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Summary 

Introduction: Heart failure (HF) is the inability of the left ventricle to fill with or eject blood. It often occurs 

as a side-effect of cardiovascular complications such as ischemia. At the molecular level, Signal Transducer 

and Activator of Transcription 3 (STAT3) is linked to the heart and HF, as STAT3 deficient (STAT3 KO) mouse 

models have shown development of HF with age. STAT3 is well known for its pro-survival effect in many 

instances of injury in the heart, and these effects are remarkably similar to PKCε, another known pro-

survival molecule in the heart 

Aims and objectives: We investigated the possibility of an interaction between STAT3 and PKCε in 

the induction of cardioprotection in the heart.  

Methods: A specific PKCε-activator was administered via intra-peritoneal injection in mice to mimic a PKCε 

over-expressing mouse model. These mice were sacrificed, hearts excised and fibres permeabilized and 

simultaneously treated with a STAT3 inhibitor (or vehicle control) to determine whether inhibition of STAT3 

would affect the recovery in respiration after a 25 minute hypoxic insult , compared to saline-treated 

wildtype (WT) controls. This procedure was repeated with STAT3 KO mouse permeabilized heart fibres 

which were treated with a PKCε-activator to determine whether activation of PKCε could counter the 

STAT3 KO and improve the recovery in respiration. As STAT3KO is associated with heart failure with age, 

aged STAT3 KO mice were sacrificed and heart fibres permeabilized for respiration studies, to determine 

whether mitochondrial respiration would be impaired with a fatty acid substrate compared to a control 

substrate, as inability to respire with a fatty acid substrate is typical of the failing heart. Histological staining 

(picro-sirius stain) was also performed on these aged mouse hearts to quantify fibrosis, a marker for heart 

failure. Fluorescence imaging was performed on these hearts to observe patterns of colocalization of PKCε 

and STAT3.  

Results: No significant differences detected in mitochondrial respiration for PKCε-activated heart fibres 

with STAT3 inhibitor treatment when compared to control. No significant differences were detected in 
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STAT3 KO fibres when treated with a PKCε-activator when compared to control. Fatty acid oxidation was 

unimpaired in aged STAT3 KO hearts compared to wildtype control hearts, and histology staining showed 

no significant difference in the amount of fibrosis between the STAT3 KO group compared to the wildtype 

control group. Fluorescence imaging in aged hearts showed presence of STAT3 in the hearts of STAT3 KO 

mice, and no difference in the areas colocalization of PKCε and STAT3 in STAT3 KO hearts compared to 

wildtype controls.  

Conclusion: Our findings here suggest that the model we have used to mimic PKCε over-expressing 

mice was not as effective as the genetic overexpressing mouse model it has been designed to 

mimic.  The STAT3 KO model established in our laboratory was also not displaying the expected 

phenotype found in the original mice, possibly as a result of incorrect genotyping and /or 

breeding.  From the findings in our model, we cannot categorically support or deny the possibility 

of an interaction between the signalling of PKCε and STAT3.  
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Abbreviations: 

ACE Angiotensin converting enzyme, a circulating peptidase enzyme regulating blood pressure 

AG490 JAK inhibitor 

AKT1 Serine-threonine protein kinase 

p-AKT1 AKT1 phosphorylated at serine reside 473 

t-AKT1 total AKT1 

ANF Atrial naturetic factor, a hormone released by atrial tissue which increases elimination of 

sodium by the kidney 

AngII Angiotensin II,  a potent vasopressor stimulating the production and release of aldosterone 

from the adrenal cortex 

AP-1 Activator protein-1, a transcription factor regulating gene expression in response to stimuli, 

controlling cellular processes including differentiation, proliferation, and apoptosis 

ARB AT1 agonist 

AT1 Angiotensin II type 1 receptor, a vasopressor affecting the release of aldosterone 

ATP Adenosine triphosphate 

BAD Bcl-2-associated death promoter, a pro-apoptotic protein 

BalbC Inbred albino laboratory mice 

Bcl-xL Follicular B cell lymphomas xL, a pro-survival protein 

cGMP Cyclic guanosine-3′, 5′-monophosphate, a cyclic nucleotide of guanosine that regulates 

various metabolic processes 

COX-2 Cyclooxygenase-2, an enzyme mediating inflammation and pain 

CT-1 Cardiotrophin-1, a cytokine involved in the pathophysiology of heart disease 

CVD Cardiovascular diseases 

Cx43 Connexin 43, an  integral membrane protein which aggregate together to form gap junctions, 

through which ions diffuse to a neighbouring cell 

DAG Diacylglycerol 

DMSO Dimethyl Sulfoxide 

DNA Dexyribo nucleic acid 

Dox Doxorubicin, a drug used in anti-cancer therapy, also used to induce heart failure 

ECL Enhanced chemiluminescent agent 

ERK Extracellular signal-regulated kinase1 and 2, members of the mitogen-activated protein 
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kinase super family that can mediate cell proliferation and apoptosis 

p-ERK1/2 ERk1/2 phosphorylated at threonine residue 202 / tyrosine residue 204 

t-ERK1/2 Total ERK1/2 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

G-CSF Granulocyte colony stimulating factor, a blood growth factor which stimulates bone marrow 

to produce white blood neutrophils 

gp130 Glycoprotein 130, a transmembrane protein and cytokine receptor which works in 

conjunction with other cell surface receptors 

GPCR G-protein coupled receptor, cell surface receptors which transduce external signals to 

produce cellular responses 

GSK3β glycogen synthase kinase 3 β, a serine-threonine kinase initially identified to phosphorylate 

glycogen synthase, thereby inactivating it 

HF Heart failure 

HIF-1α Hypoxia-induced factor 1 alpha, a  transcription factor found in mammalian cells growing at 

low oxygen concentrations 

I/R Ischemia / reperfusion 

IL Interleukin, a group of cytokines which regulate cellular processes such as cell growth, 

differentiation and motility 

IPC Ischemic preconditioning, short bursts of ischemia and reperfusion prior to an extended 

ischemic insult 

IPostC Ischemic postconditioning, short bursts of ischemia and reperfusion after an extended 

ischemic insult 

JAK Janus kinase, self-phosphorylating of cell-surface receptors which recruit and phosphorylate 

STAT proteins 

JNK c-Jun N-terminal protein kinase, members of the mitogen-activated protein kinase family 

that bind and phosphorylate c-Jun. They respond to stress stimuli, such as cytokines. Also 

plays a role in T cell differentiation and apoptosis 

KATP channel ATP-gated potassium-sensitive channel 

KCl Potassium chloride 

Lck lymphocyte-specific protein kinase, a tyrosine kinase found in lymphocyte cells involved in 

signal transduction 

LIF Leukaemia inhibitory factor, an interleukin 6-typecytokineaffecting cellular growth by 

inhibiting differentiation 
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LV Left ventricle of the heart 

LVDP Left ventricular developed pressure, a typical measure of cardiac function 

MAP 42/44 ERK1/2 

MAPK Mitogen-activated protein kinase, a family of serine/ threonine protein kinases involved in 

signal transduction for cellular processes including cell proliferation, differentiation and 

migration 

Mcl-1 myeloid cell leukemia-1, an anti-apoptotic protein 

αMHC Alpha myosin heavy chain, a contractile protein dominantly expressed in adult mammalian 

hearts 

βMHC Beta myosin heavy chain, a contractile protein dominantly expressed in foetal mammalian 

hearts 

MI Myocardial infarction, a scar on the heart formed as a result of a lack of oxygen, causing 

myocyte death and formation of a fibrotic scar tissue 

mitoKATP Mitochondrial ATP-gated potassium ion channel 

MLC2V A form of myosin specific for the ventricle of the mammalian heart 

MnSOD Manganese superoxide dismutase, enzymes catalysing dismutation of superoxide into 

hydrogen peroxide and oxygen 

mPTP Mitochondrial permeability transition pore, a calcium dependent pore in the mitochondrial 

membrane 

NAC N-acetyl-l-cysteine, a reactive oxygen species scavenger 

NFκβ Nuclear factor kappa beta, a transcription factor involved in immune and inflammatory 

responses 

NIH National institute of health 

NO Nitric oxide, an oxygen free-radical 

NOS Nitric oxide synthase, an enzyme which catalyses production of nitric oxide from L-arginine 

PBS Phosphate buffered saline 

PKCε  Protein kinase C epsilon 

aPKCε  Activated Protein Kinase C epsilon 

PKCε  WT Protein Kinase C epsilon wildtype 

PLC Phospholipase C, a family of enzymes which cleave phospholipids in the initial phases of 

cellular signal transduction 

PMA Phorbol 12-myristate 13-acetate, a broad-spectrum Protein Kinase C inhibitor 
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PVDF Polyvinylidene difluoride, a non-reactive thermoplastic membrane 

ψεRACK Receptor for activated C-kinase, PKCε -specific activator 

RAS Renin-angiotensin system, a hormone system which regulates fluid balance and blood 

pressure 

RISK Reperfusion injury salvage kinase pathway, a pro-survival pathway involving PKCε  

ROS Reactive oxygen species 

RPC Remote preconditioning, short bursts of ischemia and reperfusion in remote organs prior to 

an extended ischemic incident 

SAFE Survival-activating factor enhancement pathway, a pro-survival pathway involving STAT3 

Src Sarcoma, tyrosine kinases transmitting integrin-dependent signals affecting cell proliferation 

and movement 

STAT3 Signal transducer and activator of transcription 3 

p-ser STAT3 STAT3 phosphorylated at serine residue 727 

p-tyr STAT3 STAT3 phosphorylated at tyrosine residue 705 

STAT3 KO STAT3 deficient mice 

STAT3 WT STAT3 wildtype mice 

STATTIC STAT3 inhibitory compound 

TBS-T Tris buffered saline containing tween 

TGFβ1 Transforming growth factor beta-1, a secreted protein affecting cell proliferation, growth and 

differentiation 

TNFα Tumor necrosis factor alpha, a cytokine inducing inflammation. Its primary role is in the 

regulation of immune cells 

WT Wildtype 
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A: Introduction: 

1.1) Cardiovascular disease 

Cardiovascular disease (CVD) is a group of disorders affecting the heart and blood vessels and is 

the number one cause of death worldwide, with more people dying of CVDs annually than of any 

other cause. In 2008 alone, 17.3 million people died of cardiovascular complications, accounting 

for one third of all deaths [1], [2]. Stereotypically, heart conditions supposedly exclusively affect 

wealthy people with a taste for rich foods and who live sedentary, luxurious lives. In reality 80% of 

cardiovascular deaths take place in low- and middle-income households. The burden of CVDs is 

closely linked to the national income of the countries where statistics have been obtained (see fig. 

1) [3]. It is projected that 23.6 million people will die from CVD’s by 2030, and it will continue to be 

the single leading cause of morbidity internationally [1]. In South Africa alone, 195 people die 

every day due to heart attacks, strokes and heart failure (HF) [4]. 

 

B: Heart failure 

1.2.1) Development and increase in incidence of heart failure 

Figure1: Percentage of deaths due to CVD per 100 000 predicted for five developing countries and one comparator 

country (USA) for the period 2000 - 2030, assuming current CVD rates. [5] 
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Treatments for heart conditions have been drastically improved in recent years. More people are 

surviving conditions like myocarditis (inflammation of the heart muscle tissue) and heart attacks. 

Myocardial Infarction, or a heart attack, is the occurrence of cell death in part of the heart tissue 

when a coronary artery has been occluded for a period of time [6]. Blood flow and oxygen cannot 

reach a portion of the heart muscle (ischemia), leading to localised cell death and ultimately the 

formation of fibrous scar tissue in the heart which impairs contractility [7]. While life expectancy 

and survival has tremendously improved, there are sequelae for the resultant chronic conditions – 

with time, the onset of heart failure (HF) may occur [8]. HF is one of the CVDs prevalent in poorer 

communities right across the globe. For centuries it was known as ‘dropsy’. It was described by 

Hippocrates more than two millennia ago and was identified as a shortness of breath with 

peripheral swelling in the body. HF presented as an enlarged ventricular chamber with an 

increased heart mass in patients from autopsies performed in the 17th and 18th centuries. [7]. 

There is no set criteria that defines HF. It can stem from an array of pre-existing medical conditions 

and display many different physical symptoms, the most common of which are exercise 

intolerance and muscle fatigue [9]. There are multiple specific types of HF including right-, left-, 

congestive- and dilated HF, all displaying different physical attributes. For the purposes of this 

project, we will consider heart failure as characterised by Cohn et al to be the inability of the left 

ventricle to fill with or eject blood, thereby failing to meet the body’s demand for nutrients and 

oxygen (see fig. 2) [10]. It is estimated that two thirds of all cases of heart failure stem from 

ischemic heart disease resulting from altered coronary artery circulation or myocardial infarction. 

Each year, about one million people suffer from acute myocardial infarction and within 6 years, 

just less than one third of these patients develop HF [11], [12]. 
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The remaining third of HF cases can have multiple origins including pressure overload, 

cardiomyopathies and defects in genes encoding an array of proteins with cellular functions, such 

as cytoskeleton, intercellular matrix, contractile apparatus and mitochondrial proteins. These 

conditions can lead to complications where the heart is unable to eject blood sufficiently for the 

body’s needs, or where structural changes are brought on to compensate for impeded function. In 

heart failure, structural remodelling and alterations give rise to a weaker contractile force which 

has implications for energy consumption and the coupling of oxidative phosphorylation in 

mitochondria. 

 

1.2.2) How does heart failure manifest? 

The onset of symptoms classified as HF triggers downstream effects which include retention of salt 

and water by the kidneys, stimulation of the organs by neurohormones and the activation of 

intracellular cascades in the heart and vascular system that alter the function and morphology of 

Figure2: Heart failure, as defined by Cohn et al is the inability of the left ventricle to fill with or eject blood. This is not due to a 

single physical property, but rather many different ones that bring about the same outcome. One such example is a dilated 

heart chamber with a weakened heart muscle (left) which cannot effectively eject blood, and a second (right) is a 

hypertrophied, stiffened chamber wall which cannot fully relax to allow the ventricle to fill with blood. Picture taken from: 

[13] 
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the ventricles so as to compensate for the lack of pressure and blood flow [11], [12]. Structural 

and biochemical anomalies associated with HF are a result of defunct mitochondria and adrenergic 

signalling gone awry. Contractility in the heart is stimulated by means of β1-adrenergic receptors 

downstream of catecholamines. Certain polymorphisms in β1-adrenergic receptors are associated 

with heart failure. Cardiac-specific modification of β1-adrenergic receptors to mimic a human 

polymorphism presented with abnormal expression of hypertrophy and foetal genes, decreased G-

protein expression and adenylyl cyclase as well as fibrosis with heart failure. This is consistent with 

the outcome in human patients with the same polymorphism in end-stage heart failure [14]. 

A low, but marked level of programmed cell death (apoptosis) in cardiomyocytes seems to 

contribute to the heart failure phenotype [15], [16]. Apoptosis is described as the fragmentation of 

nuclear deoxyribo nucleic acids (DNA) into multiples of 180 base pairs in length [17]. Their 

separation by electrophoreses results in a ladder-like pattern. Autophagy also affects the 

development of HF. Autophagy is the bulk degradation of organelles of cytoplasmic proteins by 

formation of a double-membraneous structure known as an autophagosome [18], [19]. This fuses 

with a lysosome to form an autophagolysosome where the contents are degraded by acid 

lysosomal hydrolases. Autophagy serves as a survival mechanism in starving cells and is commonly 

observed in dying cells placing it in category with the other forms of cell death. It affects HF as 

mice lacking the protein ATG5 which is required for autophagy develop dilated cardiomyopathy 

[20]. A cardiac-specific deletion of this gene required for autophagy in mice showed exacerbated 

hypertrophy in hearts in response to a pressure overload [21]. 

