and incubated further for 2 hours covered in foil. Following the 

MTT incubation period, 50µl of dimethyl sulfoxide (DMSO) (Sigma-Aldrich, UK) was administered 

to each well and incubated at room temperature for 10 minutes on a plate shaker. The 

absorbance was read at 450nm wavelength on the Tecan Sunrise plate reader (Tecan UK Ltd, UK).  

2.8.4 Data analysis 

The values obtained were calculated as a percentage in MTT reductase activity of the mean 

absorbance of the control group and the graphs were plotted in Microsoft Excel. Statistical 

analysis was performed using IBM SPSS programme and the data were analysed using one-way 

analysis of variance (ANOVA) with Tukey post-hoc test to identify group differences.  

2.8.5 Trypan blue staining experimental protocol  

Wells containing 100,000 cells/well in 1 ml suspension were incubated in the presence and 

absence of the drug treatment in 24 well flat-bottomed plate (ThermoFisher Scientific, UK) for 

24 hours in a Nuair incubator an atmosphere of 37˚C, 21% O2 and 5% CO2. Following the 

incubation period, a sample of cell suspension was transferred into a labelled Eppendorf tube 

containing Trypan Blue. Cell viability was calculated as a percentage of the viable cells divided by 

total number of cells. Statistical analysis was performed using IBM SPSS programme and the data 
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were analysed using one-way analysis of variance (ANOVA) with Tukey post-hoc test to identify 

group differences.  

2.9 Flow cytometric analysis  

2.9.1 Flow cytometric experimental protocol using Caspase-3 antibodies 

Flow cytometric technique was used to evaluate the caspase-3 levels following drug treatment. 

The isolated cardiomyocytes (100,000 cells/ml) were incubated for 24 hours in a 24 well flat-

bottomed plate in the presence and absence of Tiron (0.25-2.5mM) and DOX (1µM) at 37˚C, 21% 

O2 and 5% CO2. Following drug treatment incubation period, the cells were transferred into 

labelled Eppendorf tubes and centrifuged at 1200 rpm for 2 minutes. The pellet obtained was re-

suspended in phosphate buffer saline solution (PBS) (140 mM NaCl, 5mM KCl, 1.8mM CaCl2) and 

fixed with 6% formaldehyde for 10 minutes at room temperature. Subsequently, the cells were 

permeabilised by incubation in ice cold 90% methanol for 30 minutes at 4˚C and stored at -20˚C 

before analysis. 

Cells were pelleted at 1200 rpm for 2 minutes and washed twice with incubation buffer (0.5% 

BSA in PBS) at room temperature. Next, cells were probed with the cleaved-caspase 3 antibodies 

(Active/cleaved Caspase-3 Assay kit, Novus Biologicals/Bio-Techne, UK) at 1:100 dilutions in 

incubation buffer (in accordance with the manufacturer instructions) and incubated at 37oC for 

1 hour. Following incubation, the cells were washed 2x with wash buffer and re-suspended in 

wash buffer for analysis (in accordance with the manufacturer instructions). Analysis was 

performed using FL-2 channel on the BD Accuri C6 Plus flow cytometer (Ex/Em=540/570nm).  
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Statistical differences were calculated using IBM SPSS programme and the data were analysed 

using one-way analysis of variance (ANOVA) with Tukey post-hoc to identify group differences. 

Significance was considered at P<0.05. 

2.9.2 Flow cytometric experimental protocol using Cellular Reactive 

Oxygen Species Detection Assay (DCFDA) kit 

Flow cytometric analysis was used to assess the reactive oxygen species activity within a cell. 

DCFDA- Cellular Reactive Oxygen Species Detection assay kit comprises of the cell reagent 2’,7’-

dichlouroflorescein diacetate, labelled as a fluorogenic dye that quantifies hydroxyl, peroxyl and 

other reactive oxygen species (ROS) action within the cell. Following cell diffusion, DCFDA dye is 

deacetylated by the cellular esterases to a non-fluorescent product, which is further oxidised by 

ROS into DCF (2’, 7’-dichlouroflorescien). This compound has a high fluorescence which can be 

detected by the flow cytometer (FL-1 channel; Ex=485nm and Em=535nm).  

The isolated cardiomyocytes (100,000 cells/ml) were incubated for 24 hours in a 24 well flat-

bottomed plate in the presence and absence of desired drug concentration, at an atmosphere of 

37˚C, 21% O2 and 5% CO2. Positive control samples using 2mM H2O2 (hydrogen peroxide) were 

incubated at room temperature for 1 hour covered in foil, to avoid H2O2 decompose. Following 

the incubation period, 25µM DCFDA assay was aliquoted in each sample and incubated for 30 

minutes at 37˚C. Once the incubation stage was completed, the cells were transferred in labelled 

Eppendorf tubes and analysed using FL-1 channel on the BD Accuri C6 Plus flow cytometer. Data 

obtained was calculated as a relative change in ROS fluorescence activity of the mean absorbance 

of the control group. Data sets were assessed for group differences using the IBM SPSS 
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programme using one-way analysis of variance (ANOVA) with Tukey post-hoc test. Significance 

was considered at P<0.05. 

2.10 Western blotting 

Western blotting is a widely used technique designed to detect and separate specific proteins 

based on their molecular weight from a given sample of proteins extracted from tissue or cells 

(Mahmood and Yang, 2012; Kim, 2017). This technique is divided into four stages. These are: 1) 

electrophoresis- the separation of proteins depending on molecule size, structure and charge; 2) 

transfer of the proteins onto a polyvinylidene membrane (PVDF); 3) incubation with the primary 

and secondary antibody to detect the proteins of interest; 4) visualisation of the detected protein 

bands and analysis of their relative abundance.  

2.10.1  Left ventricular tissue collection  

Tissue samples used for western blot technique were collected from Langendorff experiment.  

In normoxic studies, the hearts were subjected to 20-minute stabilisation period, followed by 135 

minutes of perfusion with KH buffer/ drug (see each section for the drug treatment protocol). In 

ischaemia reperfusion (IR) studies, the hearts were subjected to 20 minutes of stabilisation 

period, followed by 35 minutes of ischaemia and 20 minutes of reperfusion with KH buffer/drug 

(see each section for the drug treatment protocol). The 20 minutes reperfusion period for the IR 

study was chosen because the ischaemia reperfusion injury has been demonstrated to cause 

damage in the first 10 minutes of the reperfusion process (Hausenloy et al, 2002).  
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At the end of the perfusion/reperfusion period, the hearts were removed from the Langendorff 

setup and the left ventricle was trimmed away using a sterile scalpel. The tissue was immediately 

wrapped in tin foil, labelled accordingly, snap frozen in liquid nitrogen, and then stored at -80˚C. 

2.10.2 Protein extraction 

Protein extraction from the snap frozen samples was carried out quickly in order to avoid the 

tissue thawing. 50 mg of the frozen tissue sample was cut and placed into a sterile cryogenic vial 

containing 300µl of lysis buffer (0.1M NaCl, 10mM Tris Base, 1mM EDTA (pH 8.0), 2mM Sodium 

phosphate, 2mM NaF, 2mM β-glycerophosphate, 1 protease cocktail tablet/100ml lysis buffer 

and 1 PhosSTOP tablet/10 ml lysis buffer). Samples were homogenised using an IKA Ultra-Turrax 

Labortechnik T25 WERKE homogeniser and then the homogenised samples were centrifuged at 

11,000 rpm, at 4˚C for 10 minutes in order to pellet the insoluble fragments.  The supernatants 

from each sample containing the protein content, were collected and aliquoted in 1.5 ml labelled 

Eppendorf tubes. The protein concentration of each sample was measured using the PierceTM 

BCA assay kit (ThermoFisher Scientific, UK) (as explained in section 2.8.4). The samples obtained 

were further diluted (2X) in sample buffer (250mM Tris-HCl pH 6.8, 10% glycerol, 0.0006% 

bromophenol blue, 4% SDS, 2% β-mercaptoethanol-pH 6.8) and incubated for 5 minutes at 100˚C 

before being stored at -80˚C. All samples were defrosted at room temperature before use and 

diluted with sample buffer to obtain a protein concentration of 60µg for each sample for gel 

loading. 
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2.10.3 Protein quantification using the BCA protein assay 

The BCA protein assay is an accurate technique used for the colorimetric detection and 

measurement of total protein (Walker, 1994; Olson and Markwell, 2007). This technique is based 

on the chemical reduction of Cu2+ to Cu1+ by protein in an alkaline environment using a higly 

precise and selective colorimetric exposure of the cuprous cation by bicinchoninic acid. The 

purple colour is the result from the reaction of two particles of BCA with one Cu1+ ion.  

In order to determine the protein concentration in the samples, a standard curve was created 

using bovine serum albumin (BSA) as a reference reagent. A set of standards were prepared from 

2mg/ml BSA ampule provided with the assay. The standards were prepared as dilutions with a 

range from 2000µl/ml to 25µl/ml, using distilled H2O as diluent. 25µl of each standard was added 

into a 96 well flat-bottomed microtitre plate, and a blank standard was required. 2µl of the 

unknown sample protein was pipetted to distilled H2O to obtain a dilution of 1:12.5. The working 

reagent (WR) was prepared by adding 50 parts of BCA reagent A with 1 part of reagent B (reagent 

A and B provided in the kit). 200µl of the WR was pipetted to each well and mixed thoroughly on 

a plate shaker for 30 seconds. The plate was covered in foil to eliminate light interference and 

maximise the rate of reaction, and incubated for 30 minutes at 37˚C. The plate was cooled at the 

room temperature. The absorbance was measured at 562nm using a plate reader. The responses 

of the standards were used to calculate and plot a standard curve. Absorbance values of the 

unknown samples were inserted into the standard curve formula to determine their protein 

concentration.  

 



110 
 

2.10.4 Gel electrophoresis  

For this step, Bio-Rad Ready Gel precast gradient gels (4-15% Tris/Glycine) (Bio-Rad,UK) were 

used for all western blot experiments. The gels were placed in the Mini-PROTEAN 3 electrode 

assembly unit with the short plates facing inward. The Mini-PROTEAN 3 electrode assembly unit 

was placed into the electrophoresis apparatus (Bio-Rad, UK) and the inner chamber was filled 

with approximately 125 ml of 1x running buffer (14.42 g/l glycine, 1.0 g/l SDS, 3.03g/l TrisBase) 

and approximately 200 ml of 1x running buffer was added in the external chamber. Then, the 

combs were removed, and the wells of each gel were loaded with 60µg of the protein sample. 

One well in each gel was loaded with 2.5µl of biotinylated protein ladder (Cell Signalling 

Technologies, UK). Once the samples were loaded in all the wells, the gel was run for 60 minutes 

at 130 V using a Power-Pac 3000 (Bio-Rad, UK). 

2.10.5  Protein transfer procedure  

Once the separation of proteins using electrophoresis was completed, the gel was carefully 

removed from the glass plates and placed into the Trans-Blot Turbo transfer packs (Bio-Rad, UK), 

which is comprised of filter paper, Hybond-P Polyvinyl Diflouride (PVDF) membrane and buffer. 

The transfer cassette was assembled and firmly closed, according to the manufacturer 

instructions (Bio-Rad, UK) and placed into the Trans-Blot Turbo transfer system (Bio-Rad, UK). 

The settings required for the transfer were set on the transfer system at 25V, 1.3A for 7 minutes 

for two gels.  
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2.10.6  Immunoblotting  

Following the protein transfer procedure, the membrane was transferred into freshly prepared 

blocking buffer (5% w/v milk in 1X TrisBase Tween20 (TBS-T) buffer (2.42 g/l Tris-Base, 8g/l NaCl, 

1ml/l Tween20) with the proteins facing upwards. The membranes were incubated for 1 hour at 

the room temperature on an orbital shaker. Once the incubation period was completed, the 

membranes were washed 3 times for 5 minutes with 1X TBS-T buffer and then incubated with 

the primary antibody 1:1000 diluted in the antibody buffer (5% w/v BSA in 1XTBS-T) on an orbital 

shaker for 14-18 hours at 4˚C. 

The membranes were then washed 3x 5 minutes in 1X TBS-T buffer and incubated with secondary 

antibody Anti-rabbit antibody HRP (1:10000 dilution in the antibody buffer) linked IgG and HRP 

linked with anti-biotin antibody (used to visualize the biotinylated protein marker) for 1 hour on 

an orbital shaker. Following the last stage of incubation, the membrane was washed for 3 times 

for 5 minutes in 1X TBS-T before analysis. 

2.10.7 Visualisation of the band density 

The membranes were placed on acetate paper and 1ml of Super Signal West Femto Maximum 

Sensitivity Substrate solution (ThermoFisher Scientific, UK) (which was prepared by mixing 

reagent A and reagent B using a 1:1 dilution), was added onto the membrane. Super Signal West 

Femto maximum Sensitivity Substrate is an ultra-sensitive substrate that contains luminol, a 

widely used chemiluminescent reagent. Luminol is oxidized in the presence of horseradish 

peroxidase (HRP) enzyme resulting in an excited state product called 3-aminophthalate. This 

product declines to a lower energy state, releasing photons of light.   
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The Super Signal West Femto solution was allowed to cover the surface of the membrane for 5 

minutes and then was placed into the Chemi-Doc imaging device (Bio-Rad, UK) to be read. Images 

of the membrane were captured, and the protein band density was calculated using Quantity 

One software. Data was presented as mean±SEM. Statistical analysis differences were calculated 

using IBM SPSS programme ANOVA with Tukey post-hoc test. Significance was considered at 

P<0.05.  

2.11 Statistical analysis performed for all techniques 

All data obtained in this thesis was plotted in Microsoft Excel and presented as mean±SEM. The 

statistical analysis performed to quantify the significance was calculated using IBM Statistical 

Package for the Social Sciences (SPSS) programme package with the One-Way Analysis of 

variance (ANOVA) with Tukey post-hoc test.  Statistical significance was considered if the P value 

was less than 0.05 (P<0.05).  
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Chapter 3. Understanding the preclinical profile of the 

antioxidant Tiron and the potential as a cardioprotective 

agent 
 

3.1 Introduction 

Ischaemia reperfusion injury plays a fundamental role in the pathology of ischaemic heart disease 

(Braunersreuther and Jaquet 2012, Cadenas 2018).  Although restoration of blood flow after an 

ischaemic event is vital to salvage the myocardium and to limit cardiac dysfunction, reperfusion 

itself can exacerbate myocardial injury (Braunersreuther and Jaquet 2012, Cadenas 2018, 

Hausenloy and Yellon 2013).  

The hypothesis that excessive ROS production is a contributing factor to myocardial I/R injury is 

supported by many experimental studies and clinical investigations (Granger and Kvietys, 2015; 

Zweier and Talukder, 2006; Kurian et al. 2016). As mentioned in Chapter 1, in normal 

physiological conditions, free radical homeostasis is controlled by endogenous enzymatic 

antioxidants such as superoxide dismutase (SOD), glutathione peroxidase (GPX), catalase and 

thioredoxin peroxidase which are primarily located in the mitochondria or cytosol (Venardos and 

Kaye, 2007; Dhalla et al, 2000; Zweier et al, 2006). However, during an ischaemic insult, there is 

a loss of antioxidant enzyme function and a leakage in the extracellular matrix (Venardos and 

Kaye, 2007; Hausenloy and Yellon, 2013). During reperfusion, these antioxidants are further 

washed out, leading to a depletion in the myocardial antioxidant defence system and 

uncontrolled production of ROS (Blaustein et al, 1989; Steare and Yellon, 1993; Haramaki et al, 

1998; Chen et al, 1998; Kang, 1999; Leichtweis and Ji, 2001; Jones et al, 2003; Venardos and Kaye, 
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2007; Kim et al, 2013). Cumulative evidence shows that the excess ROS can result in cellular 

damage via several pathways, including direct damage to the membranes and proteins 

(Maddaford and Pierce, 1997; Monassier, 2008) or indirect by activating mitochondrial induced 

cell death pathways (Cadenas 2018, Carden and Granger 2000, Hausenloy 2012, Konstantinidis, 

Whelan and Kitsis 2012, Zhou et al. 2018).  Several studies have shown that targeting ROS 

production with various antioxidants exhibited cardioprotective effects in I/R associated injury 

by reducing the oxidative stress and improving the cardiac function from I/R injury (Zheng et al, 

2018; Li et al, 2018; Zhang et al, 2017; Akhlaghi and Bandy, 2009; Britto et al, 2018).  For example, 

Zhang et al, (2017) investigated the effects of Illexsaponin A (a natural Chinese antioxidant) 

therapy in the in vivo and in vitro studies using Sprague-Dawley rat model of myocardial I/R 

injury. In this study it was found that Illesxsaponin A treatment in the rat model of I/R injury 

preserved the cardiac function by reducing the myocardial infarction and decreasing the ratio of 

serum dehydrogenase (LDH), creatine kinase-MB (CK-MB) and aspartate transaminase (AST) 

markers of myocardial injury (Zhang et al, 2017). Furthermore, in the same investigation, the in 

vitro studies using neonatal rat cardiomyocytes model of H/R have shown that treatment with 

Illexsaponin A at reoxygenation increased the expression of anti-apoptotic proteins Bcl-2, 

decreased the activation of caspase-3, and activated PI3K/Akt signaling pathway, suggesting that 

apoptosis and oxidative stress have an important role in I/R injury (Wang et al. 2017).  Therefore, 

examining the alterations of apoptosis, oxidative stress injury along with their effects on the 

signaling pathways is vital in finding therapeutic approaches for the treatment of I/R-associated 

cardiovascular diseases.   
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It has been shown that recruitment of PI3Ks and their downstream target Akt has been implicated 

in the regulation of cell survival, inflammatory responses and apoptosis (Chang et al. 2017b, 

Zhang et al. 2016a; Aoyagi and Matsui, 2011; Catalucci and Condorelli, 2006; Walsh, 2006). 

Several investigations indicated that PI3K/Akt pathway may act as an endogenous negative 

feedback regulator, that produces a compensatory mechanism to prevent pro-inflammatory 

responses and apoptotic events in response to deleterious insults (Guha and Mackman 2002, Hua 

et al. 2007, Wang et al. 2017 Jiani et al, 2011). In an investigation carried out in H9c2 cell model 

of simulated H/R, Tang et al (2017) have reported that the activation of PI3k/Akt signalling 

pathway in the cardiac cells is associated with the inhibition of apoptosis and caspase-3 

activation, indicating that stimulation of this pathway plays an important role in protecting the 

myocardium from I/R injury (Tang, Yang and Zhang, 2017). In addition, a number of investigations 

have shown that activation of PI3k/Akt signaling pathway reduces the myocardial reperfusion 

injury by preventing cardiac myocytes apoptosis caused by oxidative stress (Liu et al. 2017; Jiang 

et al. 2016 Jiani et al, 2011).   

Several studies have confirmed the beneficial effects of therapeutic agents aimed to reduce or 

prevent the harmful effects of ROS (Adlam et al. 2005, Hosseinzadeh, Modaghegh and Saffari 

2009, Zhou et al. 2018). These therapeutic strategies include the use of different antioxidants 

such as superoxide dismutase mimetics (Masini et al. 2002), ROS scavengers such as Trolox 

(Sagach et al. 2002), Resveratrol (Das, Santani and Dhalla 2007, Magyar et al. 2012; Tomé-

Carneiro et al. 2013) and various iron and metal chelators (Korkmaz et al. 2013, Powell et al. 

1994).As described in chapter 1 Section 1.22-1.23, several studies have examined the protective 
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effects of the antioxidant Tiron in several experimental models (Wambi-Kiéssé and Katusic, 1999; 

Arimura et al. 2001; Fleming et al.2001). 

Tiron (4,5 dihydroxy-1,3 benzene disulfonic acid)- a superoxidase dismutase mimetic, has been 

reported to be an effective chelator of a number of metal ions and a substrate for various 

enzymatic reactions (Herscher et al. 1994, Krishna et al. 1992). In an investigation carried out by 

Oyewole et al. (2014), the protective effects of Tiron were compared to other well-known 

antioxidants in reduction of ROS related injury and skin ageing in human dermal fibroblasts cell 

model (Oyewole et al. 2014). It was revealed that Tiron exerted a higher degree of protection 

against ROS induced mitochondrial DNA damage when compared to MitoQ antioxidant (Oyewole 

et al. 2014).  

 The study carried out by El-Sherbeeny et al (2016) in the model of chronic asthma, has 

demonstrated that administration of Tiron in sensitised ovalbumin (OVA) challenged mice was 

able to ameliorate the OVA-induced oxidative stress by increasing the levels of enzymatic 

antioxidants glutathione (GSH) and superoxide dismutase (SOD) levels (El-Sherbeeny, Hassan and 

Ateyya 2016), highlighting the potential of Tiron as an adjunctive therapy in chronic asthma.  

Furthermore, the ROS scavenger effects of Tiron have also been studied in rodent vascular 

models, suggesting that antioxidant properties of Tiron were linked to its ability to act as both an 

extracellular and intracellular scavenger of superoxide anion (Bryan, Steenberg and Marrelli 

2001, Supinski et al. 1999).   

One study has reported that in a model of rat cardiac muscle cells (H9c2) exposed to simulated 

hypoxia and reoxygenation conditions, treatment with Tiron was able to significantly reduce the 
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production of intracellular levels of ROS as a result of simulated I/R conditions (Borchi et al. 2010). 

Furthermore, in the same cellular model of H9c2, Tiron inhibited the apoptotic rate in oxygen-

glucose deprivation/recovery apoptosis model of H9c2 cells (Chang et al. 2017a). In addition, in 

an investigation conducted on vascular diameters during ischaemia/reperfusion injury in rat 

heart, Hoshino et al, (2005) reported that the vasoconstriction response in arterioles was 

reversed by treatment with Tiron (Hoshino et al. 2005). This study further highlights the potential 

role of Tiron as a cardioprotective agent. 

To date there has been relatively little research into any protective effects afforded by Tiron 

within the cardiac tissue or in specific in the heart, under normal physiological or I/R conditions.   

Therefore, the aim of this study was to determine the effects of increasing concentrations of 

Tiron (0-10mM) in normoxic conditions in isolated rat hearts and adult primary ventricular 

myocytes and to identify if Tiron protected the myocardium in the model of I/R injury in isolated 

rat hearts and H/R conditions in adult primary ventricular cardiomyocytes by reduction in 

myocardial infarct size and increased cardiomyocyte viability.  This study will also investigate the 

possible role of Akt signalling pathway in the protective effects of Tiron in isolated rat hearts and 

primary ventricular myocytes in the models of naïve and I/R injury to elucidate the mechanism 

of protection. 
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3.2 Methods 

3.2.1 Chemicals 

Tiron was purchased from Sigma Aldrich, UK and Wortmannin was supplied from Tocris Cookson 

(Bristol, UK). The working concentrations of both drugs were freshly prepared each day as 

previously described in Chapter 2, Section 2.2. 

3.2.2 Animals 

Sprague-Dawley rats (350±50g) were sacrificed by cervical dislocation as outlined in Schedule 1 

Home Office Procedure using the process of thoracotomy as previously described in Chapter 2, 

section 2.3.   

3.2.3 Isolated perfused rat heart preparation (Langendorff protocol) 

The treatment protocol is illustrated in Figure 3.1. The Langendorff normoxic experiments were 

carried out for 155 minutes in total.  In the Normoxic experiments, all hearts were exposed to 20 

minutes stabilisation period, followed by 135 minutes perfusion with KH buffer.  

The hearts were randomly allocated to the following treatment groups: 

a) Rat hearts perfused with KH buffer for 155 minutes (Normoxic control) 

b) Rat hearts perfused with KH buffer for 20 minutes, followed by 135 minutes of perfusion 

with Tiron (0.25mM; 0.5mM; 1mM; 2.5mM and 10mM). 

For the studies using the Langendorff model of I/R (details in section 2.6), the experiments were 

carried out for 175 minutes in total. In these studies, hearts were allowed to stabilise for a period 
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of 20 minutes, subsequently to 35 minutes of regional ischaemia and 120 minutes of reperfusion. 