Age is an apparent link to heart failure. With time, the contractile properties of the heart, the left 

ventricular (LV) chamber size and cardiac mitochondrial function are all affected by age, 

independently of HF. Myocardial substrate metabolism alters in response to stressors like age, and 
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heart failure. In humans, the heart decreases uptake and oxidation of fatty acids but not glucose 

under these conditions [22], [23]. In the late stages of HF, the myocardium presents with low 

levels of ATP due to abnormal oxidative metabolism and inefficient transfer of energy from 

carbon–based fuels to ATP for the heart’s contractile requirements [7]. 

 

1.2.3) Metabolic changes in the failing heart 

There is much evidence to suggest that impaired metabolic processes contribute to the contractile 

dysfunction and LV remodelling displayed in HF. The general observation is that the substrate 

selection is close to normal during the early stages of HF, and with time, it changes to favour 

glycolysis and glucose oxidation, down-regulating fatty acid oxidation and reducing electron 

transport chain activity, thereby impairing cardiac energy efficiency [22], [23], [7]. This process is 

known as ‘mechanoenergetic uncoupling’, where energy consumption in the heart increases, 

while contractile force does not. In failing hearts this is as a result of enhanced oxidative stress 

from mitochondrial and cytosolic free-radical generating sources [24]. In these systems, nitric 

oxide synthase (NOS) activity plays a role in the uncoupling, as the ratio between nitric oxide and 

reactive oxygen species (ROS) is unbalanced, and an excess of ROS is produced [24]. 

 

 

Figure 3: There is a preferential switch in substrate between the normal and failing heart. The normal heart uses 

70 – 90% fatty oxidation to produce energy, while in the late stages of the failing heart glycolysis is favoured, 

while fatty acid oxidation is depressed  [25], [26]. 
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Heart mitochondria are designed to generate high energy output in the form of adenosine 

triphosphate (ATP) to cope with the demand of the contracting muscle. At a maximum, the 

mitochondrion works at 80 – 90% of its total capacity, compared to at rest where it only uses 15 – 

25% of its total capacity for electron transport [27]. Metabolic enzymes in the cell can be rapidly 

modified to be functional or non-functional by means of allosteric modification, and these 

enzymes, along with changes in metabolites that have an inhibitory or stimulatory effect allow for 

the rapid adaptation to stresses such as fasting, ischemia or exercise. In the normal resting heart, 

fatty acid oxidation (~70 - 90%) is favoured over the oxidation of pyruvate (which comes from 

glycolysis, ~15 – 35%) for the production of ATP [25], [28]. In the later stages of the failing heart, 

ATP is generated preferentially through the oxidation of pyruvate (see fig. 3), which has been 

shown by Lei et al (2004) to increase 2.5 fold in a model of end stage induced heart failure in dogs 

[26]. This preferential shift occurs as fatty acid oxidation requires more oxygen to produce energy 

and oxygen is a limiting factor when the heart is not functioning optimally. In HF, mitochondria 

exhibit membrane disruption, decreased capacity for oxidative phosphorylation and a lower 

capacity for respiration with substrates such as fatty acids. [7]. Errors in the mitochondrial 

metabolism and electron transport chain may also manifest as part of the HF phenotype [22]. 

 

In the failing canine myocardium, enzymes which deliver ATP and remove ADP were depressed 

including the activities of creatine kinase, adenylate kinase, 3-phosphoglycerate kinase and 

pyruvate kinase [30]. These enzymes as part of the phosphotransfer pathway in the myocardium 

are required for efficient delivery of high energy phosphates to cellular ATPases and removal of 
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metabolites from these ATPases. Their reduced activities may provide a basis for the impaired 

contraction-relaxation in the failing heart. 

 

 

The shift in preference for substrates in the failing heart down-regulates some of the adult heart 

gene transcription to favour the foetal metabolic profile [31]. In the foetal heart, glucose is the 

primary source of fuel for cellular processes with very low level of fatty acid oxidation [9]. The 

similarity between the foetus and the failing heart is the limit of oxygen for respiration, and this 

may explain the shift to glucose as a fuel, as it requires less oxygen to transfer energy to ATP per 

molecule that fatty acids do. Both of these are hypoxic systems, but in the foetus this hypoxia is 

global and is not detrimental as end-stage metabolites are removed, whereas in the failing heart 

hypoxia is localised and the removal of end-stage metabolites decreases, causing toxicity [32]. 

Figure 4: Pathways for glucose and fatty acid metabolism to produce ATP in the heart. Generally in the late stages of the 

failing heart the glycolytic pathway (right) is favoured over fatty acid oxidation (left) as it requires les oxygen to produce 

energy [29]. 
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 Metabolism may not be the only thing that shifts from a normal adult state to a foetal state with 

hypoxia. The adult rodent heart normally has more α-myosin, which has less tension and faster 

crossbridge kinetics than β-myosin heavy chain which is expressed in the foetus. In HF and 

hypertrophy, the β-myosin isoform is re-expressed [33]. In rodent models of HF, the expression of 

myosin shifts from α-myosin heavy chain to β-myosin heavy chain which may contribute to the 

altered contractile phenotype [14]. The β-myosin isoform confers a slower, more powerful and 

oxygen-sparing contraction, and re-expression may be an adaptive mechanism which with time 

disadvantages the heart [34], [35]. The expression of these isoforms is different in large mammals 

(including humans) which also shift to favour one form over the other to contribute to the 

phenotype. Infant human and rabbit hearts manage to adapt to hypoxia through signal 

transduction pathways involving protein kinase C epsilon (PKCε), p38 mitogen-activated protein 

kinase and JUN amino-terminal kinase [36]. These pathways may be responsible for 

cardioprotection in chronic hypoxia. 

1.2.4) Signals contributing to heart failure 

In the initial phases of HF, compensatory mechanisms are activated such as the Renin-Angiotensin 

System (RAS), sympathetic nervous activity and cardiac hypertrophy [37], [38]. These systems 

contribute to the progression of HF through ventricular modelling in which chamber walls become 

thinner in the heart, the left ventricular (LV) chamber dilates, and fibrosis occurs in the walls of the 

heart [39], [7]. 

High circulating levels of cytokines have been reported in cases of HF, implicating them as players 

in the pathogenicity thereof [40]. Focus on cytokines has been specific to a few, with more of an 

interest in the soluble cytokine receptors transducing cellular signals that promote and prevent 
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inflammation. Patients with heart failure have shown elevated plasma levels of tumour necrosis 

factor  (TNF) and its soluble receptor, interleukin 6 and its soluble receptor, as well as 

glycoprotein 130 (gp130) [41], [42], [43]. In combination these molecules produce a net 

inflammatory effect. Anti-inflammatory cytokines were also found to be depressed in plasma of HF 

patients with decreased levels of Transforming Growth Factor 1 (TGF1) and interleukin 10 [44], 

[45], [46]. Plasma levels of gp130 in particular were closely correlated to parameters which 

indicate a deranged hemodynamic load [46]. These changes in cytokines indicate an elevated 

inflammatory state in HF. 

 

Alongside inflammation, low but marked levels of apoptosis have also been associated with HF 

[15], [16]. Two prominent, well known cell survival pathways which assist in preventing apoptosis 

are the Survivor Activating Factor Enhancement (SAFE) pathway involving signal transducer and 

Figure 5: Progression of heart failure. An imbalance between the energy required by the heart to meet the applied load can 

occur as a result of mechanical and/or metabolic dysfunction. Certain instances of HF can increase peripheral resistance and 

induce harmful cardiac (and skeletal muscle) remodelling. These in turn aggravate HF. [9] 
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activator of transcription 3 (STAT3) [47], [48], and the Reperfusion Injury Salvage Kinase (RISK) 

pathway involving protein kinase C ε (PKCε) [49]. These pathways suppress the apoptosis of 

cardiomyocytes by blocking the activation of caspases (a family of calcium-dependent proteases 

central to apoptosis) or by activating Akt, a cell signalling factor which promotes cell survival [50], 

[51], [12]. Here we will examine these two pathways and their contribution to the heart and heart 

failure. 

 

C: Signal Transducer and Activator of transcription 3 (STAT3) 

 

One of the pathways closely linked to the protection of the heart in heart failure and 

ischemia/reperfusion is the Survival Activating Factor Enhancement (SAFE) pathway involving 

Janus kinase (JAK) - signal transducer and activator of transcription 3 (STAT3) signalling. STAT3 

protects the heart by reducing apoptosis via a number of cellular pathways, including those 

activated by reactive oxygen species (ROS), sympathetic stimulation, or cytokine cascades. 

 

1.3.1) The STAT family 

The Signal Transducer and Activator of Transcription (STAT) family is composed of regulatory 

proteins involved in signal transduction pathways downstream of an array of ligands. The family 

consists of six members (STAT1, 2, 3, 4, 5a and 5b) that are known to play a role in cytokine 

signalling. Cytokines bind to their specific Janus Kinase (JAK) receptors at the cell surface to which 

STAT proteins are recruited for modification to effect stress-response pathways and transmit 

signals from the cell surface to the nucleus where gene expression is altered. The JAK-STAT 

signalling often involves working with co-receptors to achieve specificity of the signal and STAT 
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protein that is activated. The JAK-STAT pathway has been shown to play a role in hypertrophy, 

apoptosis, angiotensin signalling, ischemia/reperfusion injury and ischemic preconditioning [52]. 

[53]. Once STAT3 binds to the JAK receptor, it is phosphorylated at tyrosine residue 705, after 

which it dimerizes with a fellow tyrosine-phosphorylated STAT3 molecule and moves off to the 

nucleus to promote transcription of survival-related genes (see fig. 5) [54], [55]. STAT3 can also be 

phosphorylated at a second position while in the cytoplasm, at serine residue 727, in response to 

growth factors by an extracellular signal-regulated kinase (ERK) family of mitogen activated 

protein  kinases (MAPK) excluding c-Jun N-terminal protein kinase (JNK) and p38 [56]. 

 

STAT3, in particular, has been identified as a key player in processes such as growth, 

differentiation, cell death or survival in various cell types. It is a transcription factor downstream of 

several cytokines and plays a major role in the development of hypertrophy through the cell 

surface receptor gp130. [52]. 

 

1.3.2) Activation of STAT3 

Certain cytokines and growth factors are necessary to direct signalling at a cellular level. STAT3 is a 

downstream signalling molecule of gp130 in cardiomyocytes, and it has been suggested that it is 

activated by interleukin (IL)-6-type cytokines such as IL-6, IL-11, leukaemia inhibitory factor, 

oncostatin M, ciliary neurotrophic factor, and cardiotrophin-like cytokine. These bind to a gp130 

receptor on the plasma membrane, which in turn interacts with the janus kinase (JAK) protein thus 

commencing signal transduction from the cell surface  [52], [58], [59], [60], [61]. Interestingly, 

cytokine interleukin 6 (IL6) activates serine phosphorylation of STAT3 independently of the ERK 

pathway [56]. 
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Cytokines are key to many biochemical processes in the body. Leukaemia inhibitory factor (LIF), an 

IL-6 family member is a cytokine central to formation of the heart in the embryo which activates 

JAK/STAT signalling. It is also expressed in the adult heart under hemodynamic stress and it 

induces sarcomeric protein synthesis. Treatment of cardiac fibroblasts with LIF reduced matrix 

metalloprotease activity and collagen content, suggesting its involvement (along with STAT3) in 

remodelling of the extracellular matrix after myocardial injury [62]. In addition, granulocyte 

colony-stimulating factor (G-CSF) which prevents cardiac remodelling has been linked to STAT3, 

Figure 6: Activation of JAK by binding of a cytokine to the cell surface receptor causes recruitment of STAT3 and 

phosphorylation at a tyrosine residue (tyr705), after which dimerization occurs and STAT3 moves off to the nucleus to 

promote transcription. Phosphorylation of STAT3 at a serine residue (ser727) happens downstream of MAP kinase and ERK 

activity, though the exact mechanism is not clear. Once phosphorylated, STAT3 moves off to the mitochondrion where it is 

found to co-localize with complex I/ II of the electron transport chain, and where it is cardioprotective. [57]. 
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supporting the idea that STAT3 is involved in cardiac re-modelling after myocardial infarction [61], 

[63]. 

 

1.3.3) STAT3 and the heart 

 

Activation of STAT3 leads to anti-apoptotic and angiogenic activity in the heart, and it has been 

found to reduce fibrosis in the heart after events such as myocardial infarction and improve 

cardiac function when triggered by certain cytokines. Hence, a cardiac-specific ablation of STAT3 

has shown a reversal of these anti-fibrotic effects, as well as resulting in ventricular enlargement. 

With an over-expression of activated STAT3, adverse cardiac re-modelling of the sort that may 

occur with heart failure is limited, reinforcing its cardioprotective effect [61]. 

 

Levels of both active and inactive STAT3 are not constant through the life span of an organism; it 

decreases with age in different organs and cell types. Reduction of STAT3 occurs in the aged rat 

brain [64] and in the myocardium of aged mice [65]. Cardiac-specific STAT3 deficient mice have 

shown development of heart failure with age, indicating the involvement of STAT3 in protection 

and maintenance of the heart tissue [66]. Activation of STAT3 is triggered by physiological stress, 

such as age [65], pregnancy [67] and pathophysiological stress, such as myocardial infarction [63] 

and heart failure [66]. Pathological stress may trigger signalling through mitogen-activated protein 

kinases (MAPKs) and pathways involving Protein Kinase C-epsilon (PKCε) [69], [70], [62]. 

 

 

 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Page | 25 
 
 

1.3.4)  Delineation of functions of STAT3 

 

The functions of STAT3 have been identified mainly through rodent gene over-expression and 

deletion models. Transgenic mice with a cardiac-specific over-expression of constitutively active 

STAT3 produced smaller infracted areas (i.e. scars on the heart) after ischemia and reperfusion 

compared to non-transgenic mice [71], while a cardiomyocyte-specific deficiency of STAT3 

produced larger infarcts after ischemia and reperfusion, confirming the cardioprotective role of 

STAT3. An increase in STAT3 levels reduces both apoptosis and necrosis after ischemia/reperfusion 

[72]. A conventional deletion of STAT3 leads to embryonic lethality, so studies involving the heart 

and STAT3 use the cre-lox system to restrict the deletion of STAT3 to cardiomyocytes. In 

cardiomyocytes, a constitutive deletion of STAT3 results in gross derangements such as decreased 

LV function, reduced capillary density, increased cardiac fibrosis and apoptosis, as well as dilated 

cardiomyopathy [73]. 

 

Cardiac-specific STAT3 over-expression models have also been used to determine the physiological 

role of STAT3 in transgenic mice. These mice showed development of myocardial hypertrophy at 

12 weeks of age and an increase in expression of certain genes such as atrial natriuretic factor 

(ANF), β-myosin heavy chain (βMHC), and cardiotrophin 1 (CT-1) [52]. After a 10 day treatment 

with doxorubicin (Dox), these transgenic mice showed a far better survival rate compared to 

wildtype controls. Wildtype mice were found to have massive bilateral pleural effusion and ascites 

after death, suggesting they developed congestive heart failure [52]. These findings indicate that 

STAT3 contributes to hypertrophy, but also that it protects against cardiomyopathy by preserving 

expression of contractile genes and promoting protective factors in the heart. 
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Over-expression of STAT3 provided protection against cardiomyopathy and greatly improved 

survival by preventing heart failure with induced cardiotoxicity [52]. STAT3 plays an important role 

in heart failure and is key in transduction of gp130-induced protection and anti-apoptotic signal. 