Hearts were also randomly allocated to the following treatment groups: 

a) Rat hearts perfused with KH buffer for 20 minutes, 35 minutes of simulated regional 

ischaemia and 120 minutes of reperfusion with KH buffer (I/R control) 

b) Rat hearts perfused with KH buffer for 20 minutes, 35 minutes of regional ischaemia and 

120 minutes of reperfusion stage with Tiron (0.25mM, 0.5mM, 1mM and 2.5mM). 

During the course of all experiments, the stability of the hearts were monitored by recording HR, 

LVDP and CF parameters at regular intervals (as previously described in Section 2.3.2). 

At the end of reperfusion period, the infarct to risk ratio was assessed using the Evans blue 

triphenyltetrazolium chloride (TTC) staining procedures as previously described in Chapter 2, 

Section 2.3.5. The area at risk (AAR) was calculated as a percentage of the left ventricle. Infarct 

to risk ratio was presented as a percentage of the area at risk for the treatment groups.  

For Western blot experiments, all hearts in normoxic studies were treated in the same manner 

as described in the treatment protocol and Wortmannin (100nM) was administered throughout 

perfusion in the presence or absence of Tiron (0.25mM). In I/R studies, all hearts were subjected 

to 20 minutes of stabilisation period, followed by 35 minutes of ischaemia and 20 minutes of 

reperfusion in the presence or absence of Tiron (0.25mM) and Wortmannin (100nM). At the end 

of the experimental protocol, the hearts were removed from the Langendorff and the left 

ventricle was snap frozen in liquid nitrogen, before storage at -80˚C for further analysis as 

described in Chapter 2, section 2.8).   
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Figure 3.1 Treatment protocol for infarct/risk ratio asessement and Western blot tissue collection 

3.2.4 Isolation of adult rat ventricular cardiomyocytes 

Adult rat ventricular cardiomyocytes were isolated by enzymatic digestion as described 

previously (Maddock et al, 2002, Gharanei et al, 2013) (Section 2.4). Details of the heart digestion 

protocol and conditions required for the succesful isolation of primary adult rat ventricular 

cardiomyoctes are described in detail in Chapter 2, Section 2.4. 

 



121 
 

3.2.5 Induction of hypoxia and reoxygenation conditions in adult rat 

ventricular myocytes 

As previously descried in Chapter 2, Section 2.5, freshly isolated rat ventricular myocytes were 

incubated in Esumi hypoxic buffer for 1 hour in a hypoxic chamber at 37oC, in 5%CO2 and 0.01-

1% O2 to induce hypoxia. 

3.2.6 Drug treatment protocol in adult rat ventricular myocytes 

Isolated rat ventricular cardiomyocytes were exposed to drug treatment with Tiron (0-2.5mM) in 

both normoxic and hypoxia/reoxygenation conditions as detailed below: 

1) isolated myocytes exposed to Tiron (0-2.5mM) for 24 hours in normoxic conditions at 

37oC, 5% CO2 and 95% O2 

2) isolated myocytes exposed to 1 hour of hypoxia conditions, followed by treatment with 

Tiron at the onset of re-oxygenation for 3 hours at 37oC, 5% CO2 and 95% O2. 

3.2.7 Cell viability assessment using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide)] assay 

Cell viability was assessed using MTT (MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide)]) (Sigma-Aldrich, UK) as previously described in Chapter 2, section 2.6.3.  

3.2.8 Cell viability assessment using Trypan blue staining 

Trypan blue staining was performed as previously described in Chapter 2, Section 2.6.5.  Cell 

viability was calculated as a percentage of the viable cells divided by total number of cells.  
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3.2.9 Analysis of adult rat ventricular myocytes using Caspase 3 staining 

Following drug treatment protocol (as described in section 3.2.6) rat ventricular myocytes were 

probed with the cleaved-caspase-3 antibody (Active/cleaved Caspase-3 Assay kit, Novus 

Biologicals/Bio-Techne, UK) (as previously detailed in Chapter 2 Section 2.7.1). Data obtained was 

normalised to cell only control by subtracting the mean fluorescence background recorded in 

untreated samples. Data was presented as a relative change in fluorescence activity.  

3.2.10  Analysis of adult ventricular cardiomyocytes using Cellular Reactive 

Oxygen Species Detection (DCFDA) Assay 

DCFDA assay (Abcam, UK) was used to assess the intracellular levels of ROS in the isolated adult 

ventricular cardiomyocytes. Following drug treatment as previously detailed in section 3.2.6, 

isolated ventricular cardiomyocytes were incubated with DCFDA assay in accordance with the 

manufacturer instructions. The assay was carried out as described in Chapter 2, section 2.7.2. 

Data was normalised to cell only control. The values obtained were calculated as a relative 

change in ROS fluorescence activity of the mean absorbance of the control group. 

3.2.11  Western blot analysis 

Western blot analysis was conducted as detailed in Chapter 2 Section 2.8. Protein concentration 

was assessed using the BCA assay (ThermoFisher) according to the manufacturer instructions (as 

previously described in Chapter 2, Section 2.8.3). Membranes were probed for the 

phosphorylated and total form of the monoclonal rabbit Akt (Ser473) protein (1:1000, Cell 

Signalling, UK).  The protein detection was carried out using enhanced chemi-luminescence (ECL) 

assay and the protein density bands were visualised using Bio-Rad Quantity One programme as 
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detailed in Chapter 2, Section 2.8.7. The relative variations in the levels of phosphorylated 

monoclonal rabbit Akt (Ser473) protein were normalised to the total form of monoclonal rabbit 

Akt protein. In all immunoblotting experiments, glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was used as an internal loading control to ensure the uniform loading of gel samples as 

well as the uniform transfer of the proteins during the immunoblotting stage.  

3.2.12  Data analysis 

All data is presented as mean± SEM. Haemodynamic parameters, heart rate, left ventricular 

developed pressure and coronary flow were analysed by one-way ANOVA for each time point. 

All other data was analysed using one-way analysis of variance (ANOVA) with Tukey post-hoc 

tests to identify group differences. P values that had p less than 0.05 were considered statistically 

significant.  

3.3 Results 

3.3.1 The effects of Tiron administration (0.25mM-10mM) on the infarct 

size in the naïve Langendorff hearts.  

There was no significant difference in infarct to risk ratio upon treatment with Tiron (0.25-1mM) 

compared to control group (Tiron 0.25mM:9.34±0.52% vs. 8.48±0.48%; Tiron 0.5mM: 

9.94±0.18% vs. 8.48±0.48%; Tiron 1mM: 11.29±0.48% vs. 8.48±0.48%). A significant increase in 

infarct to risk ratio was observed at concentrations of 2.5mM and above (Tiron 2.5mM: 

23.37±1.18% vs. 8.48±0.48%; Tiron 5mM: 35.03±4.68% vs. 8.48±0.48%, respectively Tiron 10mM: 

56.71±2.72% vs. 8.48±0.48%) (Figure 3.2). 
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Figure 3.2 The effects of Tiron administration (0.25mM-10mM) on the infarct to risk ratio analysis 

on isolated naïve Langendorff heart model. Data are presented as mean±SEM of 6 experiments; 

***p<0.0001 vs. control. 

 

3.3.2 The effects of Tiron administration (0.25mM-10mM) on the 

haemodynamic parameters CF, HR and LVDP from the naïve 

Langendorff hearts.  

Data obtained revealed that there was no significant effect with any of the concentrations of 

Tiron tested (0.25-10mM) on coronary flow (CF), heart rate (HR) and left ventricular developed 

pressure (LVDP) when compared to normoxic control (Figure 3.3 A, B and C). 
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Figure 3.3 The effects of Tiron administration (0-10mM) on HR (A), LVDP (B) and CF (C) represented as a percentage of the mean stabilisation: 

Control (red); Tiron 0.25mM (green); Tiron 0.5mM (purple); Tiron 1mM (turquoise); Tiron 2.5mM (orange); Tiron 5mM (light blue); Tiron 10mM 

(blue). Hearts were subjected to 20 minutes of stabilisation, followed by 135 minutes of perfusion with KHB±Tiron (0-10mM). Data are presented 

as mean±SEM of 6 experiments. 
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3.3.3 The effects of increasing concentrations of Tiron on the viability of 2371 

isolated rat ventricular cardiomyocytes 2372 

No significant effect on cell viability was observed upon cell treatment with with 0-1mM Tiron. A 2373 

reduction in cell viability was observed upon cell treatment with Tiron 2.5mM when compared 2374 

to control (73.01±3.9% vs. 100.00±0.0%, Figure 3.4). A similar trend was confirmed with Trypan 2375 

blue staining (Figure 3.5).  2376 
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Figure 3.4 MTT analysis showing the viability of isolated adult rat ventricular cardiomyocytes in 

response to increasing concentrations of Tiron (0-2.5mM) (blue) (Control: 100±0.00%; Tiron 

0.25mM: 95.29±2.88%; Tiron 0.5mM: 91.98±1.97%; Tiron 1mM: 84.90±2.45%; Tiron 2.5mM: 

73.01±3.94%). Data are presented as mean±SEM, with a number of n=6 experiments, ***p<0.0001 

vs. Control. 
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 2377 

Figure 3.5 Trypan blue staining analysis showing the viability of isolated adult rat ventricular 2378 

cardiomyocytes in response to increasing concentrations of Tiron (0-2.5mM) (blue). Data are 2379 

presented as mean±SEM, with a number of n=6 experiments, ***p<0.0001 vs. Control. 2380 

 2381 

3.3.4 The effects of Tiron administration (0.25mM) on the levels of 2382 

intracellular ROS in isolated ventricular rat cardiomyocytes in normoxic 2383 

conditions 2384 

Hydrogen peroxide (H2O2) (2mM) was used as a positive control to test the DCFDA assay and to 2385 

induce ROS in the isolated adult rat ventricular cardiomyocytes (Figure 3.6a). 2386 

DCFDA assay showed a significant increase in reactive oxygen species with 2mM H2O2 treated 2387 

samples when compared to control (907.04±39.79% vs. 100.97±1.49%) (Figure 3.6b). 24 hours 2388 

pre-treatment with Tiron resulted in a significant decrease in the ROS levels when compared to 2389 
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B 

cause a significant effect on the ROS when compared to control group (89.87±30.11% vs. 2391 

100.97±1.49%) (Figure 3.6A, B). 2392 

A 2393 

 2394 

 2395 

 2396 

N 2397 

 2398 

Figure 3.6 DCFDA flow cytometric scatter plots (A) and analysis (B) showing the change in ROS 2399 

fluorescence relative to control in isolated adult rat ventricular cardiomyocytes in normoxic 2400 

conditions in response to treatment with Tiron 0.25mM. Data are presented as mean±SEM, n=6 2401 

experiments, ***p<0.0001 vs. Normoxia. (Representation of the scatter plots: Control (red); H2O2 2402 

positive control (black); Tiron 0.25mM (green); Tiron 0.25mM+H2O2 (blue). 2403 
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3.3.5 The effect of Tiron administration (0.25mM) on Akt signaling protein 2405 

levels in cardiac tissue in normoxic conditions 2406 

Western blot analysis indicated that Tiron treated samples exhibited a slight increase in p-Akt 2407 

levels when compared to control (36.72±2.32% vs. 40.47±1.60%). Co-administration of Tiron and 2408 

Wortmannin did not cause a significant effect in the p-Akt levels when compared to control 2409 

(36.90±6.81% vs. 32.62±3.67%). Administration of Wortmannin alone resulted in a decrease of 2410 

p-Akt levels when compared to control group (11.00±5.22% vs. 32.62±3.67%), whereas the 2411 

concomitant administration of Tiron and Wortmannin exhibited a significant increase in the p-2412 

Akt levels when compared to Wortmannin group alone (36.90±6.81% vs. 11.00±5.22%) (Figure 2413 

3.7). 2414 

 2415 

 2416 

 2417 

 2418 
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 2419 

 2420 

 2421 

 2422 

 2423 

 2424 

 2425 

 2426 

Figure 3.7 Western blot analysis showing the effects of Tiron 0.25mM, Wortmannin (100nM) and 2427 

co-treatment on the levels of phosphorylated Akt at 120 minutes into perfusion phase. Data are 2428 

presented as mean±SEM, with a number of n=6 experiments, ***p<0.0001 vs. control; 2429 

###p<0.0001 vs. Wortmannin. 2430 
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3.3.6 The effects of Tiron administration (0.25mM-2.5mM) on the area at 2433 

risk (AAR) and infarct size (IS) in the presence of ischaemia reperfusion 2434 

injury in Langendorff hearts. 2435 

As illustrated in Figure 3.8, no significant difference was reported in the percentage area at risk 2436 

(AAR)/left ventricular volume upon administration of Tiron (0.25mM-2.5mM) when compared to 2437 

I/R control group. 2438 

 2439 

Figure 3.8 The effects of Tiron administration (0.25mM-2.5mM) on the percentage of area at risk 2440 

of the ventricular volume on isolated Langendorff heart model of ischaemia and reperfusion 2441 

injury. Hearts were exposed to 20 minutes stabilisation, followed by 35 minutes of regional 2442 

ischaemia and 120 minutes of reperfusion with KHB±Tiron (0.25-2.5mM). Results were presented 2443 

as mean±SEM, n=6 experiments.   2444 
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Administration of Tiron (0.25-2.5mM) during reperfusion significantly (p<0.05) reduced the 2447 

infarct size to risk ratio when compared to I/R control (Tiron 0.25mM: 24.05±0.68% vs. 2448 

47.72±0.91%; Tiron 0.5mM: 23.39±0.84% vs. 47.72±0.91%; Tiron 1mM: 17.24±1.04% vs. 2449 

47.72±0.91%; Tiron 2.5mM: 20.49±0.69% vs. 47.72±0.91%) (Figure 3.9). 2450 

 2451 

Figure 3.9 The effects of Tiron administration (0.25mM-2.5mM) on the infarct to risk ratio 2452 

analysis on isolated Langendorff heart model of ischaemia reperfusion injury. Hearts were 2453 

exposed to 20 minutes stabilisation, followed by 35 minutes of regional ischaemia and 120 2454 

minutes reperfusion with KHB±Tiron (0-2.5mM). Data are presented as mean±SEM of 6 2455 

experiments; $$$p<0.0001 vs. I/R control; ***p<0.0001 vs. Normoxia. 2456 
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3.3.7 The effects of Tiron administration (0.25-2.5mM) on the 2460 

haemodynamic parameters of the heart in ischaemia reperfusion 2461 

studies 2462 

LVDP was reduced by approximately 40% of the stabilisation mean throughout ischaemia and 2463 

improved during reperfusion but did not achieve the values at stabilisation (Figure 3.10B). 2464 

There was no significant difference observed in the HR, CF and LVDP values when treated with 2465 

Tiron (0.25-2.5mM) at reperfusion (Figure 3.10A, B and C).  No significant difference was 2466 

identified within the groups at any point. 2467 
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B A 

C 

Figure 3.10 The effects of Tiron (0.25mM-2.5mM) on HR (A), LVDP (B) and CF (C). The hearts were subjected to 20 minutes of stabilisation, 35 

minutes of ischaemia and 120 minutes of reperfusion with KHB±Tiron (0-2.5mM).  Data are presented as a percentage of average stabilisation: 

I/R (green); I/R+Tiron 0.25mM (purple); I/R+Tiron 0.5mM (yellow); I/R+Tiron 1mM (orange); I/R+Tiron 2.5mM (blue). Data points are plotted as 

mean±SEM of 6 experiments. 
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3.3.8 The effect of Tiron administration (0.25mM) on the viability of 

isolated rat ventricular cardiomyocytes subjected to H/R conditions 

Isolated rat ventricular cardiomyocytes were exposed to 60 minutes of hypoxia and 180 minutes 

of reoxygenation, with Tiron (0.25mM) being administered during reoxygenation stage.  

Cells exposed to H/R conditions resulted in a significant reduction in viability compared to 

normoxic control group (45.43±4.89% vs. 100±0.00%) (Figure 3.11). 

An increase in the cell viability was observed upon H/R treatment and Tiron 0.25mM when 

compared to H/R group (60.94±2.55% vs. 45.43±4.89%, Figure 3.11). However, the significantly 

improved cell viability observed in Tiron treated samples did not achieve the values reported in 

normoxic control group (60.94±2.55% vs. 100±0.00%). This trend was confirmed by Trypan blue 

staining (57.73±1.15% vs. 44.34±0.93%; p<0.05; Figure 3.12). A proportional increase was 

detected in both assays. 
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Figure 3.11 MTT analysis showing the viability of isolated adult rat ventricular cardiomyocytes 

subjected to H/R conditions in response to treatment with Tiron 0.25mM. Cells were exposed to 

60 minutes of hypoxia and 180 minutes of reoxygenation in the presence/absence of Tiron 

(0.25mM). Data are presented as mean±SEM, with a number of n=6 experiments, ***p<0.0001 

vs. Normoxia; ##<0.001 vs. H/R. 

 

Figure 3.12 Trypan blue staining analysis showing the viability of isolated adult rat ventricular 

cardiomyocytes subjected to H/R conditions in response to treatment with Tiron 0.25mM. Data 

are presented as mean±SEM, n=6 experiments, ***p<0.0001 vs. Normoxia; ##<0.001 vs. H/R. 
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3.3.9 The effect of Tiron administration (0.25-2.5mM) on the cleaved-

caspase 3 levels in isolated adult rat ventricular cardiomyocytes 

subjected to H/R conditions 

Isolated primary rat ventricular cardiomyocytes were exposed to 60 minutes of hypoxia and 180 

minutes of reoxygenation, with Tiron (0.25-2.5mM) being administered throughout 

reoxygenation period. 

A significant increase could be observed in the levels of caspase-3 in the H/R group in comparison 

with the normoxic control group (454.31±8.21% vs. 100±0.0%) (as shown in Figure 3.13A and 

3.13B). Treatment with Tiron (0.25-2.5mM) throughout the reoxygenation stage was associated 

with a significant decrease in the levels of caspase-3 when compared to H/R group (Tiron 

0.25mM: 98.69±7.14% vs. 454.31±8.21%; Tiron 0.5mM: 105.23±6.67% vs. 454.31±8.21%; Tiron 

1mM: 109.86±4.76 vs. 454.31±8.21%; Tiron 2.5mM: 123.59±8.58% vs. 454.31±8.21%; Figure 

3.13B). No significant difference in the levels of cleaved-caspase-3 was detected in any of the 

Tiron treated groups when compared to normoxic control group (Figure 3.13B).  

 

 

 

 

 



138 
 

A

 

B 

 

Figure 3.13 Cleaved caspase-3 levels flow cytometric plots (A) and analysis (B) in isolated adult 

rat ventricular cardiomyocytes subjected to H/R conditions in response to treatment with Tiron 

(0.25-2.5mM). Data are presented as mean±SEM, n=5-6 experiments, ***p<0.0001 vs. Normoxia; 

###p<0.001 vs. H/R; Normoxic control (red); (Representation of the scatter plots: H/R control 

(green); Tiron 0.25mM (purple); Tiron 0.5mM (blue); Tiron 1mM (pink); Tiron 2.5mM (grey). 
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3.3.10  The effect of Tiron (0.25mM) on Akt signaling protein levels in 

cardiac tissue subjected to I/R conditions 

An increase in p-Akt was observed with Tiron treated samples in I/R conditions when compared 

to I/R control (74.35±2.83% vs. 51.68±5.18%). Co-administration of Tiron and Wortmannin and 

administration of Wortmannin alone resulted in a decrease of p-Akt levels when compared to I/R 

control group (5.92±1.77% vs. 51.68±5.18%, respectively 3.25±0.75% vs. 51.68±5.18%, Figure 

3.14). 

 

 

 

Figure 3.14 Western blot analysis showing the effects of Tiron 0.25mM and Wortmannin (100nM) 

and co-treatment on the levels of phosphorylated Akt at 20 minutes into reperfusion phase. Data 

are presented as mean±SEM, with a number of n=6 experiments, ***p<0.0001 vs. H/R. 
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3.4 Discussion 

In the current investigation we have demonstrated that treatment with previously described 

concentrations of Tiron (0.25-1mM) (Borchi et al. 2010, Silva-Platas et al. 2016; Kim et al. 2006) 

in normoxic conditions did not negatively impact the haemodynamic parameters CF, HR, and 

LVDP and the infarct ratio in isolated rat hearts (Figure 3.3). However, administration of Tiron 

(2.5-10mM) resulted in an increase in the infarct size in the isolated perfused rat heart (Figure 

3.2) indicating an increase in myocardial injury. The injury caused by high concentrations of Tiron 

could be associated with its pro-oxidant activity. Several reports have established that 

polyphenol antioxidants can exert beneficial effects, however high doses and alterations in the 

pH could impact the antioxidant/pro-oxidant activities and their chelating mechanism (Azam et 

al. 2004, De Marchi et al. 2009, Watjen et al. 2005). The study carried out by De Marchi et al, 

(2009) with the antioxidant quercetin in the isolated mitochondria and HCT116 cells revealed 

that high doses of this antioxidant enhance the production of superoxide anions (O2
-) resulting in 

mitochondrial dysfunction and opening of the mitochondrial transition pore (De Marchi et al. 

2009). In addition, this hypothesis was further confirmed in a rat hepatoma cell model (H4IIE), in 

which it was shown that low concentrations of quercetin exhibited antioxidant effects by 

reducing the H2O2 induced cytotoxicity and apoptosis, whereas high concentrations resulted in 

DNA damage and apoptosis (Watjen et al. 2005).  In addition, in a rodent in vivo investigation, 

Ruiz et al, (2015) have shown that treatment with high concentrations of quercetin exerted a 

negative effect on the heart mitochondrial function, by promoting protein oxidation and 

decreasing the activity of Complex IV within the mitochondria (Ruiz et al. 2015). Furthermore, it 

has been shown that oxidative stress is a contributing factor in cardiomyocytes cell death and 
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this response is mediated by the opening of the mitochondrial transition pore leading to the 

stimulation of apoptosis and an increase in the myocardial injury (Gustafsson and Gottlieb, 2007; 

Chiong et al. 2011). Therefore, in agreement with these studies, it is reasonable to hypothesise 

that high concentrations of Tiron in normoxic conditions only may have a negative effect on the 

myocardium due to its pro-oxidant activity exerted by enhanced production of the superoxide 

anions and accumulation in the mitochondria, leading to cardiomyocytes cell death and 

subsequently an increase in the myocardial infarct size in the isolated perfused rat hearts.  

The effects of increasing concentrations of Tiron in the model of I/R injury were also assessed. 

Our results have shown that Tiron possesses cardioprotective properties in a dose-dependent 

manner, as indicated by reduction in the induced myocardial I/R injury (Figure 3.9). Furthermore, 

Tiron was shown to have cardioprotective effects at low concentrations (0.25 mM), which was 

observed by a decrease in the infarct to risk ratio in the isolated rat hearts (Figure 3.9) and an 

increase in the cell viability in adult rat ventricular cardiomyocytes (Figure 3.11 and 3.12). 

Similarly, in a Langendorff model of simulated myocardial I/R injury, Ray et al, (2010) have 

demonstrated that the extract from Calendula officinalis exerted antioxidant and anti-

inflammation properties reducing the myocardial infarct and improving the left ventricular 

cardiac function in the Sprague Dawley hearts (Ray et al. 2010). The results in our study showed 

that administration of Tiron did not cause any significant changes in the haemodynamic 

parameters during reperfusion when compared to control group (Figure 3.10). In a similar 

manner, a study carried out by Song et al, (2010) in isolated male Wistar rats exposed to 30 

minutes of regional ischaemia and 2 hours of reperfusion showed that treatment with the 

polyphenol epigallocatechin gallate (EGCG), did not cause any significant alterations in the 
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haemodynamic parameters LVDP, CF and HR when compared to I/R control group, however a 

significant decrease in the infarct size was reported (Song et al, 2010).  Comparable results were 

also reported by Badavi et al, (2017) in the Langendoff heart model of 30 minutes of no-flow 

global ischaemia and 1 hour of reperfusion (Badavi et al, 2017). It has been shown that different 

concentrations of EGCG did not impact the effects of LVDP when compared to I/R control group 

(Badavi et al, 2017). These results show that a reduction in the infarct size is not always linked 

with an improvement in the cardiac function which could be associated with the possibility that 

the salvaged tissue has not reached its normal values (Song et al, 2010; Lochner, Genade and 

Moolman, 2003).  