 

STAT3 overexpression amplifies mRNA expression of c-fos and atrial naturetic factor (ANF) via LIF, 

an observation which is attenuated with inhibition of STAT3 [74]. In the STAT3 overexpression 

model, inhibition of MAP kinase activity suppresses the mRNA expression of the factors 

mentioned. This is hypothesised to be as a result of cross-talk between JAK/STAT and MAP kinase 

signalling cascades, both of which contribute to upregulating transcription, as serine 

phosphorylation of STAT3 is induced by MAP kinase [75]. 

 

1.3.5) STAT3 and ischemic preconditioning 

Preconditioning is a tool used to combat ischemia-reperfusion injury in the heart. Ischemic 

preconditioning (IPC) is a protective adaptation induced by short bursts of alternate ischemia / 

reperfusion – alternating bursts of reduced oxygen and blood flow prior to a prolonged ischemic 

incident in the heart, after which restoration of oxygenated blood flow occurs [76]. This has been 

shown to enhance resistance of the heart to damage and improve the outcome of ischemia-

reperfusion (I/R) injury. These short bursts activate the protective signalling cascades which help 

to maintain the integrity and function of the tissue. 
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Pharmacological preconditioning using chemical agents such as isoflurane, diazoxide, TNFα or 

adenosine can also induce tolerance against injury in cardiomyocytes [77], [78], [48]. STAT3 is 

linked to pharmacological preconditioning, as STAT3 deficient cardiomyocytes do not respond to 

preconditioning agents to achieve protection as wildtype cardiomyocytes do. This carries through 

not just in an isolated cell system, but also in the intact heart, implicating STAT3 as a crucial 

molecule in preconditioning programs [53]. The involvement of STAT3 in preconditioning was first 

identified in a rat heart model where IPC increased levels of STAT3 phosphorylation, while 

treatment with a STAT3 inhibitor ablated the protection offered by the preconditioning stimulus 

and increased the infarct size in hearts exposed to ischemia [79]. 

 

1.3.6) STAT3 and ischemic postconditioning 

Ischemic Postconditioning (IPostC) is another protective adaptation used to limit the damage 

caused by ischemia reperfusion by the application of short bursts of vascular occlusion (ischemia) 

at the onset of reperfusion [80]. STAT3 has also been implicated in the protection proffered by 

IPostC, as administration of a non-specific JAK inhibitor, AG490, at the start of reperfusion in the 

rat heart has been found to nullify the effect of both ischemic and pharmacological IPostC [81], 

[82].  IPostC is also lost in the hearts of aged mice, as well as STAT3 deficient mice [65]. The effects 

produced by STAT3 in IPC and IPostC are both rapid-onset, suggesting that STAT3 mediated 

cardioprotection involves translocation to the mitochondria and signal transduction there rather 

than the nucleus where it would regulate transcription of various genes, which would take time. 

The two different phosphorylation sites of STAT3 (tyrosine / serine phosphorylation) is linked to its 

translocation, with tyrosine phosphorylation (and dimerization) being associated with the nucleus 
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– thus transcriptive activity, and serine phosphorylation being associated with mitochondria – thus 

signal transduction and protein-protein interaction (see fig. 6) [83]. 

Loss of IPC protection has also been associated with reduced connexin 43 (Cx43) [84]. Cx43 is 

usually found in LV gap junctions and in the mitochondria of cardiomyocytes. Animal models with 

reduced cx43 show a loss in IPC-induced protection both in-situ and in isolated cardiomyocytes, 

even when stimulated with pharmacological preconditioning agents such as diazoxide [78], [85], 

[86]. With age, Cx43 levels decline, in much the same way as STAT3 [87]. In embryonic mouse 

stem cells, stimulation with LIF and bone morphogenic protein-2 show an increase in the amount 

of Cx43, and in the phosphorylation of STAT3 [88], while in astrocytes in mice increase in protein 

and mRNA levels of Cx43 by neural factors were found to be combined with the localization of 

STAT3 in the nucleus [89]. Treatment of these cells with the same nuclear factors in conjunction 

with a JAK/STAT3 pathway inhibitor (AG490) decreased levels of Cx43, illustrating the dependence 

of Cx43 on the JAK/STAT pathway and STAT3. Both of these are associated with the same 

outcomes, such as protection via IPC and diazoxide [90] and altered patterns of expression with 

age, indicating a link between their activities. 

 

1.3.7)  Sub-cellular activity of STAT3 

STAT3 drives the activity of many proteins involved in anti-apoptotic responses, including Bcl-2, 

Bax and survivin. It also regulates the activity of anti-oxidants by upregulating manganese 

superoxide dismutase (MnSOD) which assists with the anti-oxidant effects that promote IPC and 

IPostC [53]. Among the genes upregulated by STAT3 is myocardial cyclooxygenase-2 (COX-2). 

Binding of activated STAT3 to DNA in the nucleus promotes transcription of COX-2 (as well as a 

number of other genes) which confers protection. Both tyrosine and serine phosphorylation are 
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required for the upregulation of COX-2 which is involved in preconditioning effects to reduce 

myocardial infarction. Additionally, various mitochondrial anti-apoptotic proteins [follicular B cell 

lymphomas xL (Bcl-xL) and myeloid cell leukemia-1 (Mcl-1)] are transcriptionally regulated by 

STAT1 and STAT3 [73]. Recruitment and activation of STAT3 is also important in inhibiting the 

death receptor pathway which is modulated by c-FLIPL and c-FLIPS [73]. 

 

1.3.8)  STAT3, mitochondria and metabolism 

STAT3 has anti-apoptotic effects with its involvement in mitochondria. It modifies the  expression 

of Bcl-xL [91], an anti-apoptotic protein  which is present in the mitochondrial membrane [92], 

[93] and inhibits opening of the mitochondrial permeability transition pore (mPTP) [87] in 

conjunction with inactivation of glycogen synthase kinase 3 β (GSK3 β) [94]. It also plays a role in 

modification of metabolism in mitochondria, which is consistent with its involvement in HF, as HF 

displays alteration in metabolism. STAT3 has been shown to play a part in regulation of 

carbohydrate metabolism, and deficiency of STAT3 may lead to disturbances in the metabolic 

processes associated with preconditioning [95], [96]. Hence, STAT3 has been found in cultured 

cells and primary heart and liver tissue to co-immunoprecipitate with complexes I and II involved 

in oxidative phosphorylation as part of the electron transport chain in the mitochondrial 

membrane [97]. In these tissue and cell systems, STAT3 deficient cells showed reduced complex I 

and II activities – an occurrence mimicked in cardiac-specific STAT3 knock-out mice, which further 

supports the idea that it plays a role in the heart and heart failure through metabolism. Phillips et 

al looked at the ratio of complex I/II to STAT3 in vivo in pigs and mice, and found it to be ~105, 

suggesting that the effect STAT3 has on mitochondrial function is indirect, despite co-localisation, 

as a direct protein-protein interaction between the two would yield a ratio of ~1 [98].  They 
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conclude that the effect STAT3 has on mitochondria should thus be through transcriptional 

regulation or as STAT3 being an upstream member of a signalling cascade. 

 

D: Protein Kinase C epsilon (PKCε) 

1.4.1) The Protein Kinase C family 

The protein kinase C (PKC) family is comprised of 10 related serine/threonine kinases which are 

divided into 3 sub-families depending on their N-terminal domains and requirements for 

activation. PKCs play prominent roles in the regulation of growth and programmed cell death. 

There are the classical PKCs (α, βI, βII and γ) which require calcium and diacyl glycerol (DAG) to 

activate them , the atypical PKCs (including ζ and ι /λ) which require phosphatidylserine for 

activation, and the  novel PKCs (ε, δ, θ and η), which require only DAG for activation [99], [100], 

[101]. The PKC chain has an N-terminal regulatory region containing an autoinhibitory 

pseudosubstrate domain (i.e. a domain which fits a specific substrate, preventing inhibition of the 

activity of the molecule), two elements which target the membrane, and a highly conserved 

catalytic domain on the C-terminal for ATP and substrate binding. 

 

PKCs are thought to mediate a multitude of phosphorylation events in the myocardium, including 

those regulating cation transport, contractile force development, gene expression, metabolic 

processes, and cellular growth in the heart [102], [103]. 

 

1.4.2)  The PKCε signalling cascade 

There are a few known ways in which PKCε can be activated (see fig. 7) [100], [104]: 
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1) One of the means of activation employs signalling with molecules such as adenosine, 

catecholamines, angiotensin II, bradykinin, and endothelin [99]. These extracellular 

signalling molecules are released during ischemic events and bind to a G-protein-coupled 

receptor (GPCR) in the cell membrane, which then recruits a second intracellular subunit 

[105]. This complex begins a relay of messenger molecules starting with phospholipase-C at 

the cell membrane, which hydrolyses membrane phospholipids to generate diacyl glycerol 

(DAG). DAG moves from the membrane to the cytosol where it activates the PKCε cascade 

to promote its effects.  

2) A second means of activation is by release of small amounts of reactive oxygen species 

(ROS) or nitric oxide (NO) from mitochondria which directly modify the regulatory domain 

of PKC to its active form [106]. Elevated levels of ROS are known to be harmful to the 

cells, but small amounts are protective, especially as part of the initial phases of 

preconditioning [107]. This phenomenon is known as hormesis – a toxic agent acts has a 

stimulatory effect at a low dose, but an inhibitory effect at a high dose [108]. Aside from 

ROS, hormesis is a concept applicable to molecules such as TNFα in the heart which is also 

beneficial at low doses, but high levels have been implicated with pathogenesis [48], [109]. 

When PKCε is activated, it moves to the mitochondria where it causes further release of 

small amounts of ROS/NO, forming part of a positive feedback loop for transient self-

activation to provide protection in cells [101]. This protection is lost in PKC knockout mice. 

PKC-induced IPC was lost in cardiomyocytes which have hydrogen peroxide removed 

[110], while treatment with NO selectively activates PKC in cardiomyocytes [111], [112] 

producing an IPC-like effect, thus confirming the attribution of protection via ROS to PKC. 

Furthermore, treatment with a PKCε activator increased levels of nitric oxide, while 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Page | 32 
 
 

treatment with a PKCε inhibitor decreased NO release in a dose-dependent manner [113]. 

Activation of PKCε through NO also promotes the binding of PKCε to the receptor for 

activated C-kinase (ψεRACK) assisting with its translocation and activation of its pro-

survival pathways [106]. The release of NO activates soluble guanylyl cyclase, which 

synthesizes cyclic guanosine-3′, 5′-monophosphate (cGMP), a secondary transduction 

messenger which leads to the activation of PKCε  between the two mitochondrial 

membranes to open the mitochondrial ATP-sensitive K+ channel (mitoKATP) on the inner 

mitochondrial membrane and close the mPTP on the outer mitochondrial membrane [114], 

[115]. 

3) A third means of activation is via renin–angiotensin system (RAS) signalling.  Angiotensin II 

(AngII) type 1 receptor (AT1) has been linked to the activity of PKCε,  with downstream 

responses such as sarcolemmal Na+–K+ pump regulation mediated by PKCε  [116], [117]. 

Chronic pre-treatment with AT1 antagonists (ARB) protected the heart against myocardial 

infarction (MI), an effect which could not be further improved by IPC, but which was 

abolished by addition of the PKCε inhibitor, chelerythrine. Pre-treatment with ARB 

produced elevated levels of PKCε in the particulate fraction of mouse hearts [116]. Pre-

treatment of hearts with angiotensin converting enzyme (ACE) inhibitors had the opposite 

effect – there was no protection afforded to hearts by IPC with ACE inhibitor treatment and 

the levels of PKCε were reduced [116]. Levels of PKCε and AngII were found to be 

simultaneously upregulated in LV hypertrophic myocardium of rats following induction of 

mechanical stretch with a Langendorf perfusion system. Pre-treatment with an AngII type 1 

receptor blocker, valsartan, prevented PKCε activation with stretch-mediated stress [118]. 

The signal transduction pathway involving AT1 and PKCε appears to be independent of 
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tyrosine-specific protein kinases and Ca2+ activity [119], but works via phospholipase C 

(PLC) and DAG for transduction of signals [120].  

 

 

 

 

 

 

4) A fourth known means of activation is by administration of a peptide promoting the 

binding of the receptor for activated C-kinase (ψεRACK) with PKCε. ψεRACK is an anchoring 

protein found in the cellular compartments close to where PKCε translocates once it is 

Figure 7:  Activation of PKCε. (1) Cytokines and signalling factors bind to the G-protein coupled receptor at the cell surface, causing it to 

recruit a subunit which is modified and activates phospholipase-C (PLC). PLC then hydrolyses membrane lipids to produce diacylglycerol 

(DAG) which leads to phosphorylation and activation of PKCε. Once in the active conformation, PKCε moves to the mitochondria where it 

inhibits the mitochondrial permeability transition pore (mPTP), preventing the release of cytochrome C from the mitochondrial 

membrane and cell death. It also phosphorylates the mitochondrial potassium ATP channel, inhibits connexin 43 (Cx43) and promotes 

the release of low levels of reactive oxygen species (ROS) which further activate PKCε (2).  Angiotensin II (AngII) binds to its receptor 

(AT1), transducing a signal through PLC to activate PKCε. An alternate means of PKCε activation is by delivery of a ψεRACK peptide (4), 

which binds to the autoinhibitory pseudosubstrate domain, which prevents inhibition of the activity of PKCε.  
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activated to interact with its targets [106]. Binding of PKCε to this receptor places it nearby 

its substrates in the particulate fraction and mediates its downstream cardioprotective 

effects. Peptide activators promote the binding of PKCε to the ψεRACK, while peptide 

inhibitors compete for this binding site [104], [121]. 

 

Preconditioning mimetics that are used to activate PKCε mainly work through the signalling 

pathway involving the GPCR [104]. 

 

1.4.3)  Downstream effectors of PKCε 

 

PKC is upregulated with several other cardioprotective genes including inducible nitric oxide 

synthase, cyclooxygenase-2, heme oxygenase-1, aldose reductase and MnSOD, acting downstream 

of transcription factors such as nuclear factor-κB (NFκB) and activator protein (AP)-1 [122], [123] 

[124], [125]. It resides in the cytosol at rest and is widely dispersed once activated, including to the 

region around the nucleus and sarcomeres [126], suggesting it is involved in a number of cellular 

events [100]. It triggers downstream transducers such as extracellular signal- regulated kinases 

(ERKs) p42 and p44 in the setting of ischemic/ hypoxic pre-conditioning, and inhibition of ERK 

attenuates the protection provided. Activation of PKCε using a ψεRACK activator also results in 

phosphorylation of ERK1/2, and PKCε has been co-localised with ERKs in the mitochondria [127], 

[128], [129], where this complex inactivates the pro-apoptotic protein BAD (Bcl-2-associated death 

promoter). This indicates the activity of PKCε may provide cardioprotection by blocking the action 

of pro-apoptotic proteins. Proteins relating to metabolism also show an altered expression with 

upregulation of PKCε, favouring an increase in glucose metabolism to decrease glucose levels in 
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blood [130], [131]. Glucose utilization by PKCε hearts relies on a GSK3β and hypoxia induced 

factor-1α (HIF-1α)-mediated mechanism, which has been shown to sustain cardiac function in 

mouse hearts in the setting of hypoxia [132]. 

 

A second route of transduction of the PKCε signal is through lymphocyte-specific protein tyrosine 

kinase (Lck), a tyrosine kinase that forms part of the sarcoma (Src) family. Pre-conditioning 

involving PKCε results in phosphorylation of Lck in cardiomyocytes and a knock-out model of the 

Lck gene loses the afforded protection with activation of PKCε. [133]. [104]. Ping et al have 

identified that PKCε has a direct effect on Lck by means of a proteomic approach. The two proteins 

have been found to form a complex in vivo in IPC. [133]. This complex does not form in Lck 

knockout mice and cardioprotection is lost. 