Our results are in accordance with a previous study in which Tiron (500mg/kg) provided cellular 

protection by reducing superoxide production in the model of I/R injury and alleviated the MI/R 

injury in the in vivo model of adult mice (Jiao et al. 2009).  

In this study, we have also investigated the effects of Tiron on intracellular levels of ROS in 

primary adult ventricular cardiac myocytes. We have demonstrated that pre-treatment with 

Tiron offered significant protection from H2O2 induced oxidative stress (Figure 3.6a and 3.6b).  

Previously, it has been reported that Tiron exhibited cytoprotection against H2O2 and superoxide 

anions produced as a result of oxidative damage (Krishna et al. 1992). A study carried out by 

Habenar et al, (2016) showed that in HL-1 cardiomyoblast-like cells, addition of Tiron decreased 

H/R-induced apoptosis by 60% and reduced the H/R induced ROS production by 91% when 

compared to control group (Habener et al. 2016). Furthermore, in a different study, Tiron was 

reported to improve the endothelial dysfunction of the coronary circulation and reduce the 
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oxygen free radical formation in myocardial tissue in dog-model of pacing-induced heart failure 

(Arimura et al. 2001). A study carried out by Borchi et al, (2010) in human failing hearts revealed 

that Tiron significantly reduced NADPH-dependent superoxide generation in failing ventricles. 

Thus, in agreement with previous published articles, our results show that treatment with Tiron 

reduces the oxidative stress induced by myocardial I/R injury and offers cytoprotection against 

oxidative induced damage. 

It is well established that myocardial apoptosis plays a contributing factor to myocardial I/R injury 

(Badalzadeh, Mokhtari and Yavari 2015, Eefting et al. 2004, Keoni and Brown 2015, Kim and Kang 

2010, McCully et al. 2004). Inhibiting the mechanism of apoptosis may reduce the I/R injury and 

might delay the incidence of heart failure (Oikawa et al. 2013, Zhang et al. 2017a). Several studies 

have noted that cardiomyocytes apoptotic cell death may be triggered during ischaemia/hypoxia 

however, the injury produced to the cells could be exacerbated during reperfusion (Granger and 

Kvietys 2015, Kalogeris et al. 2012, Kurian et al. 2016, Zhou, Chuang and Zuo 2015). 

Apoptosis is divided into 2 distinct signalling pathways: the intrinsic pathway, also named the 

mitochondrial cell death pathway and the extrinsic pathway also called death receptor pathway 

(Badalzadeh, Mokhtari and Yavari 2015, Fulda 2010, Kim and Kang 2010). Several investigations 

have shown that upon activation of either intrinsic or extrinsic pathway, the initiator caspases is 

activated, triggering the executioner caspases -3, -6 and -7 (S Singh and M Kang 2011, Zhang et 

al. 2017b). It has also been reported that activation of caspase-3 could be associated with 

mitochondrial oxidative stress, which results in increased permeability to the membrane and 
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release of cytochrome c into the cytosol, producing the apoptosomes complexes (Eefting et al. 

2004, Gottlieb et al. 1994, Krijnen et al. 2002, Ng, Wan and Yim 2005).  

Previous studies have reported the antioxidant activity of Tiron in a number of pathological 

conditions (Arimura et al. 2001, Borchi et al. 2010, De Matteo, Head and Mayorov 2006, Habener 

et al. 2016, Jiao et al. 2009). However, few investigations stated whether Tiron could exhibit 

similar protective effects against myocardial ischaemia/ reperfusion injury.  

Our study demonstrated that adult primary ventricular cardiomyocytes exposed to H/R 

conditions showed an increase in the levels of cleaved caspase 3 compared to the normoxic 

control group (454.31±8.21% vs. 100±0.00%) and administration of Tiron (0.25-2.5mM) inhibited 

the activation of caspase 3 levels, protecting the heart and salvaging the cardiac myocytes from 

undergoing the process of apoptosis (Figure 3.13b.). In this study, Tiron (0.25mM) significantly 

improved cell viability in isolated adult rat ventricular myocytes when compared to H/R control 

group (shown in Figure 3.11 and Figure 3.12). As mentioned before, it has been reported that 

cardiomyocytes exposed to hypoxic conditions exhibited the phenomenon of nuclear shrinkage, 

which has previously been linked with the activation hypoxic caspase-dependent cell death 

(Shinzawa and Tsujimoto 2003). The levels of caspase-3 in Tiron treated myocytes were 

significantly decreased when compared to H/R control group, indicating that Tiron 

cardioprotection could be attributed with a reduction in the apoptosis. This outcome is further 

supported by another study, in which Tiron has been demonstrated to inhibit apoptosis, by 

decreasing the levels of caspase-3 in an in vivo model of adult mice subjected to myocardial I/R 

injury (Jiao et al. 2009).  
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The effects of Tiron (0.25mM) and Wortmannin on PI3K/Akt pathway were also investigated in 

normoxic conditions. Treatment with Tiron (0.25mM) perfused for 135 minutes caused a slight 

increase in the levels of p-Akt when compared to control group and administration with 

Wortmannin, a PI3K inhibitor decreased the p-Akt levels when compared to control group (Figure 

3.7). Furthermore, concomitant administration of Tiron and Wortmannin reversed the decrease 

in p-Akt pathway when compared to Wortmannin treated samples. To date there are no studies 

that investigated the effects of antioxidants and Wortmannin in the p-Akt pathway in the 

normoxic studies. However, it could be hypothesised that the mild increase in the p-Akt pathway 

in Tiron treated hearts could be associated with a protective mechanism elicited by Tiron. 

Although Langendorff heart preparation is a technique that could maintain the heart viable for 

couple of hours, studies have shown that a decrease of approximately 5-10% per hour was 

observed in the contractile function of the heart and it should be considered a dying preparation 

(Bell et al, 2011; Sutherland and Hearse, 2000). This could potentially have an impact on the 

myocardium and could trigger the activation of Akt survival pathway, a well-known pathway 

involved in cell survival, therefore explaining the possible increase in the p-Akt levels in Tiron 

treated hearts and the abrogation of p-Akt by Wortmannin. Interestingly, our results show that 

concomitant administration of Tiron and Wortmannin reversed the decrease in p-Akt levels, 

indicating that in normoxic conditions Tiron could act via a PI3K/Akt independent pathway, 

however due to lack of reports in this particular setting, this hypothesis requires further 

elucidation.  

In this study, we also examined if treatment with Tiron (0.25mM) at the onset of reperfusion had 

any effects on PI3K/Akt signalling pathway. Treatment with Tiron (0.25mM) during reperfusion 
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of the ischaemic myocardium for 20 minutes resulted in the phosphorylation and activation of 

Akt signalling pathway when compared to I/R control group (Figure 3.14). Previous studies have 

indicated that Akt signalling is a crucial survival pathway that promotes the survival of 

cardiomyocytes against I/R induced injury and apoptosis (Fujio et al. 2000, Hers, Vincent and 

Tavaré 2011, Mullonkal and Toledo-Pereyra 2007). Furthermore, a number of investigations 

carried out in in vivo and in vitro animal models have shown that activation of PI3K/Akt pathway 

and regulation of the anti-apoptotic (Bcl-2, Bcl-XL andMcl-1) and pro-apoptotic proteins (Bax, Bak 

and BH3 only proteins) represents one of the key processes in myocardial protection against 

ischaemia/reperfusion injury in the acute phase (Raphael et al. 2006, Tsang et al. 2004, Uchiyama 

et al. 2004, Xu et al. 2013). It has also been revealed that Akt pathway might be directly associated 

with the stimulation of a protecting process that inhibits the apoptotic cell death in 

cardiomyocytes (Fujio et al. 2000, Xu et al. 2013). In addition, the activation of PI3K leads to an 

increase in the Akt protein expression levels, thus, inhibiting the activation of apoptotic related 

proteins such as caspase-3 and Bax, will result in a decrease in the myocardial apoptosis. 

Wortmannin is a non-specific inhibitor of PI3K related proteins, that can inhibit the 

phosphorylation of Akt, a downstream target of PI3K signalling pathway (Eisenreich and Rauch 

2011, McNamara and Degterev 2011). In this study we have shown that using Wortmannin 

(100nM) completely blocked the increase of Tiron-induced Akt phosphorylation in I/R injury 

model (Figure 3.12). Previous rodent experimental models carried out with different antioxidants 

have shown similar results (Chen et al. 2016, Wang et al. 2017). For example, Wang et al. (2017) 

have demonstrated that the antioxidant kaempferide (a natural occurring flavonoid) attenuated 

the myocardial I/R injury through the activation of PI3K/Akt pathway (Wang et al. 2017). 
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Therefore, in agreement with these studies, our findings suggest that the cardioprotective 

properties of Tiron are most likely as a result of its stimulation on PI3k/Akt pathway. However, in 

this study we have only investigated the effects of Tiron via the PI3K/Akt. It is yet unclear whether 

the other survival signalling pathways such as Erk1/2 and JNK contribute to the cardioprotective, 

anti-apoptotic mechanism of Tiron. 

3.5 Summary of the findings 

In summary, the present study represents the first evidence that Tiron can reduce the myocardial 

ischaemia reperfusion injury in Sprague Dawley rat model. Our results show that: 

-Tiron offers cardioprotection by attenuating oxidative stress generated in the ischaemic 

reperfused myocardium; 

-Tiron administration provoked the activation of Akt during ischaemia-reperfusion, effect 

that was diminished by Wortmannin administration.  

-Tiron reduced H2O2 induced oxidative stress, prevented ROS generation in isolated 

ventricular cardiomyocytes and decreased caspase-3 activity, an effector enzyme of the 

apoptotic cell death cascade; 

-The protective properties of Tiron may account not only to its antioxidant superoxide 

scavenging activities, but also to its ability to regulating PI3K/Akt pathway in myocardial I/R 

injury.  

 These findings emphasise the possibility that Tiron supplementation could offer protection 

against oxidative stress induced cardiovascular risk factors and myocardial injury.  
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Chapter 4.Investigating the effect of Tiron against Doxorubicin 

induced cardiotoxicity in normoxic conditions 
 

4.1 Introduction 

In the recent years, cancer treatment has progressed significantly by increasing the survival rate 

in several types of cancer (Dent 2013, McGowan et al. 2017, Shakir and Rasul 2009). Doxorubicin, 

an antineoplastic drug that belongs to anthracyclines family is one of the most effective therapy 

against a variety of solid tumors including breast cancer, small lung cancer ovarian cancer, 

lymphoma and leukaemia for adult and paediatric patients (Hershman et al. 2008, Hortobagyi 

1997, Sepe, Ginsberg and Balis 2010, Zhao et al. 2017). Furthermore, Doxorubicin treatment has 

been frequently utilised in liver malignancies, being considered one of the most effective 

chemotherapeutic agents to treat hepatocellular carcinoma (Tam 2013). Unfortunately, its 

therapeutic potential in clinical use is limited by cumulative, dose-dependent and irreversible 

cardiotoxic effects (Cardinale et al. 2015, Chatterjee et al. 2010a, De Angelis et al. 2016, Sun et 

al. 2013a, Vejpongsa and Yeh 2014, Zhang et al. 2009a).  

It has been shown that patients treated with Doxorubicin exhibit cardiomyopathy and severe 

congestive heart failure, occurring up to several years after cessation of Doxorubicin 

chemotherapy (Swain et al, 2003; Steinherz et al, 1991). In a retrospective meta-analysis of phase 

III clinical trials in patients with breast cancer and small cell lung carcinoma, Swain et al, (2003) 

have revealed that over 50% of the patients exposed to Doxorubicin treatment at a dose of 500 

mg/m2 reported cardiac events such as variations in left ventricular ejection fraction (LVEF) and 

congestive heart failure (Swain et al, 2003). Furthermore, in a different study carried out in 201 
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long-term survivors of paediatric cancers that were exposed to anthracycline treatment, showed 

that 23% of the patients included in the study had abnormal changes in the cardiac function 4 to 

20 years after cessation of Doxorubicin treatment (Steinherz et al, 1991).  

Despite continuous research elucidating the intracellular pathways associated with Doxorubicin-

induced cardiotoxicity, the exact mechanism of myocardial injury is still elusive.  Several studies 

have indicated that Doxorubicin-induced cardiotoxicity is a multifactorial process and includes 

the activation of several intracellular signaling pathways such as oxidative stress, mitochondrial 

damage and activation of inflammation and apoptosis-related signaling pathways (Chatterjee et 

al. 2010b, Henriksen 2017, Menna and Salvatorelli 2017, Mistiaen 2016, Shi, Abdelwahid and Wei 

2011, Takemura and Fujiwara 2007, Toldo et al. 2013, Zhang et al. 2012). As highlighted in 

Chapter 1, a number of investigations have indicated that cardiotoxic effects associated with 

Doxorubicin involve the induction of oxidative stress by quinone-hydroquinone moiety of the 

anthracyclines structures (Chen et al. 2007, Chularojmontri, Gerdprasert and Wattanapitayakul 

2013, Štěrba et al. 2013). In addition, it has been shown that long term administration of 

Doxorubicin or high doses may cause a reduction in the levels of endogenous antioxidant 

enzymes, that are responsible for scavenging ROS (Doroshow, Locker and Myers 1980, 

Lehenbauer Ludke et al. 2009, Wallace 2003). This process results in an imbalance in the 

prooxidant-antioxidant homeostasis, which leads to exacerbated production of ROS and 

oxidative stress (Lehenbauer Ludke et al. 2009, Wallace 2003). Several investigations indicated 

that oxidative stress induced by Doxorubicin may directly or indirectly cause damage to the 

cardiac mitochondria and stimulate a number of intracellular signaling pathways that lead to 
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cardiomyocytes apoptosis and heart failure (Kalyanaraman et al. 2002, Octavia et al. 2012, Sun 

et al. 2016, Thorn et al. 2011, Zhang et al. 2009b, Zhou, Palmeira and Wallace 2001).  

In recent years, considerable research efforts have focused on finding therapeutic strategies that 

could reduce the toxic effects of Doxorubicin and protect the heart without affecting its 

antitumor properties (Gu, Hu and Zhang 2015, Hamza et al. 2016, Shaker et al. 2018). Several 

studies proposed that selective blocking of ROS action by specific antioxidants could offer 

significant protection against Doxorubicin induced oxidative stress damage in cardiac tissue 

(Chang et al. 2011, Panchuk et al. 2016, Ratnam et al. 2006).  

As mentioned in Chapter 1, (Sections 1.20-1.22), Tiron a vitamin E analogue and mitochondria-

targeted antioxidant has been found to permeabilise the mitochondrial membrane and 

accumulate within the organelle (Oyewole et al. 2014). Furthermore, Tiron functions as a direct 

hydroxyl radical and superoxide scavenger (El-Sherbeeny, Hassan and Ateyya 2016, Habener et 

al. 2016, Monticone et al. 2014; Herscher et al. 1994, Krishna et al. 1992). It is both a beneficial 

protective antioxidant and an effective non-toxic metal chelator that has been commonly used 

in oxidative stress associated studies (Arimura et al. 2001, MacKenzie and Martin 1998, Münzel 

et al. 1999, Seki et al. 1999, Poeggeler et al. 2002, Krishna et al. 1992).  Conversely, it has reported 

that treatment with Tiron triggered the apoptotic cell death in human promyelotic HL-60 

leukaemia cell line (Kim et al. 2006).  

Chapter 3 highlighted the potential protective capabilities of Tiron in the heart against myocardial 

ischaemia reperfusion injury, by attenuating oxidative stress generated during reperfusion and 

activating the Akt survival pathway.  As previous studies have shown that Doxorubicin induces 
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mitochondrial dysfunction and cardiotoxicity, it is important to investigate the cardioprotective 

properties of Tiron when used in combination with Doxorubicin.  

Therefore, the focus of this chapter is: To assess the cardioprotective effects of Tiron and 

Doxorubicin administered during perfusion in isolated perfused rat hearts and primary adult rat 

ventricular cardiomyocytes in naïve conditions; to investigate the intracellular pathways 

associated with the protective effects of Tiron treatment observed in the heart tissue. In addition 

the effects of Tiron on the anti-proliferative effects of Doxorubicin  in human HL-60 leukaemia 

cell lines and HepG2 liver carcinoma cells was also studied.  

 

4.2 Methods 

4.2.1 Chemicals 

As stated previously, Tiron was purchased from Sigma Aldrich (UK), Doxorubicin hydrochloride 

and Wortmannin were both supplied from Tocris Cookson (Bristol) and prepared in the same 

manner as described in Chapter 2 Section 2.2  

4.2.2 Animals: 

Adult male Sprague-Dawley rats (350±50g) were supplied by Charles River (UK). Animals received 

human care assistance in accordance with the guidance in the operation of the animals (Scientific 

Procedure) Act 1986.  
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4.2.3 Isolated perfused rat heart preparation (Langendorff protocol): 

Following sacrifice by cervical dislocation and the excision using the process of thoracotomy, rat 

hearts were mounted on the Langendorff perfusion apparatus (as explained in detail in Chapter 

2 Section 2.3.1). All hearts were subjected to a retrograde perfusion, and each experiment was 

conducted for 155 minutes. The hearts were randomly allocated to the following treatment 

groups a) hearts perfused with Krebs-Hensleit (KHB) buffer for 155 minutes; b) hearts perfused 

with KHB buffer for 20 minutes, followed by 135 minutes of drug perfusion with Tiron (0.25mM, 

0.5mM, 1mM) c) hearts perfused with KHB buffer 20 minutes followed by 135 minutes of 

perfusion with Doxorubicin (1µM) and c) hearts perfused with KH buffer for 20 minutes followed 

by 135 minutes of drug perfusion with Tiron (0.25mM,0.5mM and 1mM) in the presence of 

Doxorubicin (1µM). The concentration of 1µM Doxorubicin has been previously shown to be in 

the clinical effective range (Gewirtz, 1999). 

The infarct ratio analysis using tryphenyltetrazolium chloride (TTC) solution technique was 

conducted as detailed in chapter 2, Section 2.3.4.  Infarct ratio analysis was presented as a 

percentage of the area at risk for the treatment groups. Data presented for coronary flow 

assessment was adjusted by the heart weight and calculated as a percentage of mean 

stabilisation. 

As previously described in Chapter 2, section 2.8.1, for Western blot experiments assessing the 

levels of p-Akt (Ser473), all hearts were treated in the same manner as described in the 

Langendorff protocol, and Wortmannin (100nM) was administered throughout perfusion in the 

presence or absence of Tiron (0.25mM), Doxorubicin (1µM) and combined treatment of 
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Doxorubicin(1µM) and Tiron (0.25mM). At the end of the experimental protocol, the hearts were 

removed from the Langendorff apparatus and left ventricle was collected and snap-frozen in 

liquid nitrogen and stored at -80oC. Western blot analysis was described in detail in section 2.8.  

4.2.4 Isolation of adult ventricular cardiomyocytes 

Adult rat ventricular cardiomyocytes were isolated by enzymatic digestion as described 

previously (Maddock et al, 2002, Gharanei et al, 2013). Details of the heart digestion protocol 

and conditions required for the succesful isolation of primary adult ventricular rat myocytes are 

described in detail in section 2.4 of Chapter 2. 

4.2.5 Cell treatment protocol 

Isolated ventricular cardiomyocytes, HL-60 leukaemia cells and HepG2 liver carcinoma cells were 

exposed to drug treatment with Tiron (0.25-1mM) and Doxorubicin (1µM) for 24 hours at 37˚C, 

5% CO2 and 95% O2 prior to the assessment of cell viability, caspase 3 levels and reactive oxygen 

species, which are described in detail below in section 4.2.6-4.2.9. 

4.2.6 Assessment of cell viability using the colorimetric MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)] assay 

The cell viability for isolated adult rat ventricular cardiomyocytes, HL-60 and HepG2 was carried 

out using the MTT colorimetric assay as previously detailed in Chapter 2, section 2.6.3. All cells 

were subjected to drug treatment conditions as stated in section 4.2.5.  
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4.2.7 Assessment of cell viability using Trypan Blue staining 

Trypan Blue assay staining was carried out in accordance with the protocol described in Section 

2.6.5. Drug treatment was administered to primary isolated rat ventricular mycoytes, HL-60 and 

HepG2 cells as described in section 4.2.5. Following the cell treatment protocol, cell viability was 

assessed as a ratio of the viable cells divided by the total number of cells.  

4.2.8 Assessment of primary adult ventricular cardiomyocytes, HL-60 and 

HepG2 cells using caspase-3 staining  

Upon completing the drug treatment protocol (section 4.2.5) permeabilisation of the cells and 

preparation for the staining procedure (Details in Chapter 2 Section 2.7.1), isolated rat ventricular 

myocytes and HepG2 cells were probed with cleaved-caspase-3 antibody (Active/cleaved 

Caspase-3 Assay kit, Novus Biologicals/Bio-Techne, UK) in accordance with the manufacturer 

instructions (Details in Section 2.7.1). Flow cytometric analysis was completed using FL-2 channel 

of BD Accuri C6 Plus Flow cytometer (Ex/Em=540/570nm). 

For the flow cytometric analysis of cleaved-caspase 3 activity, HL-60 cells were incubated with 

cleaved caspase-3 rabbit monoclonal antibody (Alexa Flour 488 Conjugate, Cell Signalling, UK) at 

1:100 dilutions in incubation buffer at room temperature for 1 hour (in accordance with the 

manufacturer instructions). Following incubation, the cells were washed with incubation buffer 

and re-suspended in PBS prior to analysis using FL-1 channel on the BD Accuri C6 Plus flow 

cytometer (Ex/Em=488/535nm). 
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Data was normalised to cell only control by deducting the mean fluorescence background of the 

untreated samples. The values obtained were calculated as a relative change in fluorescence 

activity.  

4.2.9  Assessment of primary adult ventricular cardiomyocytes, HL-60 and 

HepG2 cells using Cellular Reactive Oxygen Species Detection (DCFDA) 

Assay 

Following drug treatment (Section 4.2.5), isolated ventricular cardiomyocytes, HL60 cells and 

HepG2 cells were incubated with DCFDA assay (Abcam, UK) as stated in the manufacturer 

instructions and in accordance with Section 2.7.2. Hydrogen peroxide (2-8mM) was used as a 

positive control to test the kit. The values obtained were calculated as a relative change in ROS 

fluorescence activity of the mean absorbance of the control group. 

4.2.10  Western blot analysis 

Western blot analysis was performed as previously described in Chapter 2 Section 2.8. Following 

the separation stage and the protein transfer procedure, the mermbranes were probed for the 

phosphorylated and total form of the monoclonal rabbit Akt (Ser473) protein (Cell Signalling, UK) 

as stated in Section 2.8.6. Protein detection was quantified using Super Signal West Femto 

Maximum Substrate Solution (ThermoFisher Scientific, UK) as an enhanced chemi-luminescence 

assay (Detailed in Chapter 2, Section 2.8.7) and the protein density bands were visualised using 

Bio-Rad Quantity One programme. The relative variations in the level of phosphorylated 

monoclonal rabbit Akt (Ser473) protein were normalised to the total form of monoclonal rabbit 
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Akt protein. GAPDH was used as an internal loading control in all experiments as previously 

explained in Section 3.2.11. 

4.2.11  Data analysis: 

All data is presented as mean±SEM. Data presented for the CF parameter was adjusted by the 

heart weight and calculated as a percentage of mean stabilisation. Haemodynamic parameters, 

HR, LVDP and CF were analysed by one-way ANOVA for each time point.  All other data was 

analysed using one-way analysis of variance (ANOVA) with Tukey post-hoc tests to identify group 

differences.  Significance was considered at p<0.05. 

4.3 Results 

4.3.1 The effects of the co-administration of Tiron (0.25mM-1mM) and 

Doxorubicin (1µM) on the infarct size in the naïve Langendorff hearts. 

Treatment with Doxorubicin resulted in a significant increase in the infarct to risk ratio when 

compare to control group (p<0.0001) (31.27±2.55% vs. 8.48±0.48%).  It was observed that co-

administration of Tiron (0.25mM-1mM) and Doxorubicin (1µM) resulted in a significant decrease 

in the infarct size to risk ratio when compared to Doxorubicin group (p<0.0001) (Doxorubicin vs. 