 

PKCδ, another member of the PKC family acts antagonistically to PKCε in the heart. While PKCε 

over-expression leads to survival and proliferation, PKCδ slows proliferation, induces cell cycle 

arrest, and has the ability to enhance the differentiation of various undifferentiated cell lines 

[101], [134]. These two PKC isozymes have opposing and temporal roles in injury in the heart. 

 

1.4.4) PKCε in ischemia / reperfusion and the heart 

PKCε is a key-player in cardioprotection, and constitutive activation of PKCε has been shown to 

fully mimic IPC [112]. [135]. As previously described, IPC is a protective adaptation by which short 

bursts of ischemia and reperfusion are induced prior to an extended ischemic incident in the heart 

[100], [136]. The activity of PKCε in the heart is opposed by that of PKCδ, these two signalling 

messengers act antagonistically in the setting of I/R, the former to aid cell survival, and the latter 
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to promote cell death [104]. These two isoforms of PKC have opposing effects on the regulation of 

some of the same targets such as the adenosine transporters. 

 

Improvement of cardiac function with IPC is accompanied by the activation and translocation of 

PKCε from the cytosolic to the membrane fraction of cells. This translocation of PKCε persists for a 

period of 30 min following activation, while translocation of other factors are short-lived [99].  

Improvement in cardiac function is associated with activation of PKCε and includes improvement 

of the left ventricular developed pressure (LVDP) [113] – a measure of the strength of contraction 

of the heart muscle, which is decreased in individuals with heart failure [137]. The period of 

improvement coincides with that of the activation of PKCε. 

 

The activity of PKCε is tightly regulated by highly specific binding of PKCε with a partner protein 

known at the Receptor for Activated C-Kinase (ψεRACK). The interaction of PKCε with the ψεRACK 

receptor leads to the activation of PKCε by phosphorylation of serine residue 727 on the protein 

chain, and triggers initiation of several cellular functional events [103], [101]. 

 

1.4.5)  Functions of PKCε 

Specific effects attributed to PKCε have been identified by using over-expression and inhibition 

models in animals and cell culture. A PKCε-specific antagonist peptide, εV1-2, used in rat neonatal 

and adult cardiomyocytes was one of the examples of PKCε activation used to confirm PKCε as the 

isoform responsible for IPC-induced protection [138], [100]. Moderate cardiac-specific over-

expression of PKCε [133] and the addition of a PKCε-activating peptide [138] both result in the 

reduction of infarct size, confirm the beneficial action of PKCε in the setting of I/R in the heart. 
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These findings were supported by studies using PKCε-deficient mice which failed to reduce infarct 

size after induction of IPC [139], [104]. However, the degree of over-expression of PKCε affects the 

outcome of the heart in that a low to moderate over-expression level had no detrimental effects 

long-term, but a high overexpression model produces a different phenotype – the development of 

heart failure where the low- and moderate-overexpression had no such effect [133]. This indicates 

that differential expression / activity levels of PKCε display different cardiac phenotypes with low- 

and moderate- overexpression being favourable compared to a high-overexpression. 

1.4.6) Sub-cellular activity of PKCε 

PKCε, through its effectors, appears to alter the outcome of pro-apoptotic proteins in 

mitochondria. It also has effects in other sub-cellular locations such as gap junctions. Gap junctions 

found in the sarcolemmal space mediate electrical coupling in the heart enabling the direct 

connection of cytoplasm in adjacent cells. This connection is achieved by the assembly of a 

hexameric structure of connexin proteins, in particular connexin 43 (cx43), to form a semi-

permeable channel between cells [140]. These channels are regulated by calcium ion 

concentration, pH, ATP levels and phosphorylation status141]. The channel is generally in a 

partially phosphorylated state, loss of phosphorylation occurs during ischemia and leads to high 

conductance between adjacent cells, possibly propagating ischemic injury [142]. PKCε directly 

phosphorylates cx43 in the human heart and in this way may decrease conduction between cells 

and decrease cardiac injury [143]. 

 

PKCε translocates to the mitochondria and sarcolemmal membrane and at both of these locations 

the ATP-sensitive K+ channel (KATP channel) is found [144], [145]. Stimulation of PKC by PMA 

(Phorbol 12-myristate 13-acetate) produces the cardioprotective effects attributed to 
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sarcolemmal KATP channels at the sarcolemma in rabbit ventricular myocytes [146]. Sarcoplasmic 

potassium gated-ATP channels are also involved in IPC as selective inhibition and/ or deletion of 

these channels abolishes IPC [147], [148] PKCε activation modulates binding of ATP to the sarc KATP 

channel by phosphorylating the channel. PKCε interacts directly with the KATP channel to produce 

its effects [149].The KATP channel opens as ATP levels fall [150]. Opening of the sarcolemmal 

channels by pharmacological agents or hypoxia may improve the viability of cells by decreasing the 

conductance between cells and shortening action potentials [151]. Activation of mitoKATP on the 

mitochondrial inner membrane by means of PMA or H2O2 prevents mPTP opening, an effect that is 

abolished when the PKCε-specific inhibitor εV1-2 is administered, suggesting that PKCε is the 

isoform responsible for keeping the mPTP closed [100], [104]. These experiments suggest that 

mitochondrial ATP channels are effectors of cardioprotection in IPC downstream of PKCε. 

 

PKCε has also been shown to translocate to the nucleus, implying a possible role as a transcription 

factor or as part of a transcription complex [152], [145]. It increases the DNA-binding activity of 

AP-1 and NFκB in rabbit hearts through the activity of ERK [125]. Additionally, Xuan et al have 

shown that late preconditioning activates STAT1 and STAT3 via PKCε and ERK, suggesting that 

PKCε on its own, or as part of a complex with ERK leads to transcription of cardioprotective genes 

in the setting of late preconditioning [153], [104]. 

 

Along with the above, PKCε also has a direct effect on the production of reactive oxygen species in 

the mitochondria [113]. It increases NO release in a dose dependent manner when rat aortic cells 

are treated with a PKCε activator [106], [114]. NO, in turn, reactivates PKCε via soluble guanylyl 

cyclase and cGMP [114].  
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1.4.7) PKCε, mitochondria and metabolism 

PKCε is found in cardiac mitochondria, and activation under stress further translocates PKCε to the 

mitochondria for it to be in reach of its targets. This movement appears to be dependent on ROS 

signalling, as the ROS scavenger N-acetyl-l-cysteine (NAC) prevented PKCε translocation to the 

mitochondria and prevents the closing of the mPTP (mitochondrial permeability transition pore) 

[154], thereby allowing cytochrome c to be released from the inner mitochondrial membrane, 

leading to apoptosis (see fig.7). Under normal conditions, the inner mitochondrial membrane is 

not permeable to ions and metabolites, however when an injury occurs in the heart, the mPTP 

opens, allowing passage of ions and metabolites through to the inner membrane. This uncouples 

oxidative phosphorylation and the mitochondria swells, the outer membrane tears and releases 

integral proteins such as cytochrome c. PKCε has been demonstrated to interact with the mPTP 

leading to phosphorylation of the mPTP and reduces the loss of cytochrome C [155],  [156], [157]. 

 

Mitochondria are key to metabolism. They use substrates such as glucose and fatty acids to 

produce ATP. They are essential for survival of cardiac myocytes and provide the energy needed 

for the myocytes to contract and maintain the heartbeat.  Under normoxic conditions in the heart, 

fatty acid oxidation produces most of the ATP stores, with glucose procuring the remainder to 

make up the full quantity of ATP [25], [28]. In I/R, glycolysis is decreased, lowering the pH of cells 

and resulting in stunted ATP levels which trigger cell death [158], [159]. Glycolysis is the preferred 

metabolic process in the failing heart [26] as it switches from the adult fatty acid oxidising 

programme to the foetal gene programme (preferentially using glucose) to protect itself and 
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continue beating [31]. Fatty acid oxidation uncouples mitochondrial respiration in the failing heart 

[22]. 

 

1.4.8) How do these effects of PKCε contribute to survival? 

 

The mitochondria of aPKCε mice (overexpressing a moderate amount of PKCε) show greater 

resilience to oxidative stress damage compared to wildtype controls [157]. The protection 

proffered depends on the degree of activation, with modest activation of PKCε providing 

enhanced resistance to damage. The use of PKCε-knockout mice provides the greatest evidence 

for the implication of PKCε in protection of the heart against injury in I/R [156]. In part this is due 

to improved oxidative phosphorylation, which enhances cellular ATP capacity, fuelling resilience to 

damage through closing of the mPTP and opening of the mitoKATP channel in mitochondria [155], 

[114]. Sub-proteome analysis has revealed interactions between PKCε and several cellular proteins 

in mitochondria including those regulating oxidative phosphorylation, electron transfer, ion 

transport and the mPTP. PKCε appears to enhance the generation of ATP in response to I/R, 

thereby modulating the bioenergetic capacity of mitochondria to tolerate ischemic injury [157]. 

PKCε colocalizes directly with glycolytic enzymes like hexokinase 2, and citric acid cycle enzymes 

and is therefore directly able to affect metabolism [155].  

 

PKCε is also responsible for a phenomenon known as Remote Preconditioning (RPC), where brief 

episodes of I/R in remote organs provides myocardial protection [160]. RPC significantly reduced 

infarct size, a protection which was abolished when the PKC inhibitor chelerythrine was 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Page | 41 
 
 

administered to hearts. RPC shifts the ratio of cytosolic to particulate PKCε indicating that PKCε is 

the isoform responsible for RPC-induced protection [161]. 

1.4.9)  PKCε and cardiac remodelling 

 

PKCε has also been reported to play a critical role in regulating the migration and adhesion of 

cardiac fibroblasts at the cellular level [162]. Migration of fibroblasts is promoted by AngII, and 

treatment with a specific PKC inhibitor calphostin blocks these processes [163]. This is shown in 

PKCε knockout mice which abolish these processes in myofibroblasts. PKCε forms a complex with 

β1-integrin to control the interaction between the cell and the extra-cellular matrix. These findings 

implicate PKCε as a role-player in cardiac remodelling, which are founding responses in the 

development of heart failure [121]. PKCε has been found to be significantly increased in the 

cytosolic and particulate fractions of failing rat hearts and PKCε over-expressing mice (with a high 

level of overexpression) have been shown to exhibit cardiac hypertrophy and diminished 

ventricular function [102]. 

Severe cardiac-specific expression of the ψεRACK peptide (i.e. PKCε-specific activator) also leads to 

development of concentric cardiac hypertrophy in mice [164], while mouse models with severe 

cardiac-specific overexpression of the PKCε inhibitor peptide εV1 developed lethal, dilated 

cardiomyopathy.  In a salt-hypertensive rat model which usually develop fibrosis with age and 

continue to heart failure, sustained treatment with the εV1-2 PKCε inhibitor decreased the 

amount of fibrosis [165]. Sustained treatment with the inhibitor had a positive effect, but a mouse 

model of pressure-overload aortic banding together with a PKCε gene deletion show an increase in 

fibrosis in heart tissue [166], [121]. These observations support the idea of hormesis with respect 

to PKCε – a little is good, but too much is bad. These observations also suggest an association 
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between PKCε and heart failure, but the conflicting data make it unclear as to exactly how they 

relate. This particular link is still to be investigated in greater detail. 

 

E:  PKCε and STAT3 – linked pathways in heart failure? 

 

In the context of the heart, STAT3 and PKCε both play a big role in protection and survival. STAT3 

is noted for its role as a transcription factor, but also appears to be an upstream mediator in signal 

transduction in cardiac cell injury. In addition to transcription of pro-survival genes, it brings about 

cell responses in the setting of injury such as its inhibitory effect on the opening of the mPTP, its 

association with activity of anti-apoptotic proteins and colocalization with structures such as Cx43 

channels which are involved in electrical transduction between adjacent cardiomyocytes. It is also 

involved in regulation of metabolism in situations of cell stress, as it associated with mitochondria 

– both by its translocation there when activated, as well as its colocalization with complex I/II of 

the electron transport chain. Transcending this level, STAT3 is also involved in the distribution of 

cells and structure of the heart, which is reflected in its involvement in heart failure. 

PKCε is noted for the role it plays downstream of cell surface receptors, and its response to cell 

signalling molecules to transduce signals to processes promoting survival in cells. In response to 

injury, it closes the mPTP, prevents aberrant electrical signal transduction in adjacent cells by 

phosphorylating and inhibiting Cx43. It also closes the sarcolemmal KATP channels in cardiac and 

other cells when ATP levels drop. PKCε is well recognised for its involvement in heart metabolism 

under stress such as hypoxia, and its regulation of the glycolysis-fatty acid metabolic switch. It also 

has a marked effect at the level of the organ tissue as both severe over-expression, as well and 

complete inhibition produce fibrosis in tissues and HF-like structural symptoms. 
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The effects of STAT3 and PKCε are remarkably similar and seem to target the same organelles and 

cellular machinery. Neither of them has been directly associated with the other, but scrutinizing 

the evidence, it seems to indicate that they could work together to produce the cardioprotective 

effects consistent with each other in the heart, and particularly in the development of HF. 

 

1.5) Hypothesis 

 

We hypothesise that STAT3 and PKCε may act synergistically as part of separate cardioprotective 

pathways to target mitochondria of cardiomyocytes for cardioprotection. 

       

 

Figure 8: STAT3 and PKCε have consistent effects in cardioprotection, targeting the same organelles and systems. The activities 

of STAT3 and PKCε may be linked in the setting of cardioprotection. This project will investigate the possible link between the 

two pathways involving STAT3 and PKCε.  
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To answer our hypothesis we aim to: 

-   Delineate the interaction between the pathways involving STAT3 and PKCε by looking at 

the recovery of hearts: 

-  From wildtype and cardiomyocytes STAT3 deficient mice treated with a PKCε 

activator 

- From wildtype and PKCε overexpressing mice treated with a STAT3 inhibitor 

-  Explore the development of heart failure in STAT3 deficient mouse hearts with age by 

means of histology staining. 

- Conclusively determine whether signalling with STAT3 and PKCε are linked. 

Knowledge of these signalling pathways would provide the information we need to develop 

better, more effective and efficient therapies for the treatment of heart failure, heart attacks and 

numerous other related conditions. 

Both STAT3 and PKC are known to be present in the mitochondrion. To explore the possible 

interactions of the pathways involving PKCε and STAT3 in cardioprotection, we used permeabilized 

heart fibres of BalbC mice pre-treated with a PKCε (ψεRACK) activator so as to mimic a PKCε-

overexpressing mouse model, and fibres from an established STAT3 mouse model with a deletion 

in the STAT3 gene (STAT3 KO). Mitochondrial respiration and recovery after a simulated hypoxic 

incident were measured in permeabilized heart fibres of PKCε-activated (aPKCε) mice at baseline 

and with treatment of a STAT3 inhibitor to see whether this would abrogate the cardioprotection 

conferred by PKCε, thus implicating STAT3 as a downstream member of the PKCε cardioprotection 
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pathway. Conversely, heart fibres of STAT3 KO mice and littermate controls underwent the same 

procedure. Respiration and recovery were measured at baseline and with treatment of a PKCε 

activator to see whether this would have an advantageous effect on the recovery of hearts 

compromised for STAT3 and place PKCε downstream of STAT3. To further support the findings of 

this investigation, peptide levels for STAT3, PKCε and other key molecules will be evaluated in 

protein samples from these experiments (see fig.7). 