Tiron 0.25mM: 31.27±2.55% vs. 14.79±0.67%; Doxorubicin vs. Tiron 0.5mM 31.27±2.55% vs. 

15.59±0.58%; Doxorubicin vs. Tiron 1mM: 31.27±2.55% vs.24.02±1.79%) (As shown in Figure 4.1). 
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Figure 4.1 The effects of Tiron (0.25-1mM) and Doxorubicin (1µM) on the infarct ratio analysis 

on isolated naïve Langendorff hearts model. Hearts were subjected for 20 minutes of 

stabilisation, followed by 135 minutes of perfusion with KHB in the absence or in the presence of 

drug treatment. Data are presented as mean±SEM of 6 experiments; ***p<0.0001 vs. control; 

###<0.0001 vs. Doxorubicin. 

4.3.2 The effects of co-administration of Tiron (0.25-1mM) and 

Doxorubicin (1µM) on the haemodynamic parameters from the naïve 

Langendorff hearts 

The effects of Tiron and Doxorubicin on the heart rate are illustrated in Figure 4.2.  Treatment 

with Doxorubicin resulted in a significant reduction in the heart rate when compared to control 

group from 45 minutes into drug perfusion (at 65 minutes: 83.13±1.31% vs. 99.90±1.99%; 

respectively, p<0.05). Concomitant treatment of Tiron (0.25-1mM) with Doxorubicin (1µM) 

attenuated the reduction in HR observed with Doxorubicin group alone (at 65 minutes: Tiron 

0.25mM+Dox: 99.94±1.77% vs. 83.13±1.31%; Tiron 0.5mM+Dox: 96.63±7.29% vs. 83.13±1.31%; 
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Tiron 1mM+Dox: 91.29±6.11% vs. 83.13±1.31%; p<0.05). No significant change was observed in 

co-treated groups when compared to normoxic control group. 

  

Figure 4.2 The effects of Tiron (0.25-1mM), Doxorubicin (1µM), and co-administration of Tiron 

(0.25-1mM) and Doxorubicin (1µM) on the heart rate (HR) represented as a percentage of the 

mean stabilisation. Data are represented as mean±SEM of n=6 experiments, *p<0.05 vs. 

normoxic control, #p<0.05 vs. Tiron (0.25-1mM) and Doxorubicin (1µM). 

 

The effects of Tiron and Doxorubicin on LVDP parameters are shown in Figure 4.3. In Doxorubicin 

treated hearts there was a significant reduction in LVDP parameters when compared to control 

group from 45 minutes into drug perfusion (at 65 minutes: 77.37±5.74% vs. 96.78±5.77%; 

p<0.05). A profound decrease in the LVDP values was observed at 140 minutes (64.88±5.37% vs. 
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improved the reduction in LVDP observed with Doxorubicin group alone (at 65 minutes: Tiron 

0.25mM+Dox: 97.87±6.32 vs. 77.37±5.74%; Tiron 0.5mM+Dox: 94.83±7.17% vs. 77.37±5.74%; 

Tiron 1mM+Dox: 99.15±5.65% vs. 77.37±5.74%; p<0.05).  There was no significant effect 

detected on LVDP values on combined treatment groups when compared to normoxic control. 

 

Figure 4.3 The effects of Tiron (0.25-1mM), Doxorubicin (1µM) and co-treatment of Tiron (0.25-

1mM) and Doxorubicin (1µM) on the left ventricular diastolic pressure (LVDP) represented as a 

percentage of mean stabilisation. Data are presented as mean±SEM of n=6 experiments, *p<0.05 

vs. normoxic control, #p<0.05 vs. Tiron (0.25-1mM) and Doxorubicin (1µM). 

As observed in Figure 4.4 a substantial decrease could be detected in CF in Doxorubicin (1µM) 

treated hearts when compared to normoxic control group from 45 minutes into perfusion (at 65 

minutes: 79.42±5.33% vs. 95.91±2.63%; p<0.05). Furthermore, co-administration of Tiron (0.25-
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104.30±6.39% vs. 79.42± 5.33%; Tiron 0.5mM+Dox: 103.84±5.57% vs. 79.42±5.33%; Tiron 1mM 

+Doxorubicin: 92.45±8.11% vs.79.42±5.33%; p<0.05). Also, it has been observed that the CF 

values were reversed to control group in the co-treated groups. 

 

Figure 4.4 The effects of treatment with Tiron (0.25-1mM), Doxorubicin (1µM) and co-treatment 

of Tiron (0.25-1mM) and Doxorubicin (1µM) on coronary flow (CF), data represented as 

percentage of mean stabilisation of n=6 experiments, *p<0.05 vs. normoxic control; #p<0.05 vs. 

Tiron (0.25-1mM) and Doxorubicin (1µM). 

4.3.3 The effects of co-administration of Tiron (0.25mM), Doxorubicin 

(1µM) and Wortmannin (100nM) on the haemodynamic parameters 

from the naïve Langendorff hearts used for tissue collection 
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minutes: 73.94±6.02% vs. 96.90±7.62%, respectively *p<0.05). Parallel treatment with Tiron 

(0.25mM), Wortmannin (100nM) and Doxorubicin (1µM) resulted in a significant improvement 

in the CF rate when compared to Doxorubicin treated group (at 65 minutes: Tiron 

0.25mM+Doxorubicin 1µM: 101.63±5.05% vs. 73.94±6.02%; Wortmannin 100nM+Doxorubicin 

1µM: 95.03±2.44% vs. 73.94±6.02%; Tiron 0.25mM+Doxorubicin 1µM+Wortmannin 100nM: 

94.31±1.77% vs. 73.94±6.02% #p<0.05). Furthermore, perfusion with Tiron or Wortmannin alone 

or in combination resulted in no significant changes in CF rate when compared to normoxic 

control group.  

 

Figure 4.5 The effects of treatment with Tiron (0.25mM), Doxorubicin (1µM), Wortmannin 

(100nM)  and co-administration of Tiron (0.25mM) and/or Wortmannin (100nM) with 

Doxorubicin (1µM) on coronary flow (CF), data represented as percentage of mean stabilisation 

of n=6 experiments, *p<0.05 vs. normoxic control; #p<0.05 vs. Tiron (0.25mM)±Wortmannin 

(100nM) and Doxorubicin (1µM). 
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Treatment with Doxorubicin (1µM) resulted in significant decrease in the LVDP when compared 

to normoxic control group from 45 minutes into drug perfusion (at 65 minutes: 73.72±4.95% vs. 

102.29±2.48%; p<0.05) (Figure 4.6). Interestingly, administration of Tiron (0.25mM), 

Wortmannin (100nM) and Doxorubicin (1µM) significantly reversed the LVDP decline reported in 

Doxorubicin treated groups (at 65 minutes: Tiron 0.25mM+Doxorubicin 1µM: 102.26±4.98% vs. 

73.72±4.95%; Wortmannin 100nM+Doxorubicin 1µM: 102.74±3.04% vs. 73.72±4.95%; Tiron 

0.25mM +Wortmannin 100nM +Doxorubicin 1µM: 103.42±5.32% vs. 73.72±4.95%, respectively 

#p<0.05). As observed in Figure 4.6, no significant alterations in the LVDP values were observed 

upon perfusion with Tiron or Wortmannin alone or in combination.  
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Figure 4.6 The effects of treatment with Tiron (0.25mM), Doxorubicin (1µM), Wortmannin (100nM) 

and co-administration of Tiron (0.25mM) and/or Wortmannin (100nM) with Doxorubicin (1µM) on 

left ventricular diastolic pressure (LVDP), data represented as percentage of mean stabilisation of 

n=6 experiments, *p<0.05 vs. normoxic control; #p<0.05 vs. Tiron (0.25mM)±Wortmannin (100nM) 

and Doxorubicin (1µM). 
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As observed in Figure 4.7 and similarly to the previous graphs, treatment with Doxorubicin (1µM) 

throughout the perfusion period significantly reduced the HR when compared to normoxic 

control group. This decline could be observed from 60 minutes into drug perfusion (at 80 

minutes: 84.59±2.43% vs. 99.44±3.58%, respectively p<0.05). Furthermore, addition of Tiron 

(0.25mM), Wortmannin (100nM) with Doxorubicin (1µM) completely abrogated the HR decrease 

observed in Doxorubicin treated hearts (at 80 minutes: Tiron 0.25mM+Doxorubicin 1µM: 

108.91±1.24% vs. 84.59±2.43%; Wortmannin 100nM+Doxorubicin 1µM: 99.64±3.30% vs. 

84.59±2.43%; Tiron 0.25mM+Doxorubicin 1µM+Wortmannin 100nM: 98.29±1.57% vs. 

84.59±2.43%, respectively #p<0.05). Also, treatment with Tiron or Wortmannin alone or in 

combination did not significantly alter the HR values when compared to control group. 
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Figure 4.7  The effects of treatment with Tiron (0.25mM), Doxorubicin (1µM), Wortmannin 

(100nM) and co-administration of Tiron (0.25mM) and/or Wortmannin (100nM) with 

Doxorubicin (1µM) on left ventricular diastolic pressure (LVDP), data represented as percentage 

of mean stabilisation of n=6 experiments, *p<0.05 vs. normoxic control; #p<0.05 vs. Tiron 

(0.25mM)±Wortmannin (100nM) and Doxorubicin (1µM). 
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Treatment with Doxorubicin (1µM) caused a significant decrease in cell viability of isolated rat 

ventricular cardiomyocytes when compared to control (71.03±2.41% vs. 100±0.00%). Co-
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(Tiron 0.25mM+Dox: 84.48±3.44% vs. 71.03±2.41%; Tiron 0.5mM+Dox: 87.81±3.64% vs. 

71.03±2.41%; Tiron 1mM+Dox: 82.22±6.81% vs. 71.03±2.41%; Figure 4.8). Administration of 

Tiron (0.25-1mM) in the presence of Doxorubicin significantly improved cell viability significantly, 

although the results obtained did not achieve the values reported in the control group. A similar 

trend was confirmed by Trypan Blue staining (Figure 4.9).  

 

Figure 4.8 MTT analysis showing the viability of isolated rat ventricular cardiomyocytes in 

response to drug treatment of Tiron (0.25-1mM), Doxorubicin (1µM), and co-treatment of Tiron 

(0.25-1mM) and Doxorubicin (1µM). Data are presented as a mean±SEM, with a number of n=6 

experiments, ***p<0.0001 vs. Control; ##p<0.001 vs. Doxorubicin. 

Treatment with Doxorubicin (1µM) resulted in a significant reduction in cell viability as 

highlighted by an increase in the number of dead cells stained with Trypan Blue when compared 

to control group (55.81±3.79% vs. 100±0.00%) (Figure 4.9). Co-treatment with Tiron (0.25-1mM) 
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55.81±3.79%; Tiron 0.5mM+Dox 1µM: 87.37±4.06% vs. 55.81±3.79%; Tiron 1mM+Dox 1µM: 

80.52±4.42% vs. 55.81±3.79%).  

 

Figure 4.9 Trypan blue staining analysis showing the viability of isolated rat ventricular 

cardiomyocytes in response to treatment with Tiron (0.25-1mM), Doxorubicin(1µM) and Tiron 

(0.25-1mM) and Doxorubicin (1µM). Data are presented as an average±SEM, of n=6 experiments, 

***p<0.0001 vs. Control. ##p<0.001 vs. Doxorubicin.  

 

4.3.5 The effects of Tiron (0.25mM) and Doxorubicin (1µM) on reactive 

oxygen species levels in isolated rat ventricular cardiomyocytes in 

normoxic conditions 
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reactive oxygen species when compared to control (707.66±12.10% vs. 107.81±11.96%; 

respectively, p<0.0001). Furthermore, co-treatment with Tiron (0.25mM) and Doxorubicin 

caused a significant decrease in ROS levels when compared to Doxorubicin group 

(107.81±11.96% vs. 707.66±12.10% p<0.0001), which demonstrates that Tiron can effectively 

inhibit the production of Doxorubicin-induced-ROS.  In addition, no significant increase in ROS 

levels was observed upon treatment with Doxorubicin and Tiron when compared to control 

group (107.81±11.96% vs. 107.81±11.96%) (Figure 4.10). 
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Figure 4.10 DCFDA flow cytometric scatter plots (A) and analysis B showing the change in ROS 

fluorescence relative to control in isolated adult rat ventricular cardiomyocytes in normoxic 

conditions in response to treatment with Tiron 0.25mM and Doxorubicin 1µM. Data are 

presented as mean±SEM, with a number of n=6 experiments, ***p<0.0001 vs. Normoxia; 

###p<0.0001 vs. Doxorubicin. (Representation of the scatter plots: Control (red) Tiron 0.25mM 

(green) DOX (black); Tiron 0.25mM+DOX (1µM) (blue). 
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4.3.6 The effects of co-treatment of Tiron (0.25-1mM) and Doxorubicin 

(1µM) on the cleaved caspase-3 levels in isolated adult rat ventricular 

myocytes 

Treating the isolated cardiomyocytes with Tiron for 24 hours in normoxic conditions did not cause 

an effect on the levels of cleaved-caspase 3 when compared to control, untreated cells (Tiron 

0.25mM: 100.25±5.61% vs. 100±0.0%; Tiron 0.5mM: 98.23±1.37% vs. 100±0.0%; Tiron 1mM: 

100.59±2.98% vs. 100±0.0%). However, upon treatment with Doxorubicin (1µM), the levels of 

cleaved caspase-3 were significantly increased when compared to control group (231.34±8.41% 

vs. 100±0.00%) (Figure 4.11). In addition, co-administration of Tiron (0.25-1mM) with 

Doxorubicin significantly reversed Doxorubicin-induced increase in the cleaved-caspase-3 (Tiron 

0.25mM+Doxorubicin: 105.79±6.79% vs. 231.34±8.41%; Tiron 0.5mM+Doxorubicin: 

101.55±3.17% vs. 231.34±8.41%; Tiron 1mM+Doxorubicin: 105.38±5.59% vs. 231.34±8.41%). No 

difference in cleaved-caspase-3 levels could be detected between the co-treated samples and 

control. 
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Figure 4.11 Cleaved caspase-3 levels flow cytometric plots (A) and analysis (B) in isolated adult 

rat ventricular cardiomyocytes in normoxic conditions in response to treatment with Tiron (0.25-

1mM) and Doxorubicin (1µM). Data are presented as mean±SEM, n=6 experiments, ***p<0.0001 

vs. Control; ###p<0.0001 vs. Doxorubicin (Representation of the scatter plots:  Control (red); 

Tiron 0.25mM (pink); Tiron 0.5mM (purple); Tiron 1mM (blue); Doxorubicin (green); Tiron 

0.25mM+ Doxorubicin (yellow);  Tiron 0.5mM+Doxorubicin (orange); Tiron 1mM+ Doxorubicin 

(brown). 
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4.3.7 The effects of Tiron (0.25mM), Doxorubicin (1µM) and Wortmannin 

(100nM) on Akt signalling protein levels in cardiac tissue in naïve 

conditions. 

Western blot analysis indicated that Doxorubicin (1µM) treated samples showed a significant up-

regulation in the levels of p-Akt (Ser473) when compared to control group (69.46±4.79% vs. 

32.62±3.67%) and Tiron treated group (69.46±4.79% vs. 40.47±1.60%) Furthermore, co-

treatment of Tiron (0.25mM) with Doxorubcin (1µM) significantly decreased the levels of 

phoporylated Akt when compared to Doxorubicin group alone (39.27±2.14% vs. 69.46±4.79%). 

In addition, it was observed that co-administration of Tiron (0.25mM) with Doxorubicin (1µM) 

and Wortmannin (100nM) resulted in a significant downregulation in the levels of p-Akt when 

compared to Doxorubicin (24.89±4.94% vs. 69.46±4.79%) and control (24.89±4.94% vs. 

32.62±3.67%) (Figure 4.12). 

 There was no significant difference detected in the levels of p-Akt levels between Tiron treated 

samples and co-treated samples with Doxorubicin and Tiron (40.47±4.79% vs. 39.27±2.14%). 
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Figure 4.12 Western blot analysis showing the effects of Tiron (0.25mM), Doxorubicin (1µM), 

Wortmannin (100nM) and co-treatment on the levels of phosphorylated Akt at 120 minutes into 

perfusion phase. Data are presented as mean±SEM, with a number of n=6 experiments, 

***p<0.0001 vs. control. ###p<0.0001 vs. Doxorubicin. 
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4.3.8 Co-incubation of Tiron (0.25mM and 0.5mM) with Doxorubicin 

(1µM) did not appear to affect the toxicity of Doxorubicin (1µM) in 

human cancerous cell lines HepG2 and HL60 cells. 

The MTT colorimetric assay showed that Doxorubicin significantly reduced the viability in both 

HL60 cells and HepG2 cells when compared to non-treated control cells (HL60 cells: Doxorubicin: 

32.61±3.74% vs. 100±0.00%; HepG2 cells: Doxorubicin: 73.63±2.98% vs. 100±0.00%) (p<0.0001). 

Co-administration of Tiron (0.25-1mM) with Doxorubicin (1µM) did not inhibit the anti-cancer 

properties of Doxorubicin group alone. Furthermore, treatment with Tiron (0.25-1mM) alone did 

not exhibit any effects on the cell viability of the human cancerous cell lines when compared to 

control group (Figure 4.13A and 4.14A).  Again, this trend was confirmed by Trypan Blue staining 

(Figure 4.13B and 4.14B). 

In Trypan blue staining, cells treated with Doxorubicin showed a significant decrease in the cell 

viability in both HL60 and HepG2 cells when compared to control cells (HL60 cells: Doxorubicin: 

19.09±0.5% vs. 100±0.00%; HepG2 cells: 29.46±3.80% vs. 100±0.00%). Parallel treatment with 

Tiron and Doxorubicin did not impact the antineoplastic activity of Doxorubicin (Figure 4.13B and 

4.14B).  
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Figure 4.13 MTT cytotoxicity analysis (A) and Trypan Blue staining (B) showing the viability of human cancerous HL60 cells in response with 

treatment with Tiron (0.25mM and 0.5mM) (blue), Doxorubicin (1µM) (yellow) and Tiron (0.25mM and 0.5mM) with Doxorubicin (1µM). Data 

are presented as mean±SEM, with a number of n=6 experiments, ***p<0.0001 vs. Control 
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Figure 4.14 MTT cytotoxicity analysis (A) and Trypan blue staining (B) showing the viability of human cancerous HepG2 cells in response with 

treatment with Tiron (0.25mM-1mM) (blue), Doxorubicin (1µM) (yellow) and Tiron (0.25-1mM) with Doxorubicin (1µM). Data are presented 

as mean±SEM, with a number of n=6 experiments, ***p<0.0001 vs. Control. 
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4.3.9 The effects of Tiron (0.25-1mM) and Doxorubicin (1µM) on cleaved 

caspase-3 levels in human cancerous HL60 and HepG2 cell lines 

Doxorubicin treated samples exhibited a substantial increase in the levels of cleaved-caspase 3 

activity in HL-60 cells when compared to non-treated control cells (1059.29±11.66% vs. 

100.0±0.0%) (p<0.0001). Co-administration of Tiron (0.25-1mM) with Doxorubicin (1µM) did not 

inhibit the increase of cleaved caspase-3 levels when compared to Doxorubicin group (Tiron 

0.25mM + Dox 1µM: 1020.72±18.65% vs. 1059.29±11.66%; Tiron 0.5mM + Dox 1µM: 

1009.99±9.90% vs. 1059.29±11.66; Tiron 1mM+ Dox 1µM: 1006.43±12.12% vs. 1059.29±11.66%). 

In addition, treatment with Tiron (0.25-1mM) alone did not impact the levels of cleaved caspase-

3 of when compared to control group (Tiron 0.25mM: 92.97±4.02% vs. 100.0±0.00%; Tiron 

0.5mM: 91.97±5.05% vs. 100.0±0.0%; Tiron 1mM: 100.04±4.67% vs. 100.0±0.00%) (Figure 4.15).   

A similar trend could be observed in the levels of cleaved caspase 3 in HepG2 cells, however, the 

increase in Doxorubicin treated samples was not as profound as the one reported in HL60 cells 

(Doxorubicin vs. Control: 311.10±17.73% vs. 100.0±0.0%; Tiron 0.25mM+Doxorubicin vs. 

Doxorubicin: 310.28±18.65% vs. 311.10±17.73%; Tiron 0.5mM+Doxorubicin vs. Doxorubicin: 

302.81±14.65% vs. 311.10±17.73%; Tiron 1mM+Doxorubicin vs. Doxorubicin: 304.22±19.28% vs. 

311.10±17.73%) (Figure 4.16). 
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Figure 4.15 Flow cytometry scatter plots (A) and analysis (B) showing the change in cleaved 

caspase 3 fluorescence relative to control in human cancerous HL60 cells in response to 

treatment with Tiron (0.25-1mM) and Doxorubicin (1µM). Data are presented as mean±SEM, 

with a number of n=6 experiments, ***p<0.0001 vs. Control (Representation of the scatter plots: 

Control (red); Dox (green); Tiron 0.25mM (pink); Tiron 0.5mM (purple); Tiron 1mM (blue); Tiron 

(0.25mM)+Dox (yellow); Tiron 0.5mM+Dox (brown); Tiron 1mM+Dox (black). 
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Figure 4.16 Flow cytometric scatter plots (A) and analysis (B) showing the change in cleaved 

caspase 3 fluorescence relative to control in human cancerous HepG2 cells in response to 

treatment with Tiron (0.25-1mM) and Doxorubicin (1µM). Data are presented as mean±SEM, 

with a number of n=6 experiments, ***p<0.0001 vs. Control (Representation of the scatter plots: 

Control (black); Dox (orange); Tiron 0.25mM (blue); Tiron 0.5mM (green); Tiron 1mM (yellow); 

Tiron 0.25mM+Dox (red); Tiron 0.5mM+Dox (pink); Tiron 1mM+Dox (turquoise). 
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4.3.10  The effects of Tiron (0.25-1mM)  and Doxorubicin (1µM) on the 

levels of intracellular ROS in human cancerous HL60 and HepG2 cell lines 

Flow cytometric analysis of DCFDA assay in human liver carcinoma HepG2 and HL60 cells showed 

that an increase in the levels of ROS was observed in Doxorubicin treated samples, however the 

values obtained were not significant when compared to control group (HL60 cells: 

124.21±23.44% vs.  100±0.00%; HepG2 cells: 115.42± 14.46% vs. 100±0.00%) (Figure 4.17A and 

4.17B). As observed in Figure 4.15A and 4.15B there was a trend of decrease in Tiron (0.25-1mM) 

treated samples, however, a significant value was not reached when compared to control, 

untreated group in both cell lines (HL60 cells: Tiron 0.25mM: 89.02±4.94% vs. 100±0.00%; Tiron 

0.5mM: 93.49±14.13% vs. 100±0.00%; 94.10±12.53% vs. 100±0.00%; HepG2 cells: Tiron 0.25mM: 

92.87±1.90% vs. 100±0.00%; Tiron 0.5mM: 87.84±6.42% vs. 100±0.00%; Tiron 1mM: 

88.19±5.41% vs. 100±0.00%) . In addition, co-treatment with Tiron (0.25-1mM) with Doxorubicin 

(1µM) in cancer cell lines did not exhibit any significant effects on the levels of ROS produced by 

Doxorubicin alone (HL60 cells: Tiron 0.25mM+Doxorubicin 1µM: 116.58±22.58% vs. 

124.21±23.44%; Tiron 0.5mM+ Doxorubicin 1µM: 111.37±17.36% vs. 124.21±23.44%; Tiron  

1mM: 112.25±18.70% vs. 124.21±23.44%; HepG2 cells: Tiron 0.25mM+Doxorubicin 1µM: 

91.26±10.38% vs. 115.42± 14.46%; Tiron 0.5mM+Doxorubicin 1µM: 94.40±13.26% vs. 115.42± 

14.46%;  Tiron 1mM+Doxorubicin 1µM: 107.09±15.32% vs. 115.42± 14.46%). 
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Figure 4.17 DCFDA analysis showing the change in ROS fluorescence relative to control in leukaemia HL-60 cells (A and C) and human 

liver carcinoma HepG2 cells (B and D) in response to treatment with Tiron (0.25-1mM) and Doxorubicin 1µM and Tiron (0.25-1mM). 