Furthermore, to evaluate STAT3 and the effect it has on the development of heart failure, we used 

mice with a cardiomyocyte-specific deletion in the STAT3 gene. The mice were used between 9 

and 10 months of age, their heart fibres permeabilized and their respiration measured using fatty 

acids as a substrate. Attenuated mitochondrial respiration in the presence of fatty acids only as a 

substrate is a sign of a failing heart, and inability to respire efficiently it would indicate that heart 

fibres have transitioned to the metabolic state of heart failure. Hearts will be harvested and 

prepared for histological staining to examine the compaction of the heart tissue and the amount 

of fibrosis in the heart. These findings were compared to previously established models of heart 

failure. Additionally, to see for colocalization of STAT3 and PKCε , we used conjugated fluorescent 

secondary antibodies for total PKCε  and total STAT3 with fluorescence imaging to obtain the areas 

of colocalization in the genetically modified and wildtype mouse hearts. 

In this project we investigated the possibility of a signalling interaction between PKCε and STAT3. 

The motivation  for this project  was an interesting finding in a mouse model with a cardiac-

specific over-expression of PKCε  in our lab – protein levels of p-serSTAT3 were found to be 

elevated in PKCε  over-expressing hearts (2.33 A.U) compared to wildtype control hearts (1.25)  

(n=5, p>0.05, data not shown).  These mouse hearts were found to be robustly cardioprotected 
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against both acute and chronic oxidant stress. This, together with the delineation of the 

cardioprotective SAFE pathway in their laboratory, led us to investigate the possibility that there 

may be cross-talk between STAT3 and PKCε, both signalling molecules contributing to the survival 

of the heart.  

 

 

 

Permeabilized 
PKC ε-activated  

heart fibres 

Permeabilized 
WT heart fibres 

Permeabilized 
STAT3 KO heart 

fibres 

Permeabilized 
WT heart fibres 

Measure state 3 respiration rate 
(ΔADP/ Δtime) 

Proceed to zero O
2 

and seal 

chamber  

Reoxygenate 

Calculate  recovery  
(State 3b/state 3a) 

25 Min 

+PKCε activator +STAT3 inhibitor 

Figure 9: Schematic of the experiment to mimic ischemia-reperfusion in permeabilized heart fibres from PKCε-activated and 

STAT3 deficient hearts.  By looking at how recovery in respiration is affected in PKCε-activated fibres with a STAT3 inhibitor 

and STAT3 deficient fibres with a PKCε activator, we would be able to determine whether the activities of STAT3 and PKCε 

are linked.  
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Materials and methods: 

2.1)   Animals 

2.1.1) Cardiac-specific STAT3 knockout mouse model 

Cardiac-specific STAT3-deficient mice (STAT3 KO) were created by crossing together mice 

heterozygous for an MLC2V-driven Cre-recombinase [167] with mice homozygous for flox-

surrounded section of STAT3 [168]. Mice found to be homozygous for the deleted 1.4-kilobase 

fragment of STAT3 (containing exon 1, intron 1, exon 2 and part of intron 2) and MLC2V Cre-

recombinase by means of PCR analysis [169], [170] were used as STAT3 KO, and mice found to lack 

Cre-recombinase by PCR analysis were used as wildtype littermate controls. BalbC inbred, albino 

laboratory mice were also used for experiments requiring PKCε overexpression and their wildtype, 

untreated controls. 

 

2.1.2)  Animal ethics 

All mice (9 weeks – 10 months of age) were housed, and all experiments were conducted in 

accordance with the Guiding Principles in the Care and Use of Animals and National Institute of 

Health Guidelines (NIH publication No. 85-22, revised 1996) [171]. All procedures were also 

approved by the Faculty of Health Sciences Animal Ethics Committee of the University of Cape 

Town (project reference number: 011/025). Only male mice were employed for this study, as 

oestrogen levels vary through the reproductive cycle and, if used as part of this study, may cause 

inaccurate attribution of cardioprotective effects to treatment by drugs rather than to oestrogen 

levels. 
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2.2) Mitochondrial respiration studies 

2.2.1) Permeabilization of heart fibres 

Mice were anesthetized using sodium pentobarbitone (50mg/kg body mass, Bayer, SA; Bodene, 

trading as Intramed, Port Elizabeth, South Africa). Depth of anaesthesia was assessed by pedal 

reflex: once the pedal reflex had disappeared a sufficient degree of anaesthesia was obtained, the 

chest cavity was cut open and hearts were rapidly excised and arrested in ice-cold solution A (see 

appendix A). Excess connective tissue and right atria were removed using dissection scissors, and 

heart muscle tissue composed of the left and right ventricles, and the left atria was submerged in 

solution A and cut longitudinally into fine strips using a sharp blade. These strips were rinsed with 

solution A to remove excess blood and permeabilized for 20 minutes on ice using the detergent 

saponin (final concentration 50mg/ml in solution A). After permeabilizing, fibres were washed 

twice for 10 minutes with solution A on ice, unless otherwise specified, using the method of 

Boudina [172], [132]. The fibres were kept in solution A on ice before being assayed. This 

permeabilization procedure was performed as quickly as possible, keeping everything on ice to 

ensure that the heart fibres would be in optimal condition for the experiment. The entire 

procedure usually took less than 50 min and fibres were viable for up to 4 hours after extraction. 

Viability was checked during respiration experiments by looking at the respiratory control index – 

this is the ratio of the rate of respiration after the addition of ADP (state 3a) to the rate of 

respiration once the ADP has been consumed (state 4). A ratio of 3 or higher is considered to be 

indicative of viable mitochondria. This time period had also been determined from previous sets of 

experiments in the lab. 

 

 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Page | 49 
 
 

2.2.2) Determination of mitochondrial Respiration Coupling to measure fatty acid oxidation 

Respiration studies were performed in a respirometer equipped with a Peltier temperature control 

unit [Oxytherm, Hansatech, Norfolk, UK]. The 3ml chamber contained 400µl of Solution B (See 

appendix A) at 25oC. To ensure calibrations were stable, a baseline reading was taken before the 

addition of heart fibres. On addition of fibres, a second reading was taken to determine state 1 

respiration. State 1 respiration is regarded as the endogenous respiration of the mitochondria. 

After approximately 1 min, 50µl of substrate (final concentration 20 μM palmitoyl carnitine, 2mM 

malate) was added, and state 2 respiration was measured. State 2 respiration shows the use of 

substrate (palmitoyl carnitine and malate) by mitochondria in the absence of ADP. State 2 

respiration continued for approximately 1 min before the addition of 50 μl of ADP (final 

concentration 560μM) to the chamber to start state 3 respiration. During the conversion of ADP to 

ATP a large amount of oxygen is used, and the chamber was sealed during this time to obtain an 

accurate respiration rate. Respiration rates for this part of the study were normalised to dry 

weight of the heart fibres. 

 

2.2.3) PKCε activation and STAT 3 inhibition 

 

BalbC mice were injected with 1 unit (5μl) of 4mM of ψεRACK activator, intraperitoneally 10 

minutes prior to anaesthesia, to mimic a PKCε over-expressing mouse model [173]. All 

permeabilization and running buffers for aPKCε (PKCε -activated) hearts contained 5µM of the 

ψεRACK activator (see fig. 10). Permeabilization of the heart fibres was done on ice, and 

subsequent rinsing of fibres was done at room temperature with STATTIC (STAT3 inhibitory 

compound) added to the buffer (final concentration 100μM) [Sigma, T3434, ST Louis MO]. STATTIC 
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is a small molecule shown to selectively inhibit the activation of the STAT3 transcription factor by 

blocking phosphorylation and dimerization events [174]. STATTIC attains maximal inhibition at 

37oC [174], but the incubation of fibres at 37oC reduces the period for which fibres would be viable 

for experimental use. Thus fibres were rinsed at room temperature and then placed on ice until 

such time as they were added to the respiration chamber. Treatment with DMSO (Dimethyl 

Sulfoxide, 99.9%) was used as a vehicle control for STATTIC. 

For the STAT3 deficient mouse model, the same treatment was done using only STATTIC as above, 

without the ψεRACK activator injection prior to anaesthetism. 

 

 
Figure 10: Schematic of the method to extract and permeabilize fibres to mimic a PKCε-activated mouse model. Mice will be 

injected with the ψεRACK activator prior to anaesthesia. Hearts were excised and cut into strips, before being permeabilized in 

a buffer containing the ψεRACK activator, and rinsed in a buffer containing both the ψεRACK activator and STATTIC. Fibres were 

incubated with both the ψεRACK activator and STATTIC for 15 minutes in the chamber before respiration studies were 

performed.  
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2.2.4) Determination of mitochondrial Respiration Coupling for PKCε-activated and STAT 3 

deficient hearts 

The 3ml respiration chamber contained 400µl of Solution B (See appendix A) at 30oC with 1 μl of 

100mM STATTIC (final concentration 200μM in chamber, after the addition of substrates) or 

DMSO as a control. Solution B also contained 32mM of the ψεRACK activator. A baseline reading 

was taken to ensure the stability of the calibration. On addition of fibres, a reading was taken for 

state 1 respiration. Fibres were left to stir in the chamber for 15 min prior to addition of substrates 

to allow time for the STATTIC treatment to achieve a 50 – 70% inhibition of STAT3 [174]. After 15 

minutes in the chamber, 50µl of substrate (final concentration 5mM glutamate, 2mM malate) was 

added, and state 2 respiration was measured. State 2 respiration continued for approximately 1 

minutes before 50 μl of ADP was added to the chamber (final concentration 560μM) and it was 

sealed to obtain state 3a respiration (i.e. the state 3 respiration before hypoxia). Once state 3a 

respiration had been measured, the fibres and buffer from the chamber were transferred to a 

petri dish and placed in a hypoxic chamber at 30oC. Nitrogen gas was used to displace oxygen from 

the chamber to attain hypoxia. After 25 minutes of hypoxia, the samples were re-oxygenated by 

transferring the fibres to the respiration chamber containing 400 μl of fresh solution B with 50 μl 

of ADP and 50 μl of substrate (final concentration 5mM glutamate, 2mM malate). State 3 

respiration was thus re-established. State 3 respiration prior to hypoxic insult is regarded as state 

3a respiration, while post-hypoxic respiration is regarded as state 3b respiration.  A percentage 

recovery was determined by the ratio of state 3a x 100/ state 3b for each treatment. Excess and 

assayed fibres were taken from each heart preparation, snap-frozen in liquid nitrogen and stored 

at -80oC for western blotting.  All measurements taken for this part of the study were normalised 
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to the protein content of fibres (see method below). This protocol was used for both aPKCε and 

STAT3 deficient hearts.  

 

2.3. Western blot analysis 

2.3.1) Protein extraction 

Nuclear and cytosolic fractions were extracted for western blotting using the method of William 

and Ford [175]. Fibres were thawed and homogenised in 270 μl of solution C [see Appendix A] on 

ice using a polytron [Kinematica, Switzerland] at setting 4 for 2.5 seconds. The homogenate was 

transferred to an eppendorf tube and centrifuged at 10 000g for 5 minutes at 4oC to pellet large 

debris and nuclei. The supernatant containing the cytosolic fraction was transferred to a clean 

eppendorf tube and the pellet was re-suspended in 150 μl of solution D and centrifuged at 15 

000g for 30 minutes at 4oC. The supernatant contained the nuclear fraction and was transferred to 

an eppendorf tube, and the pellet containing the cell debris was discarded. 

2.3.2) Bradford protein determination 

Protein determination was done using a Bradford assay [176]. The Bradford reagent was diluted to 

a 1x working solution with distilled water. In an eppendorf, 5 μl of protein sample and 95 μl of 

distilled water were mixed, and 900 μl of the diluted Bradford reagent was added. After mixing, 

200 μl of each sample was loaded onto a 99 well microplate for the absorbance to be measured. 

The components were protected from light as far as possible for the duration of the assay to 

prolong the stability of the working solution. BSA standards were added to separate wells and 

mixed, these served to construct a standard curve to determine the protein concentration. Protein 

extracts were added to separate wells (10 μl per well) and mixed.  Absorbance was measured at 
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595nm using a microplate reader [GloMax, Promega, Fitchburg, WI 53711] and protein 

concentration was determined from the standard curve. All samples were assayed in duplicate. 

2.3.3) Western blot procedure 

Proteins were extracted as described above and diluted 1:1 on ice with Laemmli buffer (see 

appendix A) [177]. Western blots were run on a 7.5% sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis gel. A lower separating gel (see appendix A) was prepared, poured, levelled with 

ethanol and left to set. Ethanol was removed using blotting paper before an upper stacking gel 

(see appendix A) was poured. Gels were set in glass plates and a plastic comb was inserted into 

the upper stacking gel formed lanes for the loading of samples, making sure there were no 

bubbles present. When set, gels were assembled in a running chamber, the inner chamber of 

which was filled with running buffer (see appendix A). Each lane was washed with running buffer 

before samples were loaded on to the gel. The first lane of each gel was loaded with 7µl of 

peqGOLD protein marker IV [Optima Scientific, 27-2110], and subsequent lanes were loaded with 

100μg of protein samples (in buffer, see above), thawed on ice. Once samples were loaded, the 

outer chamber was filled with running buffer and samples were electrophoresed at 160V for 90 

min, or until the gel front had reached the bottom of the gel. A transfer membrane was cut to size 

and soaked in fresh methanol for 5 min, in sterile distilled water for 2 minutes and in transfer 

buffer (see appendix A) for 15 min. The gels were then removed from the chamber and dissected 

to retain only the lower separating gel, which in turn was covered with a polyvinylidene difluoride 

(PVDF) membrane [Hybond, Amersham, UK] and sandwiched between blotting paper and sponge 

inside a transfer cassette. Care was taken to ensure that the membrane was on the side of the gel 

closer to the positive side of the transfer cassette, that there were no air bubbles between the 

membrane and gel, and that all elements of the sandwich were submerged in ice cold transfer 
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buffer prior to and during assembly. Cassettes were covered with ice cold transfer buffer and 

transferred at 0.2A for 2 hours, or 0.02A overnight. Membranes were removed and soaked in 

methanol for 30 sec before being dried completely. Once dried, membranes were labelled and 

washed vigorously with TBS-T (see appendix A) 3 times for 5 min. Membranes were blocked for 2 

hours in 5% milk powder in TBS-T before being washed with TBS-T 3 times for 5 minutes each. 

Membranes were then exposed to a primary antibody (p-ser STAT3, p-tyr STAT3, total STAT3, total 

PKCε, total and phosphorylated AKT1 and total and phosphorylated Erk1/2 for PKCε-activated 

mice, STAT3-/- mice and their controls (all 1:10000 in TBS-T) [Santa Cruz Biotechnology, Santa Cruz 

CA] for 1hour at room temperature before being washed with TBS-T 3 times for 5minutesand 

being exposed to a secondary antibody for 1hour at room temperature. Membranes were washed 

again with TBS-T 3 times for 5 minutes each. Equal loading was verified with β-actin or 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:10000 in TBS-T). GAPDH was used as a 

loading control for the membranes which were probed for proteins with approximately the same 

size as β-actin. Membranes were then treated with enhanced chemiluminescent (ECL) Western 

Blotting Detection Reagents [Amersham, UK], and images were captured over 5 minute periods 

and superimposed by means of a GeneGnome HR [Syngene Bioimaging, UK]. Image densitometry 

analysis was used to quantify luminescence using computerized software package [UVI Soft, UVI 

Band, UVI Tech, Cambridge, UK and Image –J]. Image densitometry results for each protein of 

interest were normalised by ratio to the loading control before statistical analyses were 

performed. 

2.4. Histology  

2.4.1) Histological fixing of hearts 
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Mice were anesthetized by intraperitoneal injection of sodium pentobarbitone (50mg/kg body 

mass) [Bayer, SA; Bodene, trading as Intramed, Port Elizabeth, South Africa]. Once a sufficient 

degree of anaesthesia had been obtained, the chest was cut open and 0.1ml of saturated 

potassium chloride (KCl) solution was injected into the left ventricular chamber to arrest the 

hearts in diastole.  The heart was excised and excess connective tissue was removed before 

flushing with solution A (see appendix A) to eliminate all blood. The heart was then submerged in 

paraformaldehyde for 1 – 2 days to set before slicing. When set, the atrium was trimmed off the 

heart and the remainder of the heart was sliced into three transverse sections from the apex to 

the basal part of the left ventricle by means of a cryostat at 10µm thickness with an interval of 

approximately 300 µm between each section. All sections were mounted on glass slides for 

staining and quantitative analysis. [178] 

2.4.2) De-waxing of paraffin-embedded tissue sections 

Paraffin sections were de-waxed and hydrated. This was done by submerging the slides with tissue 

sections on them in xylene twice, for five minutes each time. These were then hydrated by dipping 

slides 10 times in two changes of 95% ethanol, followed by 70% ethanol, then distilled water, 

tapping off excess liquid between changing of solutions. Slides were stored in phosphate buffered 

saline (PBS) until staining was performed. 

2.4.3) Sirius Red collagen staining 

Slides were removes from PBS and tapped dry before being submerged in picro-sirius red solution 

(1g Sirius red F3B per litre saturated aqueous solution of picric acid) for an hour. Sections were 

washed twice in acidified water (5ml acetic acid per litre water) and drained before dehydrating in 
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3 changes of 100% ethanol. Sections were then cleared in xylene and mounted in a resinous 

medium for analysis. 

2.4.4) Examination of histological sections 

Picro-sirius stained histological sections were examined with a Nikon Eclipse 90i microscope using 

a 4x objective. Images were captured with the use of NIS-Elements Basic Research software [Nikon 

Instech Co. Ltd, Japan]. ImageJ 1.34 software was used to measure fibrotic areas [178]. 

The amount of fibrosis for each heart was determined using a scale from 0 to 10, with a score of 0 

having no visible signs of fibrosis, and 10 having complete tissue fibrosis with Sirius Red staining 

for collagen. Assessment of the tissue was done blinded, with no knowledge of the identity of the 

sections during the investigation. 

2.4.5) Fluorescence staining 

Slides were removes from PBS and tapped dry before being incubated with 100μl of 5% donkey 

serum [Invitrogen Life Technologies Corporation, Paisley, UK] for 20 minutes at room temperature. 

The serum was drained and 100 μl of primary antibody (1:100 in PBS for total STAT3 and total 

PKCε) was distributed over sections and incubated for 90 minutes at room temperature. A PBS 

control was included to evaluate secondary antibody binding. Sections were then carefully rinsed 

with 100 μl of PBS before 100 μl of secondary antibody (1:200 in PBS), FITC-conjugated anti-rabbit 

antibody [Jackson ImmunoResearch Laboratories, Inc. PA,  USA] or Alexa Fluor-568 conjugated 

anti-goat antibody [Invitrogen Life Technologies Corporation, Paisley, UK] was added and 

incubated for 30 minutes at room temperature. Thereafter, 100 μl of Hoechst (final concentration 

50μg/ml PBS) [Invitrogen Life Technologies Corporation, Paisley, UK] was added and incubated for 
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15 minutes at room temperature. Sections were washed with 100 μl of PBS thrice before 

mounting with a fluorescent mounting medium [Dako Cytomation, Denmark], and sealed. For this 

protocol, care was taken to ensure minimal light exposure during the preparation of slides and 

antibody solutions. Slides were wrapped and stored at -20oC until examination. 

2.4.6) Fluorescence Imaging 

Image acquisition was performed on an Olympus Cell R system attached to an IX 81 inverted 

fluorescence microscope equipped with an F-view-II cooled CCD camera [Soft Imaging Systems 

GmbH, Germany]. Using a Xenon-Arc burner [Olympus BioSystems GmbH, Germany] as light 

source, images were acquired using the 360 nm, 472 nm or 572 nm excitation filter. Emission was 

collected using a UBG triple-bandpass emission filter cube [Chroma Technology Corporation, VT, 

USA]. Z-stack image frames were acquired by using a step width of 0.4 µM, utilizing an Olympus 

Plan Apo N 60x/1.4 Oil objective and the Cell R imaging software [Olympus BioSystems, GmbH, 

Germany]. Images were processed, background-subtracted and projected as maximum intensity 

projection. Signal co-localization was performed using the Cell R software. 

2.5. Chemicals 

Unless specified, all chemicals were obtained from Sigma-Aldrich Inc., and all antibodies from 

Santa Cruz Biotechnologies. 

2.6. Statistical analysis 

Results are expressed as means ± SEM. Significance (p <0.05) was determined for continuous 

variables by using the Student’s 2-way t-test with Welch correction, and one-way Anova and 

Tukey’s post-test. 
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Results: 

3.1 PKCε -STAT3 interaction in PKCε -activated heart fibres  

3.1.1) The effect of STAT3 inhibition on respiration in PKCε -activated heart fibres subjected to 

hypoxia 

Respiration parameters were measured in isolated heart fibres subjected to 25 minutes of 

hypoxia. Wildtype (WT) hearts treated with DMSO served as the comparative control for the 

recovery in respiration of heart fibres after hypoxia. These fibres showed a recovery of (1.00±0.02 

A.U) (see fig. 11). When treated with the STAT3 inhibitor, STATTIC, recovery decreased very 

slightly to (0.94±0.02), with no significant difference compared to the control (p>0.05). PKCε -

activated (aPKCε) fibres treated with DMSO showed a recovery of (0.94±0.08), with no significant 

difference compared to the control (p>0.05). aPKCε  fibres treated with the inhibitor STATTIC 

showed a recovery of (0.99±0.07), which was not significantly different from the WT control, nor 

from the aPKCε  DMSO control (p>0.05) (n=6 per group). 
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Figure 11: Normalised values for recovery of state3 respiration after hypoxia in PKCε-activated (aPKCε) and wildtype 

(PKCε WT) mouse heart fibres. Percentage recovery is measured by comparing the post-hypoxic respiration rate (state 

3a) to the baseline, pre-hypoxic respiration rate (state 3b). There were no significant differences found in state 3 

percentage recovery of respiration within or between STATTIC and DMSO treatment groups for aPKCε and WT mouse 

heart fibres. (n=6 per group, p>0.05). 
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3.1.2) The effect of STAT3 inhibition on protein levels in PKCε-activated fibres subjected to 

hypoxia 

3.1.2.1) Levels of total STAT3, phosphorylated STAT3 and PKCε  in aPKCε  heart fibres 

Western blots were performed on STAT3 WT and STAT3 KO heart fibres after completion of 

hypoxia and respiration studies, to evaluate the levels of the phosphorylated STAT3 present (p-tyr 

STAT3, p-ser STAT3 and total STAT3), as well as levels of total PKCε  in the treated samples. 

Banding patters appeared to be consistent between groups (see fig. 12).  

 

 After analysis and correction for loading, levels for the total STAT3 in the WT DMSO control were 

0.62±0.08 A.U. STATTIC-treated WT showed no significant difference in levels (0.61±0.06) 

Figure 12: Banding patterns obtained from western blots for total STAT3, p-ser STAT3, p-tyr STAT3, total 

PKCε for DMSO-treated (vehicle control) and STATTIC-treated aPKCε and WT hearts after hypoxia. 

GAPDH and -actin bands served as loading controls. Banding patterns appear to be consistent for all 

groups for each probe of interest (n=4 per group, p>0.05). 
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compared to the control group (p>0.05) (see fig. 13). There was also no significant difference in 

total STAT3 in the DMSO control-treated aPKCε  group (0.70±0.08) compared to the WT control, 

nor the STATTIC-treated aPKCε  group (0.72±0.02) when compare to the WT control or the aPKCε  

DMSO control-treated groups (p>0.05, n=4 per group) 

Levels for the p-ser STAT3 in the WT DMSO control were 0.85±0.05 A.U. STATTIC-treated WT 

showed no significant difference in levels of p-ser STAT3 (0.73±0.07) compared to the control 

group (p>0.05) (see fig. 13). There was also no significant difference in p-ser STAT3 in the DMSO 

control-treated aPKCε  group (0.74±0.11) compared to the WT control, nor the STATTIC-treated 

aPKCε  group (0.85±0.09) when compare to the WT control or the aPKCε  DMSO control-treated 

groups (p>0.05, n=4 per group). 

Levels for the p-tyr STAT3 in the WT DMSO control were 0.67±0.04 A.U. STATTIC-treated WT 

showed no significant difference in levels of p-tyr STAT3 (0.78±0.05) compared to the control 

group (p>0.05) (see fig. 13). There was also no significant difference in p-tyr STAT3 in the DMSO 

control-treated aPKCε  group (0.67±0.11) compared to the WT control, nor the STATTIC-treated 

aPKCε  group (0.82±0.23) when compare to the WT control or the aPKCε  DMSO control-treated 

groups (p>0.05, n=4 per group). 

Levels for total PKCε  in the WT DMSO control were 0.60±0.05 A.U. STATTIC-treated WT showed 

no significant difference in levels of total PKCε  (0.59±0.05) compared to the control group 

(p>0.05) (see fig. 13). Total PKCε in the control-treated aPKCε group (0.79±0.03) was significantly 

elevated compared to the WT control and to the STATTIC-treated WT group (p<0.05). The 

STATTIC-treated aPKCε group (0.68±0.01) showed no significant difference when compare to the 

WT control or the aPKCε DMSO control-treated groups (p>0.05, n=4 per group). 
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Levels of the two phosphorylated isoforms of STAT3 (p-ser STAT3 and p-tyr STAT3) were compared 

to total STAT3 to determine their levels of activation (see fig. 14). Levels of activation of p-ser 

STAT3 in the control group were found to be 1.42±0.19 A.U. There were no significant differences 

found in the level of p-ser STAT3 activation between STATTIC-treated WT (1.20±0.06), control-

treated aPKCε  (1.16±0.32), STATTIC-treated aPKCε  (1.19±0.14) and the WT control (p>0.05), nor 

were there any differences between the two treated aPKCε  groups (p>0.05). 

Levels of activation of p-tyr STAT3 in the control group were found to be 1.12±0.16 A.U. There 

were no significant differences found in the level of p-tyr STAT3 activation between STATTIC-

treated WT (1.35±0.23), control-treated aPKCε  (1.02±0.23), STATTIC-treated aPKCε  (1.15±0.33) 

and the WT control (p>0.05), nor were there any differences between the control- and STATTIC-

treated aPKCε  groups (p>0.05, n=4 per group).  There were also no significant differences in the 

levels of activated p-ser STAT3 and p-tyr STAT3 within each group (p>0.05). 

0

0.2

0.4

0.6

0.8

1

1.2

Total STAT3 p-ser STAT3 p-tyr STAT3 Total PKCɛ  

D
et

ec
te

d
 le

ve
l (

A
.U

.)
 

PKCε WT + DMSO PKCɛ WT + STATTIC aPKCε + DMSO aPKCε + STATTIC 

Figure 13: Western blot detected levels of total STAT3, p-ser STAT3, p-tyr STAT3 and total PKCε, corrected for loading 

in aPKCɛ and WT hearts treated with DMSO control, or STATTIC. No significant differences were found for levels of 

total STAT3, p-ser STAT3 or p-tyr STAT between treatment groups (n=4 per group, p>0.05). In the set detecting levels 

of total PKCε, the aPKCε group treated with DMSO control was significantly elevated compared to the DMSO- and 

STATTIC-treated PKCε WT groups (*p<0.05). 

* 
* * 
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3.1.2.2) Levels of activation of ERK and AKT in aPKCε  heart fibres 

Activation levels were determined for ERK1/2 (MAP42/44) and AKT1, both downstream effectors 

of PKCε, using bands detected by western blotting (see fig. 15). Activation levels were determined 

by taking the ratio of phosphorylated to total ERK1/2 and AKT1 from western blots for total ERK (t-

ERK), phosphorylated-ERK (p-ERK), total AKT1 (t-AKT1) and phosphorylated AKT1 (p-AKT1) after 

correction for loading. No significant differences were found for the activation levels of ERK1/2 

between the control-treated WT (0.56±0.48 A.U.) and STATTIC-treated WT (0.50±0.06) groups (see 

fig. 16). No significant differences were found on comparison of the control-treated aPKCε group 

(0.64±0.05) to the WT control group, nor the STATTIC-treated aPKCε group (0.81±0.14). The 

STATTIC-treated aPKCε group showed no significant difference to the WT control groups (p>0.05, 

n=4 per group). 

Activation levels of AKT1 in the control-treated WT group were 0.48 ±0.05 A.U. STATTIC-treated 

WT levels (0.39 ±0.07) showed no significant difference when compared to control-treated WT 

group. No significant differences were found for levels of AKT1 between control-treated aPKCε   
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Figure 14: Levels of activation of p-ser STAT3 and p-tyr STAT3 when compared to total STAT3 in PKCε WT and aPKCε 

heart fibres after hypoxia. Levels of activation of p-ser STAT3 (p-ser/total STAT3) and p-tyr STAT3 (p-tyr/total) were 

consistent within each group, as well as between WT and aPKCε treatment groups (n=4 per group, p>0.0.5) 
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(0.45 ±0.05) and WT control, nor between STATTIC-treated aPKCε (0.51 ±0.04) and WT control 

groups. There were no significant differences between the two aPKCε treatment groups (p>0.05, 

n=4 per group). There is a trend toward an increase of activated ERK1/2 in the PKCε -activated 

groups, but no significant differences in levels of activation over all.  
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Figure 15: Banding patterns obtained from western blots for total ERk1/2 (t-ERK1/2) and its 

phosphorylated/activated isoform (p-ERK1/2) as well as total AKT1 (t-AKT1) and its phosphorylated / activated 

isoform (p-AKT1) together with their loading controls. Banding patterns appear to be consistent for both isoforms of 

ERK1/2 and AKT1/2 for all four groups. 

Figure 16: Activation levels of ERK1/2 and AKT1 determined using western blots. Activation levels were determined 

by comparison of phosphorylated to total levels of ERK1/2 and AKT1 after correction for loading. No significant 

differences were found for activation levels of ERK1/2 or AKT1 within or between groups (n=4 per group, p>0.05) 
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3.2 PKCε -STAT3 interaction in STAT3 KO heart fibres 

3.2.1) The effect of PKCε  activation on respiration in STAT3 deficient mouse heart fibres 

subjected to hypoxia 

STAT3 wildtype (STAT3 WT) untreated heart fibres served as the comparative control for the 

recovery in respiration of heart fibres after hypoxia. These fibres showed a recovery of 1.00±0.19 

A.U. (see fig. 17). When treated with the PKCε activator, ψεRACK, recovery was 0.85±0.28, with no 

significant difference compared to the control (p>0.05). STAT3 deficient (STAT3 KO) untreated 

fibres showed a recovery of 0.56±0.23, with no significant difference compared to the control 

(p>0.05). STAT3 KO fibres treated with the ψεRACK activator showed a mildly improved recovery 

of 1.16±0.35, but was not significantly different from the STAT3 WT control, nor from the 

untreated STAT3 KO group (p>0.05) (n=4 for STAT3 KO, n=8 for STAT3 WT). 
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Figure 17: Percentage recovery of state3 respiration after hypoxia in STAT3 KO (n=4) and STAT3 WT (n=8) mouse heart 

fibres. There were no significant differences found in state 3 percentage recovery of respiration within or between 

ψεRACK-treated and control groups for STAT3 KO and WT mouse heart fibres (p>0.05). 
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3.2.2) The effect of PKCε activation on protein levels in STAT3 deficient fibres subjected to 

hypoxia 

3.2.2.1) Levels of total STAT3, phosphorylated STAT3 and PKCε in STAT3 KO heart fibres 

Western blots were performed on STAT3 WT and STAT3 KO heart fibres after completion of 

hypoxia and respiration studies, to evaluate the levels of the phosphorylated STAT3 present (p-tyr 

STAT3, p-ser STAT3 and total STAT3), as well as levels of total PKCε  in the treated samples. 