Data are presented as mean±SEM, with a number of n=6 experiments. 
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4.4 Discussion 

Doxorubicin induced cardiotoxic effects have been previously reported in numerous 

investigations; however, the precise, underlying mechanisms responsible for Doxorubicin 

induced myocardial injury have not been fully elucidated. This has hindered the progression and 

development of a successful adjunctive treatment designed to prevent and inhibit the 

cardiotoxicity induced by Doxorubicin. The results in the current study show that Tiron, a vitamin 

E analogue and ROS scavenging antioxidant protects against Doxorubicin-induced cardiotoxicity 

without affecting the anti-tumour activity of Doxorubicin on HL60 leukaemia and HepG2 liver 

carcinoma cell lines.  

4.4.1 Tiron mitigates Doxorubicin induced myocardial injury 

Data presented in this study shows that rat perfused with Doxorubicin exhibited an increase in 

the infarct ratio (Figure 4.1), a decline in the haemodynamic parameters LVDP, HR and CF (Figure 

4.2-4.4) and a decrease in cell viability in adult rat ventricular myocytes (Figure 4.8 and 4.9), 

indicating an increase in the myocardial dysfunction and oxidative damage. Our results are in 

agreement with previous in vitro and in vivo studies which reported that Doxorubicin treatment 

in the myocardium was associated with an increase in the myocardial infarction, a decline in the 

cardiac function (Gharanei et al. 2013), marked increase in the cardiac serum markers CK-MB and 

significant histological changes in the heart such as interstitial edema, fibrotic bands and severe 

cytoplasmic vascular degeneration (Abdel-Sattar et al. 2012). Furthermore, we have shown that 

Tiron possesses cardioprotective properties as suggested by a significant reduction in the infarct 

ratio in Doxorubicin treated hearts and an improved cell viability in rat ventricular 
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cardiomyocytes.  A number of reports postulated that free radical scavenger therapy could 

diminish the cardiotoxic effects of Doxorubicin by accumulating in areas exposed to oxidative 

injury (Al‑Harthi et al. 2014; Ananthanarayanan et al. 2016; Li et al. 2010). For example, using in 

vivo model of male rats, Al-Harthi et al. (2014) investigated the effects of Resveratrol in 

Doxorubicin treated hearts and showed that concomitant treatment with Resveratrol and 

Doxorubicin decreased the plasma CPK and LDH activities, reversed the fragmentation and lysis 

of the myofibrils and preserved the mitochondrial structure (Al-Harthi et al. 2014). Furthermore, 

within the same study it has been reported that combined treatment with Resveratrol and 

Doxorubicin reversed the reduction in the glutathione levels and decreased the MDA levels 

expressed after Doxorubicin treatment, suggesting that Resveratrol exhibits its cardioprotective 

effects by inhibiting Doxorubicin-induced accumulation of ROS in the mitochondria of cardiac 

cells (Al-Harthi et al. 2014). In addition, a study carried out by Deres et al. (2005) in Langendorff 

heart models exposed to 60 minutes of drug treatment with Doxorubicin revealed that co-

administration of low concentrations of the antioxidants H-2545 and H-2954 significantly 

attenuated the impairment in left ventricular functional parameters and reduced the levels of 

lipid peroxidation and myocardial oxidative damage (Deres et al. 2005a). In the previous chapter 

it was demonstrated that Tiron exhibited cardioprotective properties by scavenging ROS 

produced in the model of I/R conditions. Therefore, it is reasonable to hypothesise that Tiron’s 

cardioprotective response against Doxorubicin toxicity may be attributed to its ability to 

accumulate in the mitochondria and scavenge free radicals.  

We have also investigated the effects of concurrent administration of Tiron (0.25-1mM) and 

Doxorubicin (1µM) on the heart haemodynamic parameters. The results obtained show that 
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Langendorff perfused hearts with Doxorubicin exhibited a decrease in the LVDP, CF and HR values 

when compared with control, untreated hearts (Figure 4.2,4.3 and 4.4). The reduction in heart 

rate and LVDP after Doxorubicin treatment support the outcomes of previous studies (Cai et al. 

2010, Deres et al. 2005, Gharanei et al. 2013, Pouna et al. 1995). In a previous investigation 

carried out by Liu et al, (2002) in a murine isolated heart model of Doxorubicin induced 

cardiotoxicity it was shown that concomitant administration of melatonin and Doxorubicin was 

able to reverse the decrease in HR and LVDP values observed in Doxorubicin treated hearts (Liu 

et al, 2002). The authors postulated that a potential explanation for the decrease in the HR and 

LVDP in Doxorubicin treated hearts could be associated with the ROS production that may induce 

disturbances in calcium homeostasis (Liu et al. 2002). It is well known that superoxide free 

radicals are produced during the redox cycling of Doxorubicin, and the resulting oxidants produce 

cellular alterations such as loss of calcium homeostasis, enlargement of the sarcoplasmic 

reticulum and myofilament degeneration (Hanna et al. 2014; Sag et al. 2011; Kim et al. 2006; 

Maillet et al. 2016). For example, the study carried out by Sag et al. (2011) on isolated ventricular 

myocytes from rat and mouse showed that exposure with Doxorubicin (10µM) was marked by 

an increase in ROS, a decrease in the Ca2+ transient amplitudes, an increase in the diastolic Ca2+ 

channel ions, and an increase in the Ca2+ leakage from the sarcoplasmic reticulum. Furthermore, 

within the same study, addition of melatonin (a ROS scavenger) showed to partially reverse the 

increase in diastolic Ca2+ ions and prevented the increase in the sarcoplasmic reticulum Ca2+ loss 

(Sag et al. 2011). Comparable findings were reported by Kim et al (2006), in which Doxorubicin 

induced Ca2+ release was inhibited by the addition of α-tocopherol and α-lipoic acid (Kim et al. 

2006).  In a similar manner it was revealed that administration of Tiron (100µM) in rat isolated 
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ventricular myocytes inhibited the enhanced production of ROS, restored the contractile function 

and abrogated the Ca2+ abnormalities observed in cells treated with diethyldithiocarbamic acid, 

a copper-zinc superoxide dismutase inhibitor (Luo et al. 2006). In our study, concomitant 

administration of Tiron and Doxorubicin abrogated the reduction in the LVDP and HR observed 

in Doxorubicin treated hearts and improved the left ventricular contractility and heart rate 

(Figure 4.2 and 4.3). Based on these findings, it is possible that reversal of Doxorubicin-induced 

decline on HR and LVDP parameters by Tiron are most likely linked with its ability to scavenge 

superoxide radicals by inhibiting Doxorubicin induced Ca2+ release, thus preserving the cardiac 

contractility and improving the heart function. 

Our study has also shown that the CF haemodynamic values were severely compromised in 

isolated rat hearts treated with Doxorubicin, and co-administration of Tiron (0.25-1mM) with 

Doxorubicin attenuated the vasoconstrictor effect (Figure 4.4). One possible explanation of this 

effect could be linked with the vasoconstriction effect of Doxorubicin on cardiac function (Bar-

Joseph et al. 2015). Previous investigations have indicated that Doxorubicin-induced 

cardiotoxicity is linked with increased levels of endothelin-1 and nitric oxide (Sayed-Ahmed et al. 

2001; Yamashita et al. 1995; Bien et al. 2007). Endothelin-1, an endothelium-derived peptide 

exhibits potent vasoconstrictor effects in the cardiovascular system which can lead to 

hypertension, increased cardiac contractility, endothelial dysfunction and heart failure (Schiffrin, 

2001 Ferro and Webb, 1997; Spieker et al. 2001; Kedzierski and Yanagisawa, 2001). Earlier 

investigations have shown that endothelin-1 stimulates ROS production and is implicated in 

triggering and maintaining endothelial dysfunction (Schiffrin, 2001) and endothelin receptor 
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blockade has been demonstrated to improve endothelial function in human coronary arteries 

(Verma et al. 2001). 

Furthermore, it has shown that patients exposed to Doxorubicin treatment exhibited elevated 

levels of endothelin-1 (Sayed-Ahmed et al. 2001). In addition, the study carried out by Bien et al. 

(2007) revealed that increased levels of endothelin-1 were observed in both in vivo and in vitro 

cellular models (Bien et al. 2007). The results from the study have shown that administration of 

Doxorubicin in in vivo mice model resulted in a reduced cardiac function, which was marked by 

a decrease in the cardiac output and an increase in the lipid peroxidation and endothelin-1 

peptide. Within the same study, the in vitro investigations using murine cardiomyocyte cell line 

HL-1 and adult rat cardiomyocytes confirmed that up-regulation of endothelin-1 is dependent on 

Doxorubicin. Moreover, administration of endothelin-1 antagonist bosentan significantly 

improved cardiac function and reversed the increase in lipid peroxidation (Bien et al. 2007). In a 

different investigation carried out in isolated small pulmonary artery preparations from Sprague-

Dawley rats showed that exposure to chronic hypoxia resulted in a significant increase in the 

endothelin-1 induced vasoconstriction, ROS production and actin polymerization, whereas the 

incubation with Tiron abolished the endothelin-1-induced vasoconstriction and reduced the ROS 

formation and actin polymerization suggesting that Tiron might exhibit vasodilatation properties 

(Weise-Cross et al. 2017). Previously, it has been shown that in rat perfused mesenteric bed pre-

constricted with KCl administration of Tiron resulted in a vasodilator response, diminishing the 

perfusion pressure of the mesenteric bed (Ghosh, Wang and McNeill 2002). Therefore, based on 

these studies, it is reasonable to suggest that Tiron-induced inhibition on the negative effects of 
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Doxorubicin on the CF haemodynamic parameter may be associated with its ROS scavenger and 

vasodilation properties.  

4.4.2 Treatment with Tiron reduces Doxorubicin induced oxidative stress 

and caspase-3 activation in isolated rat ventricular myocytes 

Although, the precise underlying pathways accountable for Doxorubicin induced myocardial 

injury have not been fully explained, increasing evidence has suggested mitochondrial 

dysfunction and oxidative stress as the two main mechanisms in Doxorubicin cardiac toxicity 

(Alpsoy et al. 2013, Geisberg and Sawyer 2010, Green and Leeuwenburgh 2002, Ichikawa et al. 

2014, Minotti et al. 2004). As mentioned before, several investigations have shown that 

mitochondrial damage plays an important role in Doxorubicin induced cardiotoxicity, which may 

be linked to the ability of Doxorubicin to generate ROS leading to disturbances in the regulation 

of molecular signaling pathways, mitochondrial dysfunction and subsequent the activation of 

cardiomyocytes apoptotic cell death (Asensio-López et al. 2017, Shi, Abdelwahid and Wei 2011, 

Volkova and Russell 2011). 

Considering that oxidative stress plays an important role in Doxorubicin-induced cardiotoxicity, 

the current study aimed to examine whether Tiron induced cardioprotection against Doxorubicin 

occurs via a ROS-dependent mechanism.  

In the current study, we investigated the effects of combined treatment of Tiron and Doxorubicin 

on the intracellular levels of ROS in adult ventricular cardiomyocytes. We have shown that 24 

hours treatment with Doxorubicin induced a significant increase the levels of ROS when 

compared to control group (as shown in Figure 4.10). These results are consistent with the 
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findings reported by other published research articles which highlight the oxidative stress 

implication in Doxorubicin-induced damage (Khan et al. 2006, Kotamraju et al. 2000a, L'Ecuyer 

et al. 2004, Spallarossa et al. 2004).  In a previous in vivo investigation Khan et al, (2006) have 

shown that Doxorubicin treatment caused a significant increase in the oxidative stress which was 

marked by elevated levels of lipid peroxidation in the cardiac tissue (Khan et al, 2006). In addition, 

in a different study using H9c2 cell model, it was shown that exposure to 5µg/ml of Doxorubicin 

for 4 hours resulted in a significant increase in the levels of oxidative stress, which was 

emphasised by an increase in the DCFDA (2’,7’-dichlorofluorescein diacetate) fluorescence when 

compared to control group (L’Ecuyer et al, 2004).  

We have shown that co-administration of Tiron and Doxorubicin successfully reversed the 

oxidative stress induced by Doxorubicin (Figure 4.10). Studies have reported that Doxorubicin 

induced cardiotoxic effects are linked with the accumulation of Doxorubicin in the mitochondria 

and ROS generation (Kavazis et al. 2017, Kotamraju et al. 2000b, Varga et al. 2015). The heart is 

particularly predisposed to oxidative injury due to a lower level of antioxidant defense 

mechanism which protects the heart from ROS toxicity and oxidative stress. This may account for 

the high sensitivity of the myocardium to Doxorubicin induced oxidative injury (Aryal, Jeong and 

Rao 2014, Belmonte et al. 2015, Koti et al. 2009). Several reports have suggested that free radical 

scavengers have an important role in protecting the heart against Doxorubicin-induced ROS 

(Chang et al. 2011, Gao et al. 2016, Gu, Hu and Zhang 2015, Zhang, Yi and Huang 2017; Ruan et 

al. 2015). Ruan et al. (2015) tested the effects of Resveratrol in both Doxorubicin-induced 

neonatal rat cardiomyocytes and adult mice and found that Resveratrol offered significant 

protection against Doxorubicin-induced damaged (Ruan et al, 2015). The cardioprotective effects 
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of Resveratrol were indicated by an improved cell viability, a decrease in ROS generation, 

apoptosis markers caspase-3 and Bax and an increase in Bcl-2 expression when compared to 

Doxorubicin treated group (Ruan et al. 2015). Furthermore, a study carried out with antioxidant 

oxymatrine has revealed that pre-treatment with oxymatrine significantly attenuated 

doxorubicin-induced oxidative stress in the model of H9c2 rat cardiac muscle cells (Zhang, Yi and 

Huang 2017). In addition, in the same cellular model, Gao et al. (2016) have shown that ginkolide 

B (a major terpenoid component extract from Ginkgo biloba leaves) exhibited antioxidant effects 

by decreasing Doxorubicin induced apoptosis and ROS levels (Gao et al. 2016). Previously the 

study carried out by Almeida et al. (2018) highlighted the neuroprotective beneficial effects of 

Tiron in Doxorubicin and Mitoxantrone (anticancer drug) induced cytotoxicity (Almeida et al. 

2018). Also, a number of studies have reported that the antiapoptotic effects of Tiron in 

hyperglycemic heart models occur via its beneficial effects on oxidative stress and are 

accompanied by a reduction in caspase-3, improved cell viability and contractility and a reduction 

in lipid peroxidation (Jiang et al. 2017; Zuo et al. 2011). As shown in previous chapter, Tiron 

exhibits protective properties against oxidative injury, and in accordance with these studies, it is 

reasonable to believe that the reduction in ROS is likely due to the superoxide and hydroxyl 

radical scavenger activity of Tiron. 

As highlighted in the present study, Doxorubicin treatment compromised the cardiac function by 

activating caspase-3, a biomarker of apoptosis. It has been suggested that both intrinsic and 

extrinsic apoptotic cell death pathways may contribute to Doxorubicin induced cardiomyocyte 

apoptosis (Childs et al. 2002, Khan et al. 2006). Several experimental studies have shown that 

Doxorubicin induced cardiotoxicity causes mitochondrial dysfunction, which in turn activates 
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cytochrome c release and activation of caspase-3-well-known regulators of cell death (Childs et 

al. 2002, Khan et al. 2006; Gharanei et al. 2013). Gharanei et al. (2013) have showed that 

Doxorubicin induced cardiotoxicity disturbs mitochondrial activity and integrity, leading to the 

collapse of mitochondrial membrane potential and eventually cell death in isolated rat 

ventricular myocytes (Gharanei et al. 2013). These effects were abrogated by Cyclosporine-A, a 

mitochondrial membrane transition pore opening blocker.  Furthermore, in a different study 

conducted by Montaigne et al. (2011) on human atrial trabeculae showed that Doxorubicin 

caused a reduction in the mitochondrial transmembrane potential and calcium retention capacity 

and impaired the contractile function. Administration of Cyclosporine A attenuated these effects, 

suggesting that Doxorubicin induced cardiotoxicity mechanism involves mitochondrial 

dysfunction in human hearts (Montaigne et al. 2011).  

Our results show that rat ventricular myocytes exposed to concomitant administration of Tiron 

and Doxorubicin showed a decrease in the levels of cleaved caspase-3 when compared to 

Doxorubicin (Figure 4.11), indicating the ability of Tiron to salvage the cardiomyocytes exposed 

to Doxorubicin from undergoing the process of apoptotic cell death.  Previously, the beneficial 

effects of Tiron on the cardiac mitochondrial metabolism have been also reported (Silva-Platas 

et al. 2016). The study by Silva-Platas et al. (2016) aimed to investigate the effects of novel 

chemotherapeutic copper-based drugs (Casiopeinas) on the cardiac mitochondria metabolism 

and energetics in isolated cardiomyocytes and found that treatment with Casiopeinas resulted in 

a significant decline in the mitochondrial membrane potential stimulating mitochondrial 

permeability transition pore opening (Silva-Platas et al. 2016). Interestingly, pretreatment with 

Tiron reversed the increase in ROS production and prevented the mitochondrial depolarization, 
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indicating its potential to prevent Casiopeinas-induced cardiotoxicity by inhibiting the 

mitochondrial permeability transition pore opening (Silva-Platas et al. 2016). Therefore, in 

agreement to these studies, our findings suggest that the protective effects of Tiron against 

Doxorubicin induced apoptosis can be attributed to its free radical scavenger properties and 

mitochondrial-targeted mechanism.  

4.4.3 Administration of Tiron (0.25mM) reverses the increase in p-Akt 

levels observed in Doxorubicin treated hearts 

In this study, western blot analysis was performed in order to identify if co-treatment with Tiron 

(0.25mM) and Doxorubicin (1µM) exhibited any effects on the PI3K/Akt signaling pathway. We 

have shown that treatment with Doxorubicin in isolated perfused hearts for 135 minutes resulted 

in phosphorylation and activation of Akt signaling pathway a downstream effector of PI3K, which 

is similar to previous findings (Gharanei et al. 2013; Merten et al. 2006; Deres et al. 2005). As 

mentioned before, PI3K/Akt pathway has been shown to play an important role in mediating the 

cell growth, proliferation and survival (Hausenloy and Yellon, 2013; Cantley, 2002). PI3K- a lipid 

kinase, which is positioned downstream of multiple receptor tyrosine kinases and G-coupled 

protein receptors, triggers the addition of a phosphate group to the free-3 position of the inositol 

ring of phosphatidylinositol or phosphoinositides (Chen et al., 2001). The subsequent products 

have been shown to be involved in stimulating signaling pathways implicated in cardiac 

hypertrophy (Chen et al., 2001). Stimulation of PI3K signaling pathway in the myocardium has 

been reported previously in in vivo experimental studies in pressure overload hypertrophy in 

mice (Naga et al., 2000). Furthermore, the study carried out by Shioi et al. (2000) in the transgenic 
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mice model expressing constitutively active or dominant-negative mutants of PI3K in the heart 

showed that cardiac specific expression of constitutively active PI3K caused an enlargement in 

the hearts, an effect associated with cardiac hypertrophy (Shioi et al. 2000). In addition, 

treatment with Doxorubicin (1µM) for 2 hours in H9c2 cardiomyocyte cell line resulted in an 

exacerbated upregulation of Akt pathway when compared to control untreated group (Merten 

et al., 2006). Indeed, these findings are confirmed by our results reported here: a significant 

increase in p-Akt levels were observed in Langendorff hearts perfused with Doxorubicin for 135 

minutes (Figure 4.12). Within the same study, it has been revealed that administration of 

LY294002, a PI3K inhibitor successfully reversed Doxorubicin induced hypertrophy in H9c2 cells, 

by increasing the cellular volume and protein levels (Merten et al. 2006). In a similar way, we 

have shown that co-administration of Wortmannin (100nM) and Doxorubicin (1µM) significantly 

reduced the upregulation of Akt pathway. Although the infarct ratio was not assessed in this 

study upon treatment with Wortmannin and Doxorubicin, the cardiac function parameters HR, 

LVDP and CF showed a marked improvement in their values when compared to Doxorubicin 

group, suggesting that Wortmannin might exert protective effects against Doxorubicin induced 

hypertrophy and cardiac damage. 

Interestingly, data presented in this study has shown that concomitant treatment with Tiron 

(0.25mM) and Doxorubicin (1µM) resulted in a marked decrease in the upregulation of Akt levels 

when compared to Doxorubicin treated group. Furthermore, addition of Wortmannin (100nM) 

in Tiron (0.25mM) and Doxorubicin (1µM) treated hearts enhanced the downregulation of Akt 

levels when compared to Doxorubicin treated group. Previous studies carried out in the 

Langendorff heart model have also investigated the levels of Akt in response to Doxorubicin at 
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the end of perfusion period (Deres et al. 2005). Our findings confirm the results obtained by Deres 

et al. (2005) which revealed a marked upregulation in the Akt levels when hearts were perfused 

with a supraclinical concentration of Doxorubicin (100µM) for 1 hour (Deres et al. 2005). Also, 

the outcomes from the same study have shown that concomitant treatment of Doxorubicin with 

the experimental antioxidants H-2545 and H-2954 resulted in a significant decrease in the p-Akt 

levels and improved cardiac function (Deres et al. 2005). In a similar manner, our results have 

shown that co-treatment of Doxorubicin with the cardioprotective antioxidant Tiron reversed the 

increase in p-Akt, improved cardiac function and decreased the infarct ratio, indicating a 

cardioprotective role of Tiron.  

It has been postulated that the upregulation of Akt signaling pathway in Doxorubicin treated 

hearts could be associated with the exacerbated production of ROS by Doxorubicin (Deres et al. 

2005a). Deres et al, (2005) suggested that the increased production of ROS within cardiac 

myocytes upon Doxorubicin treatment may trigger the activation of Akt cascade via the nitration 

of the receptor tyrosine kinase by peroxynitrite. Data presented in our study has shown that Tiron 

had the ability to scavenge the free radicals, decrease the caspase-3 activity produced by 

Doxorubicin and subsequently abrogated Akt activation. The beneficial effects of Tiron could be 

attributed to its ability to accumulate in the cell membrane and scavenge free radicals produced 

by Doxorubicin.   

As mentioned before, concomitant administration of Wortmannin, Tiron and Doxorubicin 

significantly mitigated Akt activation observed in Doxorubicin treated group and improved the 

cardiac function of LVDP, HR and CF in Langendorff heart model, suggesting that it could 
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potentially enhance the cardioprotective effects of Tiron, by reducing the cardiac damage 

induced by Doxorubicin. Previous in vitro investigation using neonatal cardiomyocytes have 

shown that treatment with H2O2 resulted in a significant increase in PI3K phosphorylation, which 

was counteracted by the co-treatment with Wortmannin, indicating that Wortmannin prevents 

H2O2-induced cardiac hypertrophy in cardiomyocytes (Tu et al. 2002). Similar findings were also 

reported by Ushio-Fukai et al. (1999) in vascular smooth muscle cells. The outcomes from their 

study revealed that upon treatment with H2O2 a significant increase in Akt phosphorylation was 

reported, which was abrogated by the co-administration of either Wortmannin or LY294002 

(Ushio-Fukai et al. 1999). Based on the findings which highlight the potential of Wortmannin to 

enhance the cardioprotective effects of Tiron against Doxorubicin induced toxicity in the 

myocardium, future studies assessing the effects of Doxorubicin, Tiron and Wortmannin in I/R 

conditions could provide a better understanding of the involvement of Wortmannin in 

cardioprotection.  