Banding patters appeared to be consistent between groups (see fig. 18).  

 

 

After analysis and correction for loading, levels for total STAT3 in the STAT3 WT control were 

0.53±0.06 A.U. ψεRACK-treated WT showed no significant difference in levels (0.54±0.06) 

compared to the control group (p>0.05) (see fig. 19). There was also no significant difference in 

Figure 18: Banding patterns obtained from western blots for total STAT3, p-ser STAT3, p-tyr STAT3, total PKCε for 

untreated and ψεRACK-treated STAT3 KO and STAT3 WT hearts after hypoxia. GAPDH and -actin bands served as 

loading controls. Banding patterns appear to be consistent for all groups for each probe of interest.  



Univ
ers

ity
 of

 C
ap

e T
ow

n

Page | 66 
 
 

total STAT3 in the untreated STAT3 KO group (0.76±0.06) compared to the STAT3 WT control, nor 

the ψεRACK-treated STAT3 KO group (0.59±0.06) when compared to the STAT3 WT control or the 

STAT3 KO untreated groups (p>0.05, n=4 for STAT3 KO, n=8 for STAT3 WT). 

  

 

Levels for p-ser STAT3 in the STAT3 WT control were 1.08±0.02 A.U. ψεRACK-treated WT showed 

no significant difference in levels (1.16±0.13) compared to the control group (p>0.05) (see fig. 19). 

There was also no significant difference in p-ser STAT3 in the untreated STAT3 KO group 

(1.14±0.11) compared to the STAT3 WT control, nor the ψεRACK-treated STAT3 KO group 

(1.28±0.11) when compared to the STAT3 WT control or the STAT3 KO untreated groups (p>0.05, 

n=4 for STAT3 KO, n=8 for STAT3 WT). 

Levels for p-tyr STAT3 in the STAT3 WT control were 0.44±0.02 A.U. ψεRACK-treated WT showed 

no significant difference in levels (0.51±0.06) compared to the control group (p>0.05) (see fig. 19). 

There was also no significant difference in p-tyr STAT3 in the untreated STAT3 KO group 

(0.53±0.06) compared to the STAT3 WT control, nor the ψεRACK-treated STAT3 KO group 
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Figure 19: Detected levels of total STAT3, p-ser STAT3, p-tyr STAT3 and total PKCε from western blots, corrected for 

loading in STAT3 KO and STAT3 WT hearts. No significant differences were found in corrected levels between 

treatment groups for each probe of interest (n=4 per treatment group, p>0.05).  
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(0.52±0.06) when compared to the STAT3 WT control or the STAT3 KO untreated groups (p>0.05, 

n=4 for STAT3 KO, n=8 for STAT3 WT). 

Levels for total PKCε  in the STAT3 WT control were 0.86±0.20 A.U. ψεRACK-treated WT showed 

no significant difference in total PKCε  levels (0.58±0.03) compared to the control group (p>0.05) 

(see fig. 19). There was also no significant difference in total PKCε  in the untreated STAT3 KO 

group (0.61±0.07) compared to the STAT3 WT control, nor the ψεRACK-treated STAT3 KO group 

(0.68±0.13) when compared to the STAT3 WT control or the STAT3 KO untreated groups (p>0.05, 

n=4 for STAT3 KO, n=8 for STAT3 WT). 

Levels of the two phosphorylated isoforms of STAT3 (p-ser STAT3 and p-tyr STAT3) were compared 

to total STAT3 to determine their levels of activation (see fig. 20). Levels of activation of p-ser 

STAT3 in the control group were found to be 2.14±0.30 A.U. There were no significant differences 

found in the level of p-ser STAT3 activation between ψεRACK -treated STAT3 WT (2.18±0.19), 

control-treated STAT3 KO (1.51±0.14), ψεRACK -treated STAT3 KO (2.22±0.20) and the WT control 

(p>0.05), nor were there any differences between the two treated aPKCε  groups (p>0.05). 

Levels of activation of p-tyr STAT3 in the control group were found to be 0.88±0.14 A.U. There 

were no significant differences found in the level of p-tyr STAT3 activation between ψεRACK-

treated STAT3 WT (0.99±0.15), control-treated STAT3 KO (0.71±0.09), ψεRACK -treated STAT3 KO 

(0.93±0.16) and the WT control (p>0.05), nor were there any differences between the untreated 

and ψεRACK -treated STAT3 KO groups (p>0.05, n=4 per group).  There were also no significant 

differences in the levels of activated p-ser STAT3 and p-tyr STAT3 within each group (p>0.05, n=4 

per group). The level of activation of p-ser STAT3 was greater in all groups compared to the levels 

of activation of p-tyr STAT3. 
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3.2.2.2) Levels of activation of ERK and AKT in STAT3 KO heart fibres 

Activation levels were determined for ERK1/2 (MAP42/44) and AKT1, both downstream effectors 

of PKCε, using bands detected by western blotting (see fig. 21).  

Activation levels were determined by taking the ratio of phosphorylated to total ERK1/2 and AKT1 

from western blots for total ERK (t-ERK), phosphorylated-ERK (p-ERK), total AKT1 (t-AKT1) and 

phosphorylated AKT1 (p-AKT1) after correction for loading. No significant differences were found 

for the activation levels of ERK1/2 between the untreated STAT3 WT control (1.90±0.44 A.U.) and 

ψεRACK -treated STAT3 WT (1.21±0.12) groups (see fig. 22). No significant differences were found 

on comparison of the untreated STAT3 KO group (1.52±0.31) to the STAT3 WT control group, nor 

on comparison of the ψεRACK-treated STAT3 KO group (1.19±0.15) to the control group. The 

ψεRACK -treated STAT3 KO group showed no significant difference to the untreated STAT3 KO 

group (p>0.05, n=4 per group). 
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Figure 20: Levels of activation of p-ser STAT3 and p-tyr STAT3 in STAT3 WT and STAT3 KO heart fibres after hypoxia. 

Levels of activation of p-ser STAT3 (p-ser/total STAT3) were decreased in the untreated STAT3 KO group compared to 

the untreated STAT3 WT control. Activation of p-tyr STAT3 (p-tyr/total) was consistent between treatment groups, but 

markedly lowered in each group compared to the level of activation of p-ser STAT3 (n=4 per group, p>0.05).  
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No significant differences were found for the activation levels of AKT1 between the untreated 

STAT3 WT control (3.18±0.18 A.U.) and ψεRACK -treated STAT3 WT (2.29±0.20) groups (see fig. 

22). No significant differences were found for levels of activation of AKT1 on comparison of the 

untreated STAT3 KO group (2.28±0.46) to the STAT3 WT control group, nor on comparison of the 

ψεRACK-treated STAT3 KO group (2.72±0.24) to the control group. The ψεRACK -treated STAT3 KO 

group showed no significant difference to the untreated STAT3 KO group (p>0.05, n=4 per group). 

Figure 21: Western blot detected bands for total ERK1/2, phosphorylated ERK1/2, total AKT1 & phosphorylated AKT1 

in DMSO (vehicle control) & STATTIC-treated groups for aPKCε and WT hearts. Banding patterns appear to be 

consistent between groups.  GAPDH served as loading controls.  
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3.3 Studies in aged STAT3 KO hearts 

3.3.1) Fatty acid oxidation in aged STAT3 KO hearts 

Aged STAT3 KO heart fibres showed no significant difference in mitochondrial respiration rate 

(4.60±1.30 ng O2/min/mg protein) compared to STAT3 WT  fibres (6.40±1.91) with glutamate as a 

substrate (p>0.05) (fig. 21). Switching to fatty acids (FA) as a substrate, there were no significant 

differences in mitochondrial respiration between STAT3 KO (3.34±1.12) and WT (1.72±0.18) 

mitochondria (p>0.05, n=4 for all groups). This indicates a similar metabolic profile in both groups. 

A failing heart would have impaired metabolism with a fatty acid substrate compared to 

glutamate, as the failing heart preferentially favours the use of glucose over FA, as glucose 

requires less oxygen to break down, and oxygen is limited in the failing heart. These similar 

metabolic profiles indicate that the STAT3 KO hearts are not in the metabolic state of a failing 

heart, although from the graph (see fig. 23), there appears to be a trend toward failing metabolism 

in STAT3 KO hearts with an FA substrate.  
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Figure 22: Activation levels of ERK1/2 and AKT1 for STAT3 KO and STAT3 WT hearts with and without ψεRACK 

treatment. Activation levels were determined using results from western blot analysis after correction for loading. No 

significant differences were found for activation levels of ERK1/2 or AKT1 within or between STAT3 KO and STAT3 WT 

groups (n=4 per group, p>0.05). 
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3.3.2) Histology staining for fibrosis in aged STAT3 KO hearts 

Histology staining with picro-sirius red showed minimal collagen deposition in STAT3 KO hearts 

(0.83±0.20%, n=6), similar to WT hearts (0.57±0.10%, n=4, p> 0.05) (fig. 24). This indicates that 

both groups have minimal fibrosis, with no significant difference in the amount of fibrosis between 

the two groups. This shows that STAT3 KO hearts display a similar phenotype to STAT3 WT hearts, 

with minimal fibrosis. This is atypical of heart failure phenotype.  
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Figure 23: Respiration with a fatty acid substrate (FA oxidation) in aged STAT3 KO and WT heart fibres compared to 

respiration with a control substrate (glutamate). WT and KO hearts showed no significant difference with glutamate as a 

substrate. There were no significant differences in FA oxidation within or between groups, although there appears to be a 

trend to a lower respiration rate with fatty acid substrate in the STAT3 KO group compared to the wildtype fatty acid group 

and the glutamate group (n=4 per group, p>0.05). This indicates similar metabolic profiles in WT and KO groups. 
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3.3.3) Fluorescence microscopy imaging for colocalization of STAT3 and PKCε in aged STAT3 KO 

hearts 

Fluorescence microscopy imaging was used to determine whether PKCε and STAT3 would 

colocalize in aged STAT3 hearts. Images of the endocardium and epicardium were captured at 10 x 

magnification for aged STAT3 WT and STAT3 KO hearts (see fig. 23). This was done to determine 

whether there was a difference in localization between the two regions for  
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Figure 24: (a) Aged STAT3 KO and WT hearts stained with picro-sirius red were used to look at the development of 

fibrosis with age. Scale bar = 1000µm (b) Wildtype hearts showed 0.57±0.104% fibrosis compared to 0.83±0.203% in KO 

hearts. There was no significant difference between the percentage fibrosis in the two groups (p>0.05) 

(b) (a) 
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Figure 25: (a) 10x magnification of the endocardium of aged STAT3 WT and KO hearts stained for total PKCɛ (red) and total STAT3 

(green). An overlay of red and green images showed sites of colocalization in the tissue. Background noise was removed to 

determine the area of colocalization of PKCε and STAT3. The same was done for the epicardium (b) to determine whether there was 

a difference in localization between the two regions. Localization was found to be similar in both regions (c), there were no 

significant differences detected between groups for the endocardium and epicardium for either the STAT3 WT or the STAT3 KO 

group.(Scale bar = 1000 μm). 
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further analysis. No significant difference was found in the area of colocalization for the STAT3 WT 

group between the endocardium (4.33±1.14%) and epicardium (3.96±0.78%) (p>0.05), nor for the 

STAT3 KO group between the endocardium (6.03±1.18%) and epicardium (4.86±0.44%) (p>0.05, 

n=4 per group). No significant differences were found for colocalization between the STAT3 WT 

and STAT3 KO groups for both the endocardium and epicardium (p>0.05).  

Images of the cross sections and longitudinal sections were captured at 60 x magnification using 

oil immersion for aged STAT3 WT and STAT3 KO hearts (see fig. 24). This was done to determine 

whether there was a difference in patterning of colocalization between the two sections and to 

identify possible cellular locations thereof. Final images and percentage area of colocalization 

were composed of information gathered from z-stacking of the tissue. No significant difference 

was found in the area of colocalization for the cross sections in the STAT3 WT group (3.77±0.81%) 

compared to the STAT3 KO group (5.02±1.65%) (p>0.05). No significant difference was found in 

the area of colocalization for the longitudinal sections in the STAT3 WT group (3.10±0.31%) 

compared to the STAT3 KO group (3.20±0.86%) (p>0.05). No significant differences were detected 

for colocalization between cross sections and longitudinal sections within or between groups 

(p>0.05, n=4 per group). Prominent areas of colocalization were found to be in the intercalated 

discs (also known as the sarcolemma) in cross sections of hearts.  
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Figure 26: (a) 60x magnification of a cross section of aged STAT3 WT and KO hearts stained for total PKCε (red) and total STAT3 

(green). An overlay of red and green images showed sites of colocalization in the tissue. Background noise was removed to 

determine the area of colocalization of PKCε and STAT3. The same was done for longitudinal sections (b) to observe differences 

in patterning of colocalization between the two. Localization was found to be similar in both regions (c), there were no 

significant differences detected between areas of cross section and longitudinal section for either the STAT3 WT or the STAT3 

KO group.(Scale bar = 100 μm). 
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3.4. Summary of results 

3.4.1) aPKCε  heart fibres with STAT3 inhibition: 

- No significant differences were found in recovery of respiration between WT and aPKCε 

heart fibres treated with DMSO (control) or STATTIC. 

- Western blots show no significant differences in total STAT3, p-ser STAT3 or p-tyr STAT3 in 

WT and aPKCε control and STATTIC-treated groups. 

- Control-treated aPKCε group showed a significant increase in PKCε levels compared to WT 

groups, but no significant increase compared to STATTIC-treated aPKCε group. 

- No significant differences were found in levels of activated p-ser and p-tyr STAT3 within or 

between WT and aPKCε groups.  

- No significant differences were found for activation levels of AKT1 or ERK1/2 within of 

between WT and aPKCε groups, although there was a trend toward an increase in the 

levels of activated ERK1/2 in the aPKCε groups.  

 

3.4.2) STAT3 KO heart fibres with PKCε  activation: 

- No significant differences were found in recovery of respiration between STAT3 WT and 

STAT3 KO heart fibres when untreated or treated with a ψεRACK activator 

- Western blots show no significant differences in total STAT3, p-ser STAT3, p-tyr STAT3 or 

total PKCε  in STAT3 WT and STAT3 KO control and ψεRACK -treated groups 

- No significant differences were found in levels of activated p-ser and p-tyr STAT3 within or 

between WT and aPKCε groups. However, levels of activated p-ser STAT3 were higher in 

than p-try STAT3 in all groups.  
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- No significant differences were found for activation levels of AKT1 or ERK1/2 within of 

between STAT3 WT and STAT3 KO untreated and ψεRACK-treated groups. 

3.4.3) Markers for heart failure in aged STAT3 KO hearts: 

- STAT3 KO and STAT3 WT hearts showed no significant differences in state 3a respiration 

with glutamate as a substrate, or with a fatty acid substrate. 

- There was no significant difference in the amount of fibrosis in STAT3 WT and STAT3 KO 

hearts.  

- There was no significant difference in the percentage area of colocalization between the 

epicardium and endocardium in STAT3 WT and STAT3 KO hearts at 10 x magnification. 

- There was no significant difference in the percentage area of colocalization between cross-

sections and longitudinal sections in STAT3 WT and STAT3 KO hearts at 60 x magnification. 

- Colocalization in cross sections of both STAT3 WT and STAT3 KO hearts shows a strong 

signal in the sarcolemma between cardiomyocytes.  
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Discussion: 

Given the limitations of animal experiments in this current study, we could not categorically verify 

the interactions of PKCε and STAT3.  

4.1) PKCε -activated mouse experiments. 

Originally,  a strain of mice with a genetic modification for moderate cardiac-specific over-

expression of PKCε  were investigated for cardioprotection  in a setting of acute and chronic 

oxidant stress, the rationale being that, as activated PKCε translocates to the mitochondrion at the 

site of the mitoKATP channel, overexpression could prove to be  cardioprotective in a setting of 

ischemia.. Respiration studies with these mice had already been established in our laboratory, 

with PKCε over-expressing mice showing a significantly improved recovery in respiration after 

acute anoxia when compared to their wildtype controls, and required 45 minutes of anoxia in 

order to trigger the PKCε cardioprotective cascade and show improved recovery of respiration. In 

the initial stages of this study we had used these PKCε  over-expressing mice and their wildtype 

littermate controls, but found the patterns in respiration between the two groups to be 

inconsistent with previous findings– both wildtype and aPKCε   mitochondria/permeabilized fibres 

exhibited the same response to the hypoxic (anoxic) challenge . We then started investigating the 

genotype, given the altered phenotype. On analysis of protein levels for PKCε between the two 

groups, we found there were no differences in the levels of PKCε between the wildtype and PKCε 

over-expressing groups despite the presence of the genetic markers which indicated one set 

should be over-expressing PKCε and the other should not. On further investigation, we found that 

there had been incorrect breeding for a long period of time by the external breeding facility to 

which our animal breeding is outsourced. The transgenic males were being mated with BalbC 
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females instead of wildtype littermates, effectively back-breeding the strain and weakening the 

PKCε overexpression. As a result, the PKCε  over-expression was lost, despite presence of the 

appropriate genetic markers. As we had spent moths delineating the cause of the problems with 

the experimentation, time was of the essence and we had to devise a way to create a viable PKCε 

over-expressing model in short space of time. We employed the use of a proven, highly-specific 

PKCε -activator (ψεRACK) to mimic this model (see chapters 1&2) [173]. As our experiments were 

being performed on the more physiological permeabilized freer method and not on isolated 

mitochondria, we used a period of 25 minutes of hypoxia, as the heart fibres failed to recover at 

all after 45 minutes of hypoxia. Further, a 25 minute hypoxic insult has previously been shown to 

be sufficient to detect changes in respiration.  

In our experiments, activation of PKCε by means of the ψεRACK activator proved successful, as 

PKCε levels were elevated in the control-treated PKCε group compared to the WT group with 

analysis of protein levels.  

In the PKCε-activated mouse model, treatment with the STAT3-specific inhibitor, STATTIC, did not 

attenuate recovery in respiration after a hypoxic insult [174]. This suggests that the effects 

produced by PKCε do not require signalling through STAT3. Recovery in respiration was also 

uninhibited in the WT groups, indicating that the hypoxic insult may have been ineffective, or it 

may not have been long enough. 

Activation of PKCε by means of the ψεRACK peptide produced no changes in levels of any of the 

isoforms of STAT3. This suggests that an activation of PKCε has no effect on the activation or 

expression of STAT3. This further confirms the above – in this setting, PKCε does not require STAT3 

to produce its beneficial effects, as external activation of PKCε does not change the amount of 
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STAT3 in fibres. The elevation of PKCε in the activated group was marked, but could have been 

greater – a larger dose of the ψεRACK activator, or perhaps a longer, chronic treatment with the 

activator could produce a more marked effect with clearer data, particularly for the STATTIC-

treated aPKCε group which showed no significant elevation (or depression) in the amount of PKCε 

present compared to all of the other groups. A larger sample number would also be beneficial in 

clarifying these data. 

There were no significant differences detected in the PKCε activated group for the level of 

activation of ERK1/2 or AKT1, both of which are downstream targets of PKCε [127], [128], [180], 

[181]. However, there appears to be a trend toward an increase in activation levels of ERK1/2 in 

the aPKCε groups. A greater sample number would also be beneficial in clearly discerning whether 

this trend of ERK1/2 activation with PKCε activation is one of significance.  

4.2) STAT3 inhibition 

Activation of PKCε had no effect on the recovery in respiration for STAT3 KO or WT heart fibres. 

This further confirms the findings with the PKCε -activated mouse experiments – in this setting 

PKCε does not function upstream of STAT3.  

We were surprised to find that STAT3 KO and WT heart fibres did not demonstrate a marked 

difference in levels of any of the isoforms of STAT3 with protein analysis, indicating that this knock 

out model is not truly performing as the originally established STAT3 knock out model. Genotyping 

of mice prior to commencement of experiments in this project indicated that the mice we 

considered to be WT did not have the cre components present which would drive splicing of the 

STAT3 gene, while the KO model had both cre and lox components present which should have 

produced the STAT3 KO model. However, the protein analysis performed on the STAT3 KO mouse 
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heart samples showed no depression in the levels of STAT3. This is not consistent with the original 

STAT3 KO model in which protein analysis showed a marked reduction in levels of STAT3 in the 

STAT3 KO hearts compared to STAT3 WT hearts.  

There are no changes in STAT3, indicating that the STAT3 KO model did not behave as expected, 

most likely due to a an error with the breeding.  

4.3) STAT3 with age 

Evaluation of the amount of fibrosis in STAT3 KO hearts compared to STAT3 WT hearts showed 

that there was no difference in the amount of fibrosis between the two groups, both of which had 

very low levels. Fibrosis is a marker for failing hearts, and absence of this in these STAT3 KO hearts 

shows that these hearts have not reached the state of heart failure. Other models using STAT3 KO 

mice have shown development of moderate fibrosis with age [66], or with postpartum 

cardiomyopathy (i.e. heart failure in the late stages of pregnancy and the early post-natal period) 

[179]. Our model does not prove consistent with these models of heart failure, as STAT3 KO hearts 

do not develop fibrosis when compared to STAT3 WT hearts as would be expected, reinforcing the 

hypothesis of a breeding issue.  

The respiration profiles in STAT3 KO and STAT3 WT hearts showed no difference both with 

glutamate as a substrate, and with fatty acids as a substrate. Failing hearts should display inhibited 

respiration with a fatty acid substrate when compared to normal hearts, as heart failure favours 

the use of glucose over fatty acids. The respiration in STAT3 KO hearts does not appear to be 

impaired by the administration of a fatty acid substrate when compared to the STAT3 WT hearts, 

which indicates that the STAT3 KO hearts have not reached the metabolic state of a failing heart.  
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This, together with the findings for development of fibrosis in STAT3 KO and STAT3 WT hearts, 

indicates that our STAT3 KO model has not developed heart failure with age.  

In addition, colocalization for total PKCε and total STAT3 in aged STAT3 KO and STAT3 WT hearts 

showed a strong signal for total STAT3 in both STAT3 KO and STAT3 WT hearts. Colocalization 

areas for both STAT3 WT and STAT3 KO hearts showed similar levels. This confirms that the hearts 

considered to be STAT3 KO hearts did not have a diminished level of STAT3, as they displayed total 

STAT3 levels, and colocalization areas which were consistent and comparable to STAT3 WT hearts. 

Genotyping of these animals prior to experiments indicated that the mice we used and considered 

to be STAT3 KO had the expected genotype of STAT3 KO mice with both the cre and lox 

components present, and mice considered to be STAT3 WT had the expected genotype of STAT3 

WT mice with no cre component present. The phenotype observed is not consistent with the 

genotype for these STAT3 KO mice. Unfortunately, we were not able to confirm the genotyping of 

these mice after experiments as we did not keep tail-cuts once mice were sacrificed.  

Considering our findings with the STAT3 KO mice for both the hypoxia studies, as well as the 

analysis of heart failure with age studies, we speculate that there has been an error in either the 

breeding, or genotyping of these mice, both processes of which are overseen by external sources.  

An interesting observation with the fluorescence imaging is that PKCε and STAT3 colocalize in the 

sarcolemma. This could mean that they have the same target (e.g. connexin 43) in the area they 

are located (see chapter 1) [84].  

4.4) Limitations of this study: 

One of the limitations of this study may have been the method and duration of hypoxia employed 

with heart fibres. Previous respiration studies used anoxia with heart fibres in the chamber 
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connected to a Clarke-type electrode for a period of 45 minutes. We measured respiration in the 

chamber of the Clarke-electrode and found that we could not sustain anoxia for more than 10- 15 

minutes. As a result, we transferred fibres to a hypoxic chamber as an oxidant stress, and back to 

the Clarke electrode chamber to assess the post-hypoxic recovery of respiration. This method 

proved not to be as effective as desired for either group.  

Optimal respiration in permeabilized heart fibres is usually measured at 25OC. However, the use of 

STATTIC requires a temperature of 37oC to achieve maximal inhibition of STAT3 [174]. We 

compromised the temperature of experiments involving STATTIC and kept it at 30OC to attain 50-

70% inhibition of STAT3, as trial runs at higher temperatures produced no viable fibres for 

respiration.  

The greatest limitations of this project were the availability of animals, and the incorrect breeding 

and genotyping of animals. Larger samples sizes would have been a great benefit in reducing 

errors and clearly indicating statistical significance. However, bottle-necking events in the 

breeding facilities left a small number available for use. Furthermore, given the genotyping results, 

we suspect a problem with the breeding in the STAT 3 knock-out mice as well, possibly similar to 

that discovered for the PKCε over-expressing mice. The accuracy of the genotyping is highly 

questionable, as in the aged mice alone, none of the STAT3 KO hearts showed a lack of STAT3 with 

fluorescence imaging as would have been expected. The probability of all of these mice having 

been incorrectly genotyped is 6.25% (when considering genotyping as an independent event), and 

this favours the possibility of incorrect breeding being carried out by the external animal-breeding 

unit.  
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A further limitation of this study was the use of an activator to mimic the original PKCε over-

expressing model rather than the original genetically modified cardiac-specific PKCε over-

expressing model. The effects produced by the activator were not as marked when compared to 

the original findings in the PKCε over-expressing mouse model. This model, as outlined earlier in 

the discussion, was no longer viable, as incorrect breeding had diluted the gene of interest, and it 

could no longer be used for this project.  

4.5) The way forward: 

Considering the genetic inaccuracies discovered in these mouse models, the way forward to 

determine the possible interaction between PKCε  and STAT3 would be to use accurate, verified, 

functional STAT3 KO and PKCε  over-expressing models, with highly-specific, appropriate activators 

and inhibitors. A longer period of hypoxia to produce differences in recovery of respiration would 

be a step forward, or a period of exposure of the whole mouse to hypobaric hypoxia , in our in-

house designed and built hypobaric hypoxic chamber which has proven suitable to elicit the  

cardioprotective cascade in the at least the PKCε mice and their littermate controls. This was our 

original intention, but due to the limitations and animal availability as outlined we had to revert to 

a different model.  

A second possible approach would be long-term delivery of the STAT3 inhibitor or PKCε activator 

by means of osmotic pumps placed subcutaneously under the skin between the shoulder blades. 

This technique has also been used previously in the lab for the investigation of the effects of 

chronic beta-adrenergic stimulation. This method could also have produced a knock-out or over-

expression model without the hassle of genotyping. Subject to hypoxia with the appropriate 
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inhibitors and activators, this would in theory produce a model similar to the genetically modified 

one.  

Another alternative approach could be the use of a cardiomyocyte cell-culture model with the 

long-term use of inhibitory RNAs for STAT3 and PKCε.  

4.6) Conclusion: 

In conclusion, given the above limitations, our study does not allow us to conclude a possible 

interaction between PKCε and STAT3. PKCε has an involvement in metabolic signalling and is likely 

to produce its pro-survival effects by altering activity of proteins involved in metabolism, such as 

GSK3β, AMPK and FoxO1. It is also possible that PKCε and STAT3 are part of independent 

pathways that can be triggered by the same extra-cellular signalling molecules (and possibly intra-

cellular ROS), each as an alternative to the other.  
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Budget Estimate: 

Item Quantity Cost (R) Total Cost (R) 

Chemicals: 

EDTA 500g 730 730 

KCl 500g 390 390 

Sucrose 500g 370 370 

Tris HCl 500g 1300 1300 

KH2PO4 500g 370 370 

Heparin 2ml 25 25 

Euthanaze 25ml 250 250 

Glutamic acid 100g 330 330 

Malic acid 25g 220 220 

ADP 1g 650 650 

AG490 5mg 800 800 

PMA 1mg 1000 1000 

peqGOLD protein marker IV 1 vial 1100 1100 

Transfer membrane 10sheets  1300 1300 

Blotting paper 100 270 270 

Methanol 100 220 220 

Milk powder 100g 10 10 

Primary antibodies 6 1560 9660 

Secondary antibodies 2 420 840 

ECL western blotting reagents 1 1800 1800 

Na2CO3 500g 500 500 

CuCO4.5H2O 25g 230 230 

K2-tartarate 100g 130 130 

SDS 25g 250 250 

NaOH 500g 310 310 

Folin-Ciocalteu’s phenol reagent 100ml 240 240 

Β-mercaptoethanol 100ml 200 200 

Glycerol 100ml 370 370 

Acrylamide 100g 250 250 

Ammonium persulphate 25g 220 220 

TEMED 25ml 200 200 

Glycine 50g 330 330 

NaCl 250g 230 230 

Tween-20 25ml 120 120 

    

Equipment: 

Forceps 2 120 240 

Needles 100 450 450 

Dissecting scissors 2 150 150 
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Petri dish 500 980 380 

Dounce glass homogenizer 1 9 000 9000 

Plastic packets 1 pack 5 5 

Paper towel 1 pack 10 10 

Cotton buds 1 pack 10 10 

Gloves 1 pack 350 350 

Eppendorfs 200 950 950 

Test tubes 1000 1 050 1050 

1mL disposable cuvettes 2 boxes 950 1900 

10mL disposable pipettes 200 1100 1100 

Pasteur pipettes 200 160 160 

Micropipette tips - - 800 

Glassware - 1500 1500 

    

Animals: 

BalbC mice 48 36 432 

STAT-3 deficient mice 8 36 432 

Wild type STAT-3 mice 8 36 432 

    

Total: 44 566 
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Appendix A 

 

Solution A 

7.23mM K2EGTA 

2.77mM CaK2EGTA 

6.56mM MgCl2.6H2O 

20mM Imidazole 

0.5mM DTT 

20mM Taurine 

53.3mM K-MES 

3mM KH2PO4 

pH to 7.1 for use 

Add 5.3mM ATP and 15mM PCR before use 

 

Solution B 

7.23mM K2EGTA 

2.77mM CaK2EGTA 

1.38mM MgCl2.6H2O 

20mM Imidazole 

0.5mM DTT 

20mM Taurine 

100mM K-MES 

3mM KH2PO4 

pH to 7.1 for use 

Add 2mg BSA per mL 

 

Solution C 

20mM Hepes, pH 7.9 

2.5mM MgCl2 

100uM EDTA 

20mM β-glycerophosphate 

0.05% Triton X 100 

500uM DTT 

100uM NaVO4 

EDTA protease-free inhibitor  

(60% of 1 tablet in 30ml solution C) 

1mM PMSF 

75mM NaCl 

dH2O to make up volume 

 

Solution D 

20mM Hepes pH 7.9 

2.5mM MgCl2 

100uM EDTA 

20mM β-glycerophosphate 

0.05% Triton X 100 

500uM DTT 

100uM NaVO4 

EDTA protease-free inhibitor  

(60% of 1 tablet in 30ml solution C) 

1mM PMSF 

75mM NaCl 

dH2O to make up volume 

 

 

Laemmli buffer  

63mM Tris HCl 

10% glycerol 

2% SDS 

0.0025% bromophenol blue 

pH 6.8 

 

Separating gel  

4.9ml dH2O 

2.5ml of 1.5M Tris HCl, pH8.8 

50µl 20% SDS