4.4.4 Tiron does not interfere with the anticancer activity of Doxorubicin 

in HL60 and HepG2 cancer cell lines 

Numerous studies have shown that ROS mediated cardiotoxicity by Doxorubicin can be reduced 

by the administration of antioxidants (Abushouk et al. 2017; Sun et al. 2016). However, the use 

of antioxidants as adjunctive therapies to prevent cardiotoxicity during cancer treatment with 

Doxorubicin resulted in a serious debate, as their administration can inhibit the anti-tumour 

properties of Doxorubicin in cancer cells (Vincent et al. 2013). Therefore, in order to investigate 

the potential implications of Tiron co-administration with Doxorubicin on the efficacy of 
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Doxorubicin, this study has also examined the effects of parallel administration of Tiron and 

Doxorubicin in human HL-60 leukemia and HepG2 liver carcinoma cell lines. The cell viability 

assays carried out in both cell lines indicate that concomitant treatment with Tiron and 

Doxorubicin did not affect the anticancer action of Doxorubicin in these cells at the 

concentrations studied (Figure 4.13 and 4.14).  We have shown that treatment with Tiron alone 

did not induce an effect on the cell viability. These results are consistent with previous studies 

carried out with different antioxidants in several cancer cell models (Fulbright et al. 2015; Rai et 

al. 2016). In this study Fulbright et al, (2015) investigated the effects of N-acetylcysteine (NAC) 

on the cardiomyocytes and leukaemia cell lines exposed to Doxorubicin and reveled that 

antioxidant NAC acts as a cardioprotective agent without interfering with the cytotoxicity of 

Doxorubicin. Within this study it was highlighted that treatment with Doxorubicin for 24 hours in 

H9c2 (cardiomyocytes) cells and ML-1 (acute leukaemia) cells caused a significant decrease in cell 

viability and DNA fragmentation, whereas concomitant administration of NAC with Doxorubicin 

did not affect the cytotoxicity of doxorubicin in ML-1 cells. However, in H9c2 cells, NAC offered 

significant protection against DNA induced fragmentation (Fulbright et al, 2015). In addition, 

within the same investigation, the levels of cellular glutathione at the height of caspase activation 

were also assessed in both cell lines. It was revealed that cellular glutathione levels were not 

significantly altered before cell death upon treatment with Doxorubicin in both cell lines. 

However, treatment with the pancaspase z-VAD-fmk inhibitor showed that the glutathione levels 

in ML-1 cells were not altered in the presence of the inhibitor, suggesting that the acute 

leukaemia and cardiomyocyte cell lines exhibit different pathways of cell death induction and 

dependence upon oxidative stress. Based on these findings, our results show that Tiron offered 
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significant protection in isolated adult myocytes but did not protect HL60 and HepG2 cells from 

Doxorubicin induced cytotoxicity. 

We have also investigated the effects of combined treatment of Tiron and Doxorubicin on the 

cleaved-caspase-3 levels in HL60 and HepG2 cells. We have shown that concomitant 

administration of Tiron and Doxorubicin did not affect the induction of caspase-3 triggered by 

Doxorubicin treatment in both cell lines (Figure 4.15 and 4.16) indicating that Tiron did not 

interfere with the anti-tumour activity of Doxorubicin. Similar findings were reported by Kumar 

et al. (2013), in which they showed that administration of Tiron for 12 and 24 hours did not 

produce any significant changes in cell viability, ROS levels and caspase-3 levels in HL60 cells. 

(Kumar et al. 2013). In addition, co-administration of Tiron with Ery5 (a polyphenolic compound) 

enhanced the cytotoxicity of Ery5 in HL60 cells by activating autophagic proteins without 

interfering with the caspase-3 and PARP-1 activation (Kumar et al. 2013). In contrast, a study 

carried out on HL-60 cells, Kim et al, (2006) demonstrated that prolonged treatment with Tiron 

(72 hours) exerted a potent anti-proliferative and apopotic effect on HL-60 leukemia cells, 

inducing activation of caspase-3 cascade, suggesting that anti-proliferative effects of Tiron in 

cancer cell lines might be time-dependent.  

The effects of Tiron and Doxorubicin and their concomitant treatment on ROS activity in HL60 

and HepG2 cells was also assessed. Doxorubicin treated samples exhibited a mild increase in ROS 

levels, however this increase did not reach significant levels, indicating that Doxorubicin 

apoptosis might occur by a ROS-independent mechanism. Although the anticancer activity of 

Doxorubicin involves the formation of ROS, evidence suggest that this mechanism is not a solely 
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contributor in the apoptosis (Ko et al, 2005; Hou et al, 2004; Lin et al, 2003). In a study carried 

out in HL60 cell lines Ko et al, (2005) highlighted ROS-independent cell death pathway which was 

generated by myricetin, a flavonoid agent with antioxidant properties (Ko et al, 2005). The results 

from this investigation have shown that apoptosis triggered by myricetin is linked with the 

cytochrome c release to the cytosol, caspase 3 and 9 activation, reduced Bcl-2 protein levels and 

increased Bax protein levels (Ko et al, 2005). Interestingly, it was shown that no significant 

production of intracellular ROS levels was detected by DCHF-DA assay, DPPH assay and plasmid 

digestion. Treatment with antioxidants NAC, catalase, superoxide dismutase and Tiron did not 

protect against myricetin induced apoptosis, suggesting that myricetin apoptotic cell death 

occurs via a ROS-independent mechanism (Ko et al, 2005). In addition, similar results were 

reported by Hou et al, (2004). The outcomes of the study have demonstrated that upon 

treatment with gossypol (a polyphenolic compound extracted from cotton seeds) in HL60 cells 

the intracellular levels of ROS had similar values to the untreated group (Hou et al, 2004). It was 

also reported that concomitant administration of antioxidants NAC and catalase with gossypol 

did not impact gossypol induced apoptosis which was marked by loss of mitochondrial membrane 

potential, caspase-3 activation and release of cytochrome c. (Hou et al, 2004).  Our study showed 

a mild decrease in ROS levels in Tiron treated samples, however this decrease was not significant. 

Concomitant administration of Tiron and Doxorubicin did not have an impact on the ROS activity, 

indicating that Doxorubicin-induced elimination of malignant cells in the presence of Tiron was 

as effective as without the antioxidant. 

As mentioned before, our study has shown that Tiron did not interfere with the anti-tumour 

activity of Doxorubicin, which was marked by a substantial increase in caspase-3 activity. The 
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study carried out by Kumar et al. (2013) showed that administration of Tiron for 12 and 24 hours 

did not elicit any significant effects in cell viability, ROS levels and caspase-3 levels in HL60 cells. 

(Kumar et al. 2013). In addition, within the same study it has been demonstrated that 

administration of Tiron (1mM) alone did not cause an effect in the cleaved-caspase-3 levels or 

PARP1 in HL60 cells, however a significant increase in the activity of autophagy related proteins 

ATG7 and ATG12 has been reported (Kumar et al. 2013). Furthermore, co-administration of Tiron 

in combination with Ery5 (a polyphenolic compound) resulted in a 2-fold increase in the 

cytotoxicity of Ery5 when compared to Tiron and Ery5 groups alone as well as a further 

enhancement in the autophagy-related proteins (Kumar et al. 2013).  Also, within the same 

investigation, the role of Bax has been investigated in order to elucidate if this protein is 

implicated in autophagic cell death caused by Ery5. It has been revealed that treatment with 

Tiron resulted in a significant upregulation of Bax, along with an increase in the expression of 

autophagic indicator LC3B (Kumar et al. 2013). Based on these findings, and due to the fact that 

our results show that Tiron did not have an impact on Doxorubicin induced caspase-3 and ROS 

activity, it is reasonable to suggest that Doxorubicin induced apoptosis in HL60 and HepG2 cell 

lines may occur via a ROS independent mechanism via autophagy and apoptotic pathways. 

However, the effects of combined treatment of Tiron and Doxorubicin on autophagy and 

apoptosis in these cell lines require further elucidation. The Autophagy Antibody Sampler Panel 

(Abcam, UK), containing a collection of monoclonal rabbit antibodies against ATG7, ATG12 and 

LC3B could potentially identify and elucidate the involvement of autophagy in Tiron treatment. 
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4.5 Summary of the findings 

In summary, the mechanism of action of Tiron against Doxorubicin-induced cardiotoxicity in ex-

vivo heart model and isolated ventricular cardiomyocytes as presented by this data is 

schematically illustrated in Figure 4.18. Doxorubicin compromised cardiac cell survival and 

function through increased ROS production and activation of Akt pathway. This triggered the 

mitochondrial dependent apoptosis resulting in the activation of the pro-apoptotic marker 

caspase-3. Treatment with Tiron mitigated these effects caused by Doxorubicin via the down-

regulation of PI3K/Akt pathway, which resulted in a decrease in the ROS production and caspase-

3 levels and improved cardiac function. In addition, parallel treatment with Tiron and Doxorubicin 

in HL60 and HepG2 cells did not affect the cytotoxicity of Doxorubicin, which was marked by a 

decrease in cell viability and an increase in caspase-3 levels as represented in (Figure 4.19). 
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Figure 4.18 Schematic diagram illustrating the combined treatment of Tiron and Doxorubicin in 

isolated rat hearts, rat ventricular myocytes and HL60 and HepG2 cancer cell lines.  

In conclusion, the presented work demonstrates that Tiron exerted its protective mechanism 

against Doxorubicin induced cardiotoxicity via its antioxidative properties. Besides the beneficial 

effects on cardiac function, Tiron did not decrease the tumoricidal action of Doxorubicin in 

human cancerous cell lines. Therefore, this study highlights that Tiron could potentially be used 

as an adjunctive therapy that selectively alleviates the toxic side effects of Doxorubicin without 

affecting its anti-proliferative activity.  
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Chapter 5.Investigating the effect of Tiron against Doxorubicin 

induced cardiotoxicity in ischaemia/reperfusion conditions 
 

5.1 Introduction 

Methods for cancer diagnosis and treatment have progressed significantly in recent years by 

reducing the mortality and increasing life expectancy in cancer patients (Angsutararux, 

Luanpitpong and Issaragrisil 2015b, Florescu, Cinteza and Vinereanu 2013, Jain et al. 2017). 

Doxorubicin, an effective antineoplastic agent has been extensively used in the treatment of both 

solid and haematological cancers (Beretta and Zunino 2007, Green and Rose 2006, Kumar et al. 

2014, Smith et al. 2006, Yaqub 2013). Its use has been limited due to negative effects on the 

functionality and contractility of the myocardium (De Angelis et al. 2016, Groarke and Nohria 

2015, McGowan et al. 2017, Octavia et al. 2012, Salvatorelli et al. 2018, Zhao and Zhang 2017). 

The mechanism of action of Doxorubicin is complex, but it has been shown that Doxorubicin 

induced cardiotoxicity can occur in a dose-dependent manner resulting in both acute and chronic 

cardiotoxic effects such as pericardiatis, arrhythmias, tachycardia, decline in the left ventricular 

function and cardiomyopathy (Barrett-Lee et al. 2009, Esteban et al. 2016, Rahman, Yusuf and 

Ewer 2007, Volkova and Russell 2011). The acute cardiotoxicity associated with Doxorubicin 

occurs during the treatment course, or immediately after cessation and it is reversible and 

manageable. Chronic cardiotoxicity may not be apparent until several years after the cessation 

of the treatment and can have serious and irreversible clinical implications such as 

cardiomyopathy, cardiomyocytes death and ultimately heart failure (Angsutararux, Luanpitpong 
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and Issaragrisil 2015a, Cardinale et al. 2015, Menna and Salvatorelli 2017, Minotti et al. 2004, 

Pecoraro et al. 2017).   

The underlying mechanism of Doxorubicin induced myocardial injury has been linked with several 

adverse effects on cardiomyocytes including oxidative stress as a result of excessive production 

of ROS, changes in iron homeostasis, mitochondrial dysfunction leading to induction of apoptotic 

and necrotic cell death pathways (McGowan et al. 2017, Mistiaen 2016, Mitry and Edwards 2016, 

Pecoraro et al. 2017, Shaker et al. 2018, Zhao and Zhang 2017) (This has been described in detail 

in chapter 1). 

Although the cardiotoxic effects induced by Doxorubicin have been previously reviewed and 

studied by several research groups (Chatterjee et al. 2010, Minotti et al. 2004, Octavia et al. 2012, 

Volkova and Russell 2011) the effects on the myocardium and cardiomyocytes viability in I/R 

setting are still elusive. Studies have shown the risk of cardiotoxic events associated with 

Doxorubicin administration increases in elderly patients with underlying diseases such as 

hypertension, diabetes mellitus, liver disease and underlying CVD, thus limiting its use in these 

patients (Barrett-Lee et al. 2009, Hershman et al. 2008).  

As the prevalence of cancer rises in with age and the percentage of elderly population is 

increasing, there is a higher percentage of patients over 65 years with cancer (Aapro et al. 2010, 

Balducci and Extermann 2000).  Due to strict inclusion and exclusion criteria, the elderly 

population are generally excluded or under-represented in clinical trials (Aapro et al. 2010, 

Hutchins et al. 1999, Lichtman et al. 2007). Mertens et al, (2008) have highlighted that a high 

mortality percentage of cancer patients subjected to Doxorubicin treatment is most likely 
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associated with the cardiac complications encountered during the chemotherapeutic treatment 

with this compound (Mertens et al. 2008). In a different investigation, Doyle et al, (2005) have 

highlighted that treatment with Doxorubicin resulted in three times increase in the 

cardiomyopathy adverse effects in the first year of cancer treatment in elderly population (Doyle 

et al. 2005). Several methods have been examined to extend the use of Doxorubicin, including 

dose optimisation, production and administration of similar agents or combined treatment 

(Geisberg and Sawyer 2010, Neilan et al. 2007, Spallarossa et al. 2004). Even though patients with 

underlying heart diseases are subjected to lower doses during cancer treatment, Doxorubicin 

administration could exacerbate the cardiac damage in patients with pre-existing heart 

conditions (Doyle et al. 2005). Therefore, it is crucial to investigate and elucidate the effects of 

Doxorubicin administration on cardiac dysfunction and especially in I/R injury conditions, with 

the aim to improve and find optimal therapeutic strategies for patients with ischaemic heart 

disease exposed to chemotherapy. 

Significant evidence is present in the literature to highlight that reperfusion of the ischaemic 

myocardium may aggravate the myocardial injury (Frank et al. 2012, Hausenloy and Yellon 2013, 

Kalogeris et al. 2012). This phenomenon has been associated with disturbances in normal cellular 

metabolism (Frank et al. 2012, Hausenloy and Yellon 2013, Kalogeris et al. 2012).  Under normal 

physiological conditions, the balance between ROS formation and ROS scavenging is highly 

regulated (Zorov, Juhaszova and Sollott 2014). However, uncontrolled oxidative and reductive 

stress caused by I/R, may result in exacerbated production of ROS, which in turn can produce 

severe damage to cellular function and integrity, induction of apoptotic cell death and heart 
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failure (Cadenas 2018, Granger and Kvietys 2015, Kalogeris et al. 2012, Zhou, Chuang and Zuo 

2015) (As previously described in detail in Chapter 1) 

Laboratory evidence suggests that elevated levels of oxidative stress with increased free radical 

generation and reduced myocardial endogenous antioxidants have an important role in the 

pathogenesis of Doxorubicin induced cardiotoxicity and heart damage (Ahmed et al. 2005, 

Mukherjee et al. 2003, Saleem, Chetty and Kavimani 2014, Singal et al. 1997). As previously 

stated, increasing attention has been focused on the use of antioxidants as a protective strategy 

with the aim to reduce Doxorubicin cardiotoxic side effects (Abushouk et al. 2017, 

Ananthanarayanan Ajith, Hema and Aswathi 2016, Erboga et al. 2016, Gao et al. 2016, Zhang, Yi 

and Huang 2017). 

The investigation carried out in chapter 3 has demonstrated that Tiron offers myocardial 

protection by attenuating oxidative stress generated during I/R conditions (See chapter 3). 

In chapter 4 the ability of Tiron to alleviate Doxorubicin induced cardiotoxicity was demonstrated 

in naïve conditions without affecting the tumoricidal activity of Doxorubicin.  Since the majority 

of the elderly patients exposed to Doxorubicin chemotherapy have underlying I/R complications, 

it is essential to investigate the effects of combined treatment of Tiron and Doxorubicin in the 

setting of I/R conditions in the Sprague-Dawley rat heart model.  

The aims of the current study are to assess and investigate the effect of Tiron (0.25,0.5 and 1mM) 

and Doxorubicin (1µM) during reperfusion in Langendorff perfused rat hearts and primary adult 

ventricular cardiomyocytes exposed to I/R and H/R conditions; the effect of combined treatment 

of Tiron and Doxorubicin on apoptosis, necrosis and cleaved-caspase-3 levels.  
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5.2 Methods 

5.2.1 Chemicals 

As previously mentioned in chapter 2 section 2.2, Tiron was purchased from Sigma Aldrich 

(Dorset,UK) and Doxorubicin hydrochloride was supplied from Tocris (Bristol, UK). Both drugs 

were prepared as detailed in Chapter 2 Section 2.2. 

5.2.2 Animals 

Sprague-Dawley rats with a body weight of 350±50g were purchased from Charles River, UK. Rats 

had unrestricted access to food and water, receiving human care assistance in concordance with 

the guidance in the operation of the animals (Scientific Procedure) Act 1986. Rats were sacrificed 

by cervical dislocation as outlined in Schedule 1 Home Office Procedure using the process of 

thoracotomy as previously described in Chapter 2 section 2.3.3 

5.2.3 Isolated perfused rat heart model (Langendorff protocol) 

Langendorff experimental protocol were carried out as described in Chapter 2, section 2.3. The 

experiment was carried out for 175 minutes. As previously described in chapter 2, section 2.3.3, 

hearts were allowed to stabilise for a period of 20 minutes, followed by 35 minutes of regional 

ischaemia and 120 minutes of reperfusion in the presence of Tiron (0.25-1mM) and/or 

Doxorubicin (1µM). Hearts were randomly allocated to the following treatment groups: either 

normoxic group: hearts perfused with Krebs-Hensleit (KH) buffer for 175 minutes; or ischaemia-

reperfusion studies: where hearts were perfused with KH buffer for 20 minutes stabilisation 

period, followed by 35 minutes of regional ischaemia and 120 minutes of reperfusion; or hearts 
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were perfused with Tiron (0.25-1mM) and Doxorubicin (1µM) for 120 minutes during reperfusion 

period. 

Throughout the duration of all experiments the stability of the heart was assessed by monitoring 

the haemodynamic parameters HR, CF and LVDP at regular intervals. Hearts that failed to meet 

the criteria outlined in Chapter 2 Section 2.3.2 were excluded from this study.  

At the end of the reperfusion period, the infarct to risk ratio analysis was performed using Evans 

Blue solution and triphenyltetrazolium chloride (TTC) staining techniques. Viable, risk and infarct 

areas of the tissue were assessed and calculated in accordance with the protocol explained in 

detail in Chapter 2, Section 2.3.4-2.3.6.   

 

5.2.4 Isolation of adult rat ventricular cardiomyocytes 

Adult rat ventricular cardiomyocytes were isolated from Sprague Dawley rats using the process 

of enzymatic digestion as detailed in Chapter 2 Section 2.4 (Maddock et al, 2002, Gharanei et al, 

2013). 

5.2.5 Cell treatment protocol 

Following the succesful isolation of adult rat ventricular cardiomyocytes as outlined in Chapter 2, 

Section 2.4, the freshly harvested cells were incubated  for 1 hour with Esumi hypoxic buffer 

(described in Chapter 2, Section 2.2.1) and placed into a in New Brunswick hypoxic chamber at 

37oC, in 5%CO2 and 0.01-1% O2 to induce hypoxia (Details of the hypoxic buffer and preparation 

are detailed in Chapter 2, Section 2.5). Ventricular cardiomyocytes were then allocated to 
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different treatment groups and were incubated with either: Tiron (0.25mM, 0.5 and 1mM), 

Doxorubicin (1µM), Tiron (0.25, 0.5 and 1mM) and Doxorubicin (1µM) for 3 hours during the 

reoxygenation period. In addition, untreated cells were incubated for 4 hours in normoxic 

conditions at 37oC, 5% CO2 and 95% O2. 

Following the reoxygenation phase, treated cardiomyocytes were either assessed via MTT and 

Trypan Blue assay for cell viability or by flow cytometric analysis for apoptosis, necrosis or 

cleaved-caspase-3 activity as described below.   

5.2.6 Assessment of cell viability using the colourimetric MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)] assay 

MTT (Sigma-Aldrich, UK) cell viability assay was performed in isolated rat ventricular cardiac 

myocytes exposed to drug treatment as previously stated in Chapter 2, Section 2.6.3, and the 

values obtained were calculated as a percentage change in MTT reductase activity of the mean 

absorbance of the control group. 

5.2.7 Assessment of cell viability using Trypan blue staining 

Trypan blue staining was performed in accordance with Chapter 2, Section 2.6.5. Cell viability was 

calculated as a percentage of the viable cells divided by total number of cells.  
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5.2.8 Asessement of apoptosis and necrosis in primary adult ventricular 

cardiomyocytes using Annexin V kit  

Annexin V-FITC Assay (Abcam, UK) was used to assess the apoptotic and necrotic ratio of the 

cells. Following the incubation of adult rat cardiomyocytes in the presence and in the absence of 

Tiron (0.25mM) and Doxorubicin (1µM) throughout the reoxygenation period, 1x105 cells were 

collected by centrifugation. Thereafter, cells were pelleted and re-suspended into 500µl of 1X 

Annexin V Binding buffer (provided by the manufacturer) and 5µl of Annexin V-FITC and 5µl of 

Propidium Iodide were added to each sample (in accordance with the manufacturer instructions). 

All samples were incubated at room temperature for 5 minutes in the dark, prior to flow 

cytometric analysis on BD Accuri C6 Plus. Annexin V-FITC was analysed using FL1 channel, 

whereas Propidium Iodide was measured using FL3 channel (according to manufacturer 

instructions). 

5.2.9 Assessment of primary adult ventricular cardiomyocytes using 

cleaved caspase-3 staining 

Caspase 3 staining was performed as described in Section 2.7.2. The samples were probed with 

the cleaved-caspase 3 antibody (Active/cleaved Caspase-3 Assay kit, Novus Biologicals/Bio-

Techne, UK) and analysed in accordance with the manufacturer instructions on the BD Accuri C6 

Plus flow cytometer. 

5.2.10  Data analysis 

All data is presented as mean± SEM. Data presented for the coronary flow parameter was 

adjusted by the heart weight and calculated as a percentage of mean stabilisation. 
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Haemodynamic parameters, heart rate, left ventricular developed pressure and coronary flow 

were analysed by one-way ANOVA for each time point. Significance was considered at p<0.05. 

All other data was analysed using one-way analysis of variance (ANOVA) with Tukey post-hoc 

tests to identify group differences.   

5.3 Results 

5.3.1 The effects of the co-administration of Tiron (0.25-1mM) and 

Doxorubicin (1µM) on the infarct size (IS) and area at risk (AAR) in the 

presence of ischaemia reperfusion injury in the Langendorff hearts. 

As previously shown in Chapter 3, Figure 3.9 administration of Tiron alone (0.25mM-1mM) 

throughout reperfusion significantly reduced the infarct to risk ratio when compared to I/R 

control group (Tiron 0.25mM: 24.05±0.68% vs. 47.72±0.91%; Tiron 0.5mM: 23.39±0.84% vs. 

47.72±0.91%; Tiron 1mM: 17.245±1.04% vs. 47.72±0.91%; p<0.05; Figure 3.9, Section 3.3.6, 

Chapter 3). 

Furthermore, treatment with Doxorubicin (Dox) (1µM) resulted in a significant increase in the 

infarct to risk ratio when compared to I/R group (68.04±1.25% vs. 47.72±0.91%, respectively 

p<0.0001). Co-administration of Tiron (0.25-1mM) and Doxorubicin (1µM) during reperfusion 

significantly reduced the infarct size to risk ratio when compared to Doxorubicin group (Tiron 

0.25mM+ Dox 1µM: 50.41±1.68% vs. 68.04±1.25%; Tiron 0.5mM+Dox 1µM: 47.12±0.67% vs. 

68.04±1.25%; Tiron 1mM+Dox 1µM: 49.30±1.66 vs. 68.04±1.25%; p<0.05; Figure 5.1). In addition 

administration of Tiron  in the presence of Doxorubicin throughout reperfusion  reduced the 
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infarct size ratio to similar values observed in I/R control group (Tiron 0.25mM+ Dox 1µM: 

50.41±1.68% vs. 47.72±0.91%; Tiron 0.5mM+Dox 1µM: 47.12±0.67% vs. 47.72±0.91%; Tiron 

1mM+Dox 1µM: 49.30±1.66% vs. 47.72±0.91%) (Figure 5.1). 

 

 

 

Figure 5.1 The effects of Tiron (0.25-1mM) and Doxorubicin (Dox) (1µM) on the infarct to risk 

ratio analysis on isolated Langendorff heart model of ischaemia reperfusion injury. The hearts 

were subjected to 20 minutes of stabilisation period, followed by 35 minutes of regional 

ischaemia and 155 minutes of reperfusion in the presence or absence of Doxorubicin (1µM) and 

Tiron (0.25-1mM). Data are presented as mean±SEM of 6 experiments; ***p<0.0001 vs. 

Normoxia; ###p<0.0001 vs. Doxorubicin group; $$$p<0.05 vs. I/R control group. 
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The AAR/left ventricle percentage was calculated in these experiments in order to confirm that 

there was no significant difference in the AAR between the experimental groups exposed to I/R.  

As observed in Figure 5.2, no significant difference was observed in the percentage area at risk 

(AAR)/left ventricular volume upon administration of Tiron (0.25-1mM) and Doxorubicin (1µM) 

when compared to I/R control group (I/R+Doxorubicin 1µM: 38.69±0.82% vs. 41.90±0.29%; 

I/R+Doxorubicin 1µM+ Tiron 0.25mM: 41.26±1.11% vs. 41.90±0.29%; I/R+Doxorubicin 1µM+ 

Tiron 0.5mM: 42.17±0.23% vs. 41.90±0.29%; I/R+Doxorubicin 1µM+ Tiron 1mM: 43.10±0.15% vs. 

41.90±0.29%). 

 

 

Figure 5.2 The effects of Tiron administration (0.25mM-1mM) and Doxorubicin (1µM) on the 

percentage of area at risk of the ventricular volume on isolated Langendorff heart model of 

ischaemia and reperfusion injury. Hearts were exposed to 20 minutes stabilisation, followed by 

35 minutes of regional ischaemia and 120 minutes of reperfusion with KHB±Tiron (0.25-1mM) 

and Doxorubicin (1µM). Results were presented as mean±SEM, n=6 experiments.   
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5.3.2 The effects of co-administration of Tiron (0.25-1mM) and 

Doxorubicin (1µM) on the haemodynamic parameters of the heart in 

ischaemia-reperfusion studies  

As previously shown in Chapter 3, Section 3.3.7, no significant difference was reported in the HR, 

CF and LVDP parameters when treated with Tiron (0.25-1mM) at reperfusion when compared to 

I/R control group (Figure 3.10A, B and C).   

The effects of Tiron (0.25-1mM) and Doxorubicin (Dox) (1µM) on the coronary flow (CF) in the 

I/R model are illustrated in Figure 5.3. Treatment with Doxorubicin resulted in a significant 

decrease in CF after 45 minutes of treatment during reperfusion when compared to I/R group 

from (66.27±7.87% vs. 85.24±7.25% at 115 minutes into reperfusion; p<0.05). Co-administration 

of Doxorubicin with Tiron (0.25-1mM) significantly reversed the drop caused by Doxorubicin 

alone (Tiron 0.25mM+Doxorubicin 1µM: 76.87±1.67% vs. 66.27±7.87%; Tiron 

0.5mM+Doxorubicin 1µM: 78.02±5.77% vs. 66.27±7.87%; Tiron 1mM+Doxorubicin 1µM: 

81.78±6.18% vs. 66.27±7.87%; p<0.05 at 115 minutes reperfusion). No significant difference was 

reported in the co-treated groups when compared to I/R control group. 
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Figure 5.3 The effects of Tiron (0.25-1mM) and Doxorubicin (Dox) (1µM) on coronary flow. The 

hearts were subjected to 20 minutes of stabilisation period, 35 minutes of ischaemia and 120 

minutes of reperfusion with drug treatment. Data are presented as a percentage of average 

stabilisation; n=6 experiments; *p<0.05 vs.  I/R control; #p<0.05 vs. I/R+Dox (1µm) + Tiron (0.25-

1mM).  

 

The effects of Tiron and Doxorubicin on LVDP parameters in I/R model are shown in Figure 5.4. 

Treatment with Doxorubicin caused a significant reduction in in LVDP values after 75 minutes of 

treatment during reperfusion when compared to I/R control group (at 145 minutes: 59.38±3.37% 

vs. 75.04±0.79%; p<0.05). Co-treatment with Tiron (0.25-1mM) significantly reversed the 

reduction in LVDP observed with Doxorubicin group alone (at 145 minutes: Tiron 

0.25mM+Doxorubicin 1µM: 71.43±8.75% vs. 59.38±3.37%; Tiron 0.5mM+Doxorubicin 1µM: 

71.07±2.89% vs. 59.38±3.37%; Tiron 1mM+Doxorubicin 1µM: 69.78±4.75% vs. 59.38±3.37%; 

p<0.05). 
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Figure 5.4 The effects of Tiron (0.25-1mM) and Doxorubicin (1µM) on left ventricular diastolic 

pressure. The hearts were subjected to 20 minutes of stabilization, 35 minutes of ischaemia and 

120 minutes of reperfusion with drug treatment. Data are presented as mean±SEM of n=6 

experiments; *p<0.05 vs. I/R control; #p<0.05 vs. I/R+Dox (1µm) + Tiron (0.25-1mM) 
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78.59±5.10%; respectively p<0.05). No significant difference in the HR parameters was observed 

at any time point between co-treated groups and I/R control group.  

 

Figure 5.5 The effects of Tiron (0.25-1mM) and Doxorubicin (1µM) on heart rate. The hearts were 

subjected to 20 minutes of stabilisation, 35 minutes of ischaemia and 120 minutes of reperfusion 

with drug treatment.  Data are presented as average±SEM of n=6 experiments; *p<0.05 vs. I/R 

control; #p<0.05 vs. I/R+Dox (1µm) + Tiron (0.25-1mM) 

 

5.3.3 The effect of Tiron (0.25mM) and Doxorubicin (1µM) on the viability 

of isolated rat ventricular cardiomyocytes subjected to H/R conditions 

The MTT colorimetric assay (Figure 5.6) and Trypan Blue staining (Figure 5.7) showed that 

treatment with Doxorubicin at reoxygenation caused a significant decrease in the cell viability of 

isolated rat ventricular cardiomyocytes when compared to H/R group alone (MTT assay: 

30.54±2.35% vs. 45.43±4.89%; Trypan Blue staining: 23.87±0.99% vs. 44.34±0.93%; respectively 
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cellular damage observed in Doxorubicin treated group (MTT assay: 45.93±3.31% vs. 

30.54±2.35%, respectively p<0.001 Trypan Blue assay: 44.34±0.93% vs. 23.87±0.99%; p<0.001). 

No significant difference in the cell viability was detected in the co-treated group when compared 

to H/R control group.  Addition of Tiron (0.25mM) during reoxygenation significantly increase the 

cell viability when compared to H/R control group (MTT assay: 60.94±2.55% vs. 45.43±4.89%, 

respectively p<0.05, Figure 3.11, Section 3.3.8, Chapter 3; Trypan Blue: 57.73±1.15% vs. 

44.34±0.93%; p<0.05; Figure 3.12, Section 3.3.8, Chapter 3). 

 

Figure 5.6 MTT analysis showing the viability of isolated adult rat ventricular cardiomyocytes 

subjected to 1 hour of hypoxia and 3 hours of reoxygenation in response to drug treatment with 

Tiron (0.25mM) and Doxorubicin (1µM). Data are presented as mean±SEM, with n=6 

experiments, ***p<0.0001 vs. Normoxic control; ##p<0.001 vs. H/R; $$p<0.001 vs. Doxorubicin 

(1µM) 
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Figure 5.7 Trypan blue analysis showing the viability of isolated adult rat ventricular 

cardiomyocytes subjected to 1 hour of hypoxia and 3 hours of reoxygenation in response to drug 

treatment with Tiron (0.25mM) and Doxorubicin (1µM). Data are presented as mean±SEM, with 

n=6 experiments, ***p<0.0001 vs. Normoxic control; ##<0.001 vs. H/R; $$p<0.001 vs. Doxorubicin 

(1µM) 

5.3.4 The effects of Tiron (0.25mM) and Doxorubicin (1µM) on the 

apoptosis and necrosis in the primary ventricular myocytes exposed to 

H/R conditions 

Due to potential non-specific binding of PI to the cardiac myocytes no data is available for the 

apoptosis and necrosis in these conditions. Technical guidance was sought from both BD and 
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different fluorochromes that do not have overlapping spectra, however there was insufficient 
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assessed under the H/R conditions to better elucidate the potential protective pathway of Tiron 

against H/R and Doxorubicin in adult rat ventricular myocytes.  

 

Figure 5.8 Representation of the histogram plots ilustrating the possibility of non-specific binding 

of propidium iodide (PI) observed in the samples treated with both Annexin V and PI.  

 

5.3.5 The effects of combined treatment of Tiron (0.25-1mM) and 

Doxorubicin (1µM) on the cleaved caspase 3 activity. 

The cleaved-caspase-3 flow cytometric analysis has shown a significant increase in the levels of 

cleaved-caspase-3 levels in H/R and Doxorubicin treated group when compared to H/R control 

group (742.02±6.48% vs. 454.31±8.21%, respectively p<0.0001) (as shown in Figure 5.9). 

Concomitant administration of Tiron (0.25-1mM) with Doxorubicin (1µM) throughout the 

reoxygenation phase significantly inhibited Doxorubicin increase in cleaved-caspase-3 activity 
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(Tiron 0.25mM+Dox 1µM: 262.81±9.55% vs. 742.02±6.48%; Tiron 0.5mM+Dox 1µM: 

271.74±11.73% vs. 742.02±6.48%; Tiron 1mM+Dox 1µM: 322.59±11.70% vs. 742.02±6.48%; 

p<0.0001) (Figure 5.9). In addition, a significant decrease could be detected in the cleaved-

caspase 3 levels in the co-treated samples and H/R control group (Tiron 0.25mM+Dox 1µM: 

262.81±9.55%  vs. 454.31±8.21%; Tiron 0.5mM+Dox 1µM: 271.74±11.73% vs. 454.31±8.21%; 

Tiron 1mM+Dox 1µM: 322.59±11.70%  vs. 454.31±8.21%; p<0.0001). The significant decrease in 

the cleaved-caspase 3 levels in the co-treated samples did not achieve the values reported in the 

normoxic control group (Tiron 0.25mM+Dox 1µM: 262.81±9.55% vs. 100±0.0%; Tiron 

0.5mM+Dox 1µM: 271.74±11.73% vs. 100±0.0%; Tiron 1mM+Dox 1µM: 322.59±11.70% vs. 

100±0.0%; p<0.0001). The results obtained in chapter 3 showed that administration of Tiron 

(0.25mM-1mM) significantly decreased the caspase-3 activity when compared to H/R control 

group Tiron 0.25mM:98.69±7.14% vs. 454.31±8.21%; Tiron 0.5mM: 105.23±6.67% vs. 

454.31±8.21%; Tiron 1mM: 109.86±4.76 vs. 454.31±8.21%, p<0.0001; Figure 3.13, Section 3.39, 

Chapter 3).   
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Figure 5.9 Cleaved-caspase-3 levels flow cytometric scatter plots (A) and analysis (B) in isolated 

rat ventricular myocytes subjected to 1 hour of hypoxia and 3 hours of reoxygenation with Tiron 

(0.25-1mM) and Dox (1µM). Data are presented as average±SEM, n=6 experiments, ***p<0.0001 

vs. Normoxia; ###p<0.0001 vs. H/R; $$$p<0.0001 vs. Dox (Representation of the scatter plots 

Normoxic control (red); H/R control (green); Dox (blue); Tiron 0.25mM+Dox (pink); Tiron 

0.5mM+Dox (purple); Tiron 1mM+Dox (black). 
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5.4 Discussion 

In the present study, we investigated the effects of Tiron (0.25-1mM) on isolated Sprague Dawley 

perfused rats and primary ventricular myocytes subjected to Doxorubicin (1µM) treatment under 

I/R and respectively H/R conditions. This study demonstrates Tiron’s ability to provide 

cardioprotection against Doxorubicin administration in I/R conditions and this effect was shown 

by a decrease in the infarct to risk ratio observed in the co-treated groups when compared to 

Doxorubicin group alone (Figure 5.1). In addition, we have also shown that Doxorubicin 

treatment throughout reperfusion of the ischaemic myocardium resulted in an increase in the 

myocardial damage and a delay in the heart recovery, findings that are consistent with previous 

published articles (Chahine et al. 2014, Gharanei et al. 2013). In a similar manner, using the 

Langendorff technique, Chahine et al, (2014) investigated the effects of Doxorubicin in the model 

of ex-vivo rabbit hearts subjected to 30 minutes of simulated global ischaemia and 40 minutes of 

drug reperfusion with Doxorubicin (5µg/ml) and showed that treatment with Doxorubicin 

resulted in significant alterations in the muscle striations such as disturbances in the orientation 

and space of the myocardial fibers and distinct areas of necrosis when compared to I/R control 

group (Chahine et al. 2014). In a different study, Gharanei et al, (2013) have shown that 

treatment with Doxorubicin administered at reperfusion for 120 minutes in the isolated Sprague-

Dawley rat hearts was associated with an increase in the infarct to risk ratio in the left ventricle 

and a pronounced decrease in the cardiac function parameters CF, LVDP and HR (Gharanei, et al, 

2013). In this regard, our findings highlighted in this study are consistent with the 

aforementioned published articles.   
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In addition, LVDP, CF and HR haemodynamic parameters were also monitored in order to assess 

the cardiac function. Our results have shown a marked decrease on the CF, LVDP and HR 

haemodynamic parameters in Doxorubicin treated hearts during reperfusion stage (Figure 5.3, 

5.4 and 5.5). These outcomes have been previously confirmed in the Langendorff heart model, 

which revealed that administration of Doxorubicin at reperfusion resulted in a significant decline 

in the CF, LVDP and HR cardiac function (Cai et al, 2010; Chahine et al. 2014, Gharanei et al. 2013) 

As previously highlighted in chapter 3 and 4, our findings show that antioxidant Tiron protected 

the myocardium against I/R injury alone and against Doxorubicin induced toxicity in normoxic 

conditions. Interestingly, the haemodynamic and infarct to risk ratio data showed that co-

treatment with Tiron (0.25-1mM) and Doxorubicin (1µM) in I/R injury model protected the 

myocardium by attenuating the damaging effects of Doxorubicin in the myocardium and reversed 

the decline observed in LVDP, CF and HR haemodynamic parameters thus improving contractility. 

In a similar manner, our results are in accordance with a previous study carried out in isolated 

rabbit hearts, in which it was shown that saffron extract (a powerful free radical scavenger) 

exerted significant protection against Doxorubicin and I/R injury by improving the heart recovery 

and contractility when administered at reperfusion (Chahine et al. 2014). Also, within the same 

study, the researchers have investigated the ratio of lipid peroxidase (LP), superoxide dismutase 

(SOD) and creatine kinase (CK) activity and showed that administration of saffron extract at 

reperfusion ameliorated the reduction in LP and SOD activity when compared to Doxorubicin and 

I/R group, whereas the CK activity was abrogated, reaching the control values (Chahine et al. 

2014. The outcomes of this study suggest that the protective effects of saffron extract against 

Doxorubicin-induced cardiotoxicity might occur via its active scavenger properties against free 
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radicals induced by Doxorubicin. In addition, the results from previous chapters have shown the 

ability of Tiron to improve the cardiac function and myocardial damage in both I/R injury as well 

as Doxorubicin induced detrimental effects observed in naïve hearts. Therefore, it is reasonable 

to conclude that Tiron’s cardioprotection against Doxorubicin induced damage in I/R is likely to 

be associated with its ability to scavenge the free radicals produced by both Doxorubicin and I/R 

injury.  

In this study we have also examined the effects of concomitant administration of Tiron (0.25mM) 

and Doxorubicin (1µM) during reperfusion on primary isolated rat ventricular cardiomyocytes 

exposed to 1 hour of hypoxia and 3 hours of reoxygenation. The MTT assay and Trypan blue 

staining have shown that exposure of isolated rat myocyte cells to H/R and Doxorubicin 

treatment caused a significant injury to the cells which was shown by decreased cell viability 

(Figure 5.6 and 5.7). In addition, our results demonstrate that parallel treatment with Tiron 

(0.25mM) and Doxorubicin (1µM) at reperfusion protects the cardiomyocytes from H/R and 

Doxorubicin damage by increasing cell viability and decreasing the toxic effects of both 

Doxorubicin and H/R (Figure 5.6 and 5.7). An investigation carried out in the model of H9c2 

cardiac cells have shown that exposure of these cells to 8 and 16 hours of hypoxia, following by 

3 hours of reoxygenation with Doxorubicin caused a significant decrease in the cell viability, and 

concomitant treatment with Doxorubicin and saffron extract exhibited antioxidative properties 

by offering protection against I/R and Doxorubicin damage and increasing cell viability (Chahine 

et al. 2016). Therefore, in agreement with the previous studies and based on the findings 

highlighted in chapter 4, it is reasonable to hypothesise that the cardioprotective effects of Tiron 

against H/R and Doxorubicin injury are associated with the antioxidant properties of Tiron. 
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The effects of Tiron (0.25mM) and Doxorubicin (1µM) on the apoptosis and cleaved caspase-3 

levels were also examined. Our results have shown that isolated rat ventricular myocytes 

subjected to 1 hour of hypoxia and 3 hours of reoxygenation showed a significant damage to the 

cells which was quantified by increased levels of cleaved caspase-3 activity when compared to 

control, untreated cells (Figure 5.9). Furthermore, treatment with Doxorubicin further enhanced 

the cell damage and showed a significant elevation in the cleaved-caspase 3, results that are 

confirmed by previous research papers (Al-Kuraishy and Hussein 2017, Green and Leeuwenburgh 

2002b, Shi et al. 2012, Zhao and Zhang 2017). A possible explanation for the increase in cleaved-

caspase-3 in H/R cells exposed to Doxorubicin treatment and a decrease in the cell viability 

supports the hypothesis of the apoptotic cell death mechanism associated with mitochondrial 

dysfunction and alterations in the mitochondrial membrane potential (Green and Leeuwenburgh 

2002a, Marechal et al. 2011, Minotti et al. 2004, Montaigne, Hurt and Neviere 2012). This theory 

is supported by an investigation carried out by Gharanei et al, (2013) in which it was 

demonstrated that Doxorubicin induced cardiotoxicity disrupts the mitochondrial activity and 

integrity in I/R conditions, leading to mitochondrial dysfunction and cell death (Gharanei et al. 

2013). A possible mechanism of Tiron’s cardioprotection against I/R and Doxorubicin induced 

toxic effects might be related with its effects on the mitochondrial apoptotic signaling pathway, 

suggesting that possible cardioprotective mechanism might occur via the mitochondrial 

transition pore. However, this theory needs further elucidation due to the failure in assessment 

of apoptosis and necrosis in cardiomyocytes in this setting.  

The mitochondrial permeability transition pore opening was suggested to be implicated in both 

Doxorubicin and  I/R induced cell damage and death by disturbing the function and activity of a 
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number of factors and associated pathways such as intracellular levels of Ca2+, free radical 

formation and generation, oxidative stress, Bcl-2 family proteins and ATP levels (Halestrap, Clarke 

and Javadov 2004, Hausenloy, Duchen and Yellon 2003, Murphy and Steenbergen 2008; (Childs 

et al. 2002, Khan et al. 2006). It has been shown that opening of the mitochondrial transition 

pore as a result of changes in the mitochondrial permeability leads to the release of apoptotic 

proteins from the mitochondria and induction of caspase-3 activity, leading to apoptotic cell 

death pathway (Baines 2009, Halestrap, Clarke and Javadov 2004, Hausenloy, Duchen and Yellon 

2003, Weiss et al. 2003). In a previous study, Chahine et al, (2016) have demonstrated that the 

saffron extract treatment at reperfusion stage had cardioprotective effects against Doxorubicin 

and H/R injury in H9c2 cells by increasing the cell viability, reducing apoptosis, regulate the 

mitochondrial membrane potential and inhibit the activity of caspase-3 levels (Chahine et al. 

2016). In addition, as previously mentioned in chapter 4, the protective effects of Tiron against 

chemotherapeutic copper-based drugs on the cardiac mitochondria metabolism and 

mitochondrial permeability transition pore were reported in the study carried out by Silva-Platas 

et al, (2016). Therefore, in agreement with these investigations, our results suggest that the 

cardioprotective effects of Tiron observed in this study could be associated with its mitochondrial 

targeted antioxidant activity, however the possible mechanism of Tiron on the mitochondrial 

permeability transition pore in these conditions requires further elucidation. Further 

investigations that aim to assess the mitochondrial function within the heart such as cytochrome 

C release and opening of the mitochondrial permeability transition pore could provide a better 

understanding of Tiron’s cardioprotective effects against Doxorubicin induced cardiotoxicity in 

I/R setting.  In addition, due to the potential non-specific binding of the PI staining, future work 
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should aim to assess the apoptosis and necrosis using different fluorochromes that do not 

possess overlapping spectra such as Metabolic Activity Dead Cell Apoptosis Kit (Molecular 

Probes, Thermo Fisher Scientific) containing C12 Resazurin, Annexin V APC and Sytox Green- a 

three colour fluorescence assay that has the ability to differentiate between the live cells and the 

cells that are undergoing the early and late phase of apoptosis. This assay could potentially 

confirm one of the mechanisms by which Tiron is offering protection in the heart.  

5.5 Summary of the findings 

In summary, the present study provides the first evidence that Tiron has cardioprotective 

properties against Doxorubicin-induced cardiotoxicity in ischaemia/reperfusion conditions in the 

Srague-Dawley rat model. Our results show that treatment with Tiron exerts powerful 

antioxidant properties by suppressing caspase 3 activation and improving the cell viability in the 

model of H/R and Doxorubicin induced injury in primary adult rat ventricular myocytes. These 

outcomes highlight the potential use of Tiron as an adjunctive therapy in patients with pre-

existing heart diseases exposed to Doxorubicin chemotherapy.  
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Chapter 6.General discussion 
 

6.1 Summary of the findings and future work 

6.1.1 The effects of Tiron in naïve and I/R conditions 

IHD represents the leading cause of mortality worldwide and its incidence is increasing rapidly 

(Finegold et al. 2013). Clinical interventions carried out for the treatment of CVD such as 

thrombolysis, coronary artery bypass grafting, and percutaneous coronary angioplasty can 

effectively reduce the mortality rate (Hausenloy and Yellon, 2013); restoration of the blood flow 

through a previous ischaemic region can result in myocardial I/R injury (Piper et al, 1998; 

Hausenloy and Yellon, 2013; Frank et al, 2012). Recent studies carried out in animal models 

simulating the progression of human myocardial I/R injury have shown that oxidative stress, 

inflammatory response and apoptotic cell death are the main contributors in the incidence and 

progression of myocardial I/R injury (Yang, 2018; Granger et al, 2015; Rodrigo et al, 2013; 

Frangogiannis, 2014; Oyama et al, 2004; Zhao et al, 2000).  Thus, research has focused on 

identifying cardioprotective strategies that could reduce the damaging effects caused by 

myocardial reperfusion injury.  Previous studies have demonstrated that treatment with 

antioxidants and free radical scavengers could improve the cardiac function and reduce infarct 

size (Hung et al, 2002; Abe et al, 2008; Sagach et al, 2002). Therefore, in the light of this research 

and the promising results obtained with antioxidant Tiron in other models (Jiang et al. 2017; 

Oyewole et al. 2014; Arimura et al, 2001; Bosch et al, 2011. Fleming et al, 2001), the focus of this 
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thesis was to investigate the potential cardioprotective capacity of Tiron in the ex-vivo heart 

models using Sprague Dawley rats in naïve and stressed conditions.  

The experiments carried out in this thesis found that treatment with increasing concentrations 

of Tiron (0.25-2.5mM) at reperfusion offered significant cardioprotection in both ex-vivo 

Langendorff heart model and isolated ventricular adult cardiomyocytes. The protective effects of 

Tiron were highlighted by a dose-dependent decrease in the myocardial I/R injury as shown by a 

reduction in the infarct size and an increase in the cell viability in isolated ventricular adult 

cardiomyocytes. Furthermore, the ability of Tiron to offer cardioprotection when administered 

at reoxygenation was correlated with its antioxidant and antiapoptotic properties, in which 

isolated rat ventricular myocytes showed a reduction in the exacerbated production of ROS and 

a decrease in the caspase-3 activity following treatment with Tiron. In a similar manner, an in 

vivo model of adult mice exposed to I/R showed that Tiron attenuated the increase in the 

caspase-3 levels in the myocardium and decreased the apoptotic cell death as detected by Tunel 

assay (Jiao, et al, 2009). Further investigations should be carried out to assess the apoptotic and 

necrotic cell death by measuring the concentration of enzymes such as lactate dehydrogenase 

and creatine kinase activity in the effluents collected during Langendorff experiments. This would 

potentially identify the mechanisms involved in Tiron’s attenuation of infarct sizes in the model 

of I/R injury.  

In addition to the beneficial effects of Tiron against ROS induced damage and apoptotic cell 

death, this study investigated the effects of Tiron on the myocardial Akt pathway with the 

purpose to potentially elucidate the intracellular mechanisms of Tiron induced cardioprotection. 
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Using Western blot, we have shown that the addition of Tiron in the first 20 minutes of 

reperfusion resulted in a significant increase in the levels of p-Akt. This effect was abrogated by 

the PI3K inhibitor Wortmannin; activation of PI3K/Akt pathway has been linked with a reduction 

in the apoptosis and its effectors as well as a decrease in the myocardial I/R injury (Hausenloy 

and Yellon, 2004; Jian et al, 2016). The results obtained in this study also suggest that Tiron 

induced activation of Akt pathway in I/R reperfusion could be linked with a reduction in the 

myocardial I/R injury. To the best of our knowledge, this is the first time Akt levels have been 

measured in response to Tiron treatment in myocardial I/R injury. Further studies are required 

to identify the involvement of other survival kinases such as Erk1/2 and JNK are involved in Tiron 

induced cardioprotection. It would be interesting to evaluate if Tiron exerts is cardioprotective 

mechanisms via the downstream effectors of Akt pathway such as eNOS and BAD, using 

techniques such as western blot and flow cytometry to assess the levels of these proteins in the 

heart tissue and isolated cardiomyocytes. 

Our study results suggest that administration of Tiron in the heart reduces H/R induced apoptosis 

in cardiomyocytes, and this outcome is mediated by a dual effect of the phosphorylation of Akt 

in the cardiac tissue as well as the attenuation of caspase-3 activation. Several studies have 

indicated that treatment with cardioprotective agents such as eryhthropoietin (anti-apoptotic), 

PI3K- gamma/delta inhibitors (anti-inflammatory), and ischaemic post-conditioning (anti-

apoptotic and anti-inflammatory) during reperfusion could reduce acute myocardial infarction 

(Gao et al, 2007; Doukas et al, 2006; Roubille et al, 2011; Hausenloy and Yellon, 2013). Based on 

these results, our findings suggest that administration of Tiron at reperfusion might be a practical 

choice in the clinical setting, having a potential in enhancing the benefits of clinical interventions 
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carried out for myocardial infarction, reducing cardiac tissue damage and improving the quality 

of life in patients.  

In addition to the cardioprotective effects of Tiron in I/R and respectively H/R injury, this study 

has also investigated the effects of Tiron in naïve conditions in isolated rat heart and primary rat 

ventricular myocytes. Our results have shown that in normoxic conditions low concentrations of 

Tiron (0.25-1mM) did not have a negative impact on the heart, however the use of high 

concentrations of Tiron (2.5-10mM) resulted in cell toxicity, which may suggest Tiron is exhibiting 

a pro-oxidant effect.  Previous investigations carried out with a number of antioxidants in 

different cell models have shown a similar pattern, which supports our hypothesis with the pro-

oxidant properties of Tiron when administered in high concentrations (Azam et al, 2004; 

DeMarchi et al, 2009; Watjen et al, 2005; Ruiz et al, 2015). Although our results show Tiron at 

high concentrations has a harmful effect in healthy heart tissue, the use of low concentrations of 

Tiron could provide a beneficial role in cell protection and prevention against a variety of diseases 

as a result of oxidative stress.  

6.1.2 The effects of Tiron against Doxorubicin induced cardiotoxicity in 

naïve and stressed conditions 

Doxorubicin, an anticancer drug that belongs to anthracyclines family, is considered one of the 

most potent drug ever developed to treat several types of cancer. Unfortunately, its use has been 

limited due to cardiotoxic effects that limit its dosage (McGowan et al, 2017; Menna and 

Salvatorelli, 2017). The use of Doxorubicin based chemotherapy exposes the cancer patient to 

increased cardiovascular morbidity and mortality (Ewer et al, 2008). Studies have shown that 
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elderly cancer patients with underlying comorbidities and risk factors (history of heart failure, 

cardiac dysfunction, hypertension, CAD) exposed to Doxorubicin treatment have a higher risk of 

developing congestive heart failure (Aapro et al, 2010; Barrett-Lee et al, 2009). The fact that 

cardiotoxic effects of Doxorubicin are likely to develop in patients of all ages, but with a higher 

incidence in elderly population calls for development of optimal strategies and pharmacological 

therapies to prevent or limit Doxorubicin associated cardiotoxic side effects.  

Numerous experimental investigations have highlighted that ROS play an important contributing 

role in the mechanism of cardiotoxicity induced by Doxorubicin suggesting that co-treatment 

with antioxidants might have promising outcomes in reducing and limiting cardiotoxicity 

(DeAtley, 1999; Abushouk et al, 2017; Sun et al, 2016).  However, the use of antioxidants to 

prevent cardiotoxicity during cancer treatment with Doxorubicin resulted in a serious debate, as 

ROS is implicated in destroying cancer cells (Vincent et al. 2013).  

Considering this aspect and based on the results obtained in Chapter 3 in which the 

cardioprotective effects of Tiron were demonstrated, the work within Chapter 4 and 5 

highlighted the potential use of Tiron as an adjunctive agent against Doxorubicin induced 

cardiotoxicity in naïve and simulated I/R conditions. Furthermore, our data showed that addition 

of Tiron in Doxorubicin treated human leukaemia HL60 and human liver carcinoma HepG2 cells 

did not interfere with the anticancer efficacy of Doxorubicin in these cell lines.  In the clinical 

context, our findings suggest that combined treatment with Tiron and Doxorubicin could be a 

beneficial chemotherapeutic strategy that could selectively destroy malignant cells while 

simultaneously reducing and preventing cardiac damage. 
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Similar to numerous studies investigating Doxorubicin induced cardiotoxicity, we demonstrated 

that Doxorubicin treatment had significant detrimental effects on the isolated perfused rat hearts 

in both normoxic and I/R settings, which were marked by an increase in the infarct ratio and a 

decrease in the cardiac haemodynamic parameters LVDP, CF and HR (Gharanei et al. 2013; Liu et 

al. 2002; Chahine et al. 2013). Although the effects observed in this study were observed in rat 

heart model, similar clinical manifestations such as left ventricular dysfunction, hypertension and 

arrhythmias have been reported in cancer patients exposed to Doxorubicin treatment (Ewer et 

al, 2008; Swain et al, 2003).  In this study administration of Tiron as an adjunctive therapy 

successfully reversed the increase in myocardial infarction and improved cardiac function 

parameters LVDP, CF and HR, implying the potential therapeutic benefits of Tiron when 

administered in combination with Doxorubicin. 

In addition to these findings, our results have shown that concomitant treatment with Tiron and 

Doxorubicin in isolated rat ventricular myocytes in normoxic conditions completely abolished the 

increase in oxidative stress observed in Doxorubicin treated groups. The outcomes obtained from 

Western blot technique showed that administration of Doxorubicin resulted in a significant 

increase in the levels of p-Akt, which was reversed when co-treated with Tiron in normoxic 

conditions. The activation of intracellular Akt pathway in Doxorubicin treated hearts has been 

associated with cardiac hyperthrophy, which may lead to apoptotic cell death (Merten et al. 

2006; Shioi et al. 2002). Co-treatment with the PI3K/Akt inhibitor Wortmannin, Tiron and 

Doxorubicin showed a significant decrease in the phosophorylation of Akt, suggesting that 

inhibition of Akt pathway could enhance the cardioprotective role of Tiron against Doxorubicin.  
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Furthermore, this project has demonstrated that treatment with Tiron a was able to successfully 

reverse the increase in caspase-3 levels that was noted with Doxorubicin treatment alone in naïve 

and conditions of simulated ischaemia, suggesting a significant potential for Tiron therapy to 

mediate cellular apoptosis and therefore alter the progression of Doxorubicin associated cell 

death. 

Previous experimental studies have shown that Doxorubicin induced cardiotoxicity has been 

associated with an overload in the concentration of intracellular mitochondrial Ca2+, which in turn 

activates the mitochondrial permeability transition pore, leading to damage of the mitochondrial 

membrane potential, mitochondrial swelling, fissure of the external membrane and subsequently 

cytochrome c and apoptosis inducing factor (AIF) release from the mitochondria (Varga et al, 

2015; Gharanei et al, 2013). Thus, further investigations aiming to assess the mitochondrial 

function within the heart such as cytochrome C release and opening of the mitochondrial 

permeability transition pore could provide a better understanding of Tiron’s cardioprotective 

effects against Doxorubicin induced cardiotoxicity in both naïve and I/R settings.  

Based on the findings described by Kim et al, (2006) in which treatment with Tiron (1mM) for 72 

hours exhibited pro-apoptotic properties in HL60 cells, our work aimed to identify the effects of 

Tiron (0.25-1mM) and Doxorubicin in HL60 and HepG2 cells. Our results showed that treatment 

with Tiron (0.25-1mM) for 24 hours in these cell lines did not impact the cell viability, cleaved 

caspase-3 or ROS levels. Similar findings were reported by Kumar et al, (2013), in which treatment 

with Tiron (1mM) for 12 and 24 hours in HL60 cells did not produce any significant changes in cell 

viability cleaved-caspase-3 and ROS levels (Kumar et al, 2013). Future work should aim to 
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investigate the effects of Tiron in HepG2 and HL60 cell lines to model the extended exposure at 

longer time points in order to identify the response of cancer cell lines to prolonged treatment 

with Tiron. However, the anti-cancer properties of Tiron were not the focus of this thesis. 

We have also shown that administration of Tiron in Doxorubicin-treated HepG2 and HL60 cells 

did not interfere with its antineoplastic activity, marked by a decrease in cell viability and 

enhanced cleaved-caspase-3 levels. However, no significant changes were observed in the ROS 

activity in response to Doxorubicin alone and co-administered with Tiron, suggesting that 

Doxorubicin may exert its cytotoxic mechanism via autophagy and apoptosis mediated pathways. 

However, the effects of combined treatment of Tiron and Doxorubicin on autophagy and 

apoptosis in these cell lines requires further warrant. Future research should be carried out to 

identify the effects of Tiron alone and in combination with Doxorubicin on Bax protein, an 

important regulator of apoptosis and autophagy. 

6.2 Study limitations  

The purpose of this study was to assess and identify the potential cardioprotective properties of 

Tiron and its pharmacological effects as an adjunctive agent when used in myocardial I/R injury 

and combination with Doxorubicin in the Langendorff heart model and isolated adult ventricular 

myocytes. Within this study we were able to successfully show that Tiron attenuates myocardial 

damage in the model of simulated I/R injury and against Doxorubicin-induced cardiac damage 

using ex-vivo Langendorff heart preparations.   

One of the main advantages of Langendorff heart preparation is that it allows a preliminary study 

of the effects of Tiron and Doxorubicin respectively on the heart, as well as enabling the 
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assessment of myocardial physiological parameters and function. Although this protocol has 

certain benefits, as with any ex-vivo technique there are a number of limitations implicated with 

its use. Excising the heart from the animal limits the clinical relevance of the study and it is 

difficult to predict if the same effects will be observed in an in vivo model. In addition, the lack of 

hormonal and neuronal control of myocardial function decreases the ability of this procedure to 

reproduce the physiological circumstances in clinical setting.  

Another limitation of this study is the use of isolated ventricular cardiomyocytes to assess the 

effects of Tiron alone and in combination with Doxorubicin in this study. Although the use of 

isolated ventricular cardiomyocytes is considered the gold standard procedure in cardiovascular 

physiology, these cells do not divide (Louch et al. 2011). Therefore, future studies should 

investigate the effects of these drugs in different cellular models that show similarities to primary 

cardiomyocytes and have the ability to divide. For example, the H9C2 cells, an immortalised 

myoblast cell line derived from embryonic rat heart has been previously used as an in vitro cardiac 

model because it possesses several features that resembles the characteristics of primary 

cardiomyocytes (Parameswaran et al. 2013). Although this cell line does not have the contractile 

function, it has the ability to proliferate in culture while maintaining the biochemical and 

electrophysiological properties of primary cardiomyocytes, and therefore being utilised as an 

animal-free alternative (Parameswaran et al. 2013). 

The results from this thesis have shown that addition of Tiron in the first 20 minutes of 

reperfusion induced the activation of Akt pathway, an effect that could be linked with a reduction 

in the myocardial injury and a protective mechanism elicited by Tiron. As previously mentioned 
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in chapter 3, the short-term activation of Akt pathway plays a crucial role in the survival of 

cardiomyocytes against I/R injury and apoptosis (Fujio et al. 2000, Mullonkal and Toledo-Pereyra, 

2007), however sustained activation of Akt pathway has been associated with cardiac 

hypertrophy, leading to apoptotic cell death (Merten et al. 2006). Further studies are required to 

identify the effects of Akt pathway beyond the time course used in this project, because it will 

give a better understanding of the mechanism of action of Tiron on this pathway. Due to the fact 

that this thesis has only investigated the effects of Tiron via the PI3K/Akt pathway, additional 

investigations should be carried out to elucidate the involvement of other survival signaling 

kinases such as Erk ½ and JNK in Tiron induced cardioprotection. 

In addition, in a previous investigation carried out in an in vivo canine model of tachycardia 

induced heart failure, it has been reported that treatment with Tiron significantly improved the 

endothelium vasodilation by enhancing the activity of nitric oxide (Arimura et al. 2001). 

Cumulative studies have investigated nitric oxide as a downstream target of PI3K/Akt pathway 

and have demonstrated that nitric oxide plays an important role in cardioprotection due to its 

antioxidant, vasodilator, and antiplatelet properties (Jugdutt, 2003; Smart et al. 2006).  

Therefore, it would be interesting to evaluate if Tiron exerts is cardioprotective mechanisms via 

the downstream targets of Akt pathway such as nitric oxide. 

Furthermore, as previously mentioned in chapter 4, the study by Silva-Platas et al. (2016) 

highlighted the protective effects of Tiron against chemotherapeutic copper-based drugs on the 

cardiac mitochondria metabolism and mitochondrial permeability transition pore. Investigating 
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the mitochondrial function in the cardiomyocytes could provide a better insight in understanding 

Tiron’s cardioprotective mechanism against both I/R and Doxorubicin induced cardiotoxicity.  

Although the outcomes of this study demonstrated that Tiron has cardioprotective effects 

against both I/R and Doxorubicin-induced injury in the Langendorff heart model and isolated 

ventricular cardiomyocytes without impacting the Doxorubicin antineoplastic activity, these 

effects were not compared and assessed with a second antioxidant. Previous published literature 

has highlighted the ROS scavenger and anti-apoptotic properties of Tiron, this effect has not been 

compared with a different antioxidant. For instance, previous studies have assessed and 

compared the response of Tiron in comparison with a number of antioxidants including the 

vitamin E analogue Trolox, Tempol, NAC and Resveratrol and demonstrated that Tiron has shown 

greater protection against ROS in these studies (Vorobeja and Pinegin, 2016; Oyewole et al. 2014, 

Yang et al. 2007). Even though the results from published literature have shown the positive 

outcomes with Tiron, it is important that further studies to be carried out in order to identify if 

the same response will be observed in the heart and in combination with anti-cancer therapies.  

As previously mentioned in the introduction Tiron is a vitamin E analogue, a SOD mimetic and a 

mitochondria localised antioxidant. Due to the fact that Tiron has the ability to penetrate and 

accumulate in the organelle and the availability of binding sites, the combination of this 

antioxidant with Doxorubicin should be further investigated.  In regard to this, a previous study 

explored the mechanism of action of Tiron alone and in combination with a number of nutritional 

supplements including Vitamin E, selenium and zinc against vanadium intoxication in female 

albino rats (Shrivastava et al. 2007). It was demonstrated that administration of Vanadium in 
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female albino rats resulted in a significant injury which was marked by an increase in the activities 

of serum transaminases, serum alkaline phosphatases, lactate dehydrogenase and hepatic lipid 

peroxidation as well as a substantial reduction in glutathione levels and glucose-6-phosphatase 

in the liver. Interestingly, co-administration of Tiron alone reduced these effects, however 

significant recovery has been reported when Tiron was co-administered with vitamin E, zinc and 

selenium. The study has also revealed that upon administration with Tiron the concentration of 

vanadium significantly declined in the kidney and liver and the urinary excretion of vanadium was 

also enhanced (Shrivastava et al. 2007).  

A possible explanation for Tiron’s protective effects could be associated with its chelation 

properties as well as the availability of the binding sites within its structure and the stability 

constant of the metal chelator complex. The authors have also implied that Tiron could replace 

one of the hydrogen atoms and bind to vanadium with its oxygen atom, leading to the formation 

of a stable complex that reverses the toxic effects of vanadium (Shrivastava et al. 2007). 

Therefore, future studies should be carried out in order to elucidate the pharmacokinetic 

properties of Tiron in the presence and absence of Doxorubicin to investigate if a similar pattern 

is detected. 

This study has also shown the potential range of concentrations of Tiron that are safe to use in 

the isolated perfused heart preparation is lower than the concentrations used previously in 

different physiological systems where the typical concentrations were ranging between 3-10mM. 

However, it is well known that the heart is more susceptible to cellular damage. Within the 

preclinical context, there is an earlier study published by Ortega et al, (1991) which assessed the 
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effects of Tiron in pregnant Swiss mice revealed that treatment with an average dose of Tiron did 

not exhibit any toxic effects, whereas high concentrations of Tiron (3000mg/kg/day) resulted in 

a significant increase in the death ratio, a decrease in the body weight and substantial alterations 

in the kidneys and liver weights as well as fetal toxicity (Ortega et al, 1991).  Therefore, future 

studies should investigate the effects of Tiron within the in vivo models, and particularly in vivo 

tumour-bearing models as it will give a better preclinical assessment of the effects of Tiron in the 

heart and the interactions with the anti-cancer therapies. This will be an important step in the 

progression and translation into clinical trials. However, in order to advance to clinical 

investigations, the exact mechanism of Tiron induced-cardioprotection and its safe therapeutic 

dose needs to be fully elucidated.  

6.3 Conclusion 

The work carried out in this thesis successfully showed the cardioprotective effects of Tiron in 

both I/R and Doxorubicin induced-cardiotoxicity. To date, this is the first study that shows that 

Tiron cardioprotective effects occur via the Akt pathway in the Langendorff heart model exposed 

to I/R conditions. In addition, the work within this thesis has shown for the first time that Tiron 

successfully reversed the increase in ROS and cleaved-caspase-3 levels in both I/R and 

Doxorubicin induced damage in cardiomyocytes. The results from this thesis have also revealed 

that co-administration of Tiron with Doxorubicin did not affect the anti-cancer properties of 

Doxorubicin. 

Importantly, the first results chapter (Chapter 3) has shown that administration of increasing 

concentrations of Tiron (0.25-2.5mM) during reperfusion had significant cardioprotective 
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responses in both isolated rat heart Langendorff perfusion model and primary ventricular 

cardiomyocytes. To our knowledge, no other study has investigated the cardioprotective effects 

of Tiron treatment in the heart. The majority of published investigations have used Tiron as a 

metal chelator and a ROS scavenger in different models (Jiao et al., 2009; Arimura et al. 2001). In 

addition, other experimental studies have only used one concentration of Tiron. For example, 

the study carried out by Prado et al. (2018) investigated the effects of Tiron at a concentration of 

10mM in isolated Sprague-Dawley hearts exposed to acute episodes of ischaemia and showed 

that treatment with Tiron significantly increased the antioxidant power in the myocardial tissue 

when compared to the control group (Prado et al. 2018). However, no additional concentrations 

were tested in this study. The results in this thesis revealed for the first time the range of 

concentrations of Tiron that offer cardioprotective properties in the model of I/R injury. In 

addition to the cardioprotective properties of Tiron in I/R injury, this study has also investigated 

the effects of Tiron in naïve conditions. Our data has shown that low concentrations of Tiron 

(0.25-1mM) did not have an impact on the myocardium and primary ventricular myocytes, 

however the use of higher concentrations (2.5-10mM) resulted in cell toxicity, implying that Tiron 

exhibits a pro-oxidant effect in the heart. To date, there are no studies that have evaluated the 

effects of increasing concentrations of Tiron in normoxic conditions in the myocardium. However, 

in a similar manner, in an earlier in vivo investigation, Ortega et al. (1991) studies the effects of 

Tiron in pregnant Swizz mice and showed that treatment with low and average concentrations 

of Tiron did not reveal any toxic effects, whereas high concentrations of Tiron caused a significant 

increase in the death rates as well as a decline in the body weight, impairment in the kidney 

function and fetal toxicity. These findings suggest that treatment with Tiron is dose-dependent. 
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Although high concentrations of Tiron can have a harmful effect in the healthy heart tissue, the 

use of low concentrations of Tiron could be a valuable treatment in protecting against ROS-

induced diseases.  

Chapter 3 also showed the involvement of Akt pathway in Tiron induced cardioprotection in I/R 

conditions. Administration of Tiron stimulated the activation of Akt during the first 20 minutes of 

reperfusion, effect that was completely inhibited by Wortmannin. The results of this study also 

revealed that Tiron exhibited a potent antioxidative effect which was marked by a reduction in 

the H2O2 induced oxidative stress, a decrease in ROS production and caspase-3 activity. The 

involvement of Akt pathway in Tiron-induced cardioprotection has not been previously 

investigated, therefore further studies which investigate the other survival signalling proteins 

(Erk ½, JNK) could be important for establishing the cardioprotective mechanisms of Tiron.  

The work carried out within chapter 4 and 5 emphasised the potential of Tiron as an adjunctive 

therapy against Doxorubicin induced cardiotoxicity in naïve and I/R conditions. Administration of 

Tiron (0.25-1mM) diminished Doxorubicin-induced myocardial infarction and significantly 

ameliorated the haemodynamic cardiac function. Our results have shown that Tiron completely 

abolished Doxorubicin-induced oxidative stress and decreased the levels of p-Akt observed in 

Doxorubicin treated hearts. As mentioned previously, the sustained stimulation of Akt pathway 

has been linked with cardiac hypertrophy and cell death (Merten et al. 2006; Shioi et al. 2002). 

Interestingly, co-administration of both Tiron and Wortmannin in Doxorubicin treated hearts 

significantly reduced Akt phosphorylation and reversed the decline in cardiac parameters by 
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Doxorubicin. These findings suggest that inhibition of Akt pathway could enhance the 

cardioprotective role of Tiron against Doxorubicin.  

Furthermore, in this thesis Tiron demonstrated powerful antioxidative properties which were 

indicated by a decline in the elevated caspase-3 levels observed in Doxorubicin treated 

cardiomyocytes in both naïve H/R conditions. This suggest that Tiron possesses anti-apoptotic 

mechanism and its potential use as a therapy in mediating the off-target cardiotoxic effects 

exhibited by the treatment with the anti-cancer drug Doxorubicin.  

Finally, the presented work demonstrates that besides that beneficial effects on cardiac function, 

Tiron did not inhibit the antineoplastic properties of Doxorubicin in both HL60 and HepG2 cancer 

cell lines. It is desirable and essential that a cardioprotective adjunctive therapy could be 

designed to maintain and preserve the anticancer properties of Doxorubicin. This study highlights 

the potential of Tiron as an adjunctive therapy that selectively reduces the off-target cardiotoxic 

effects of Doxorubicin without impacting the anti-cancer activity.    
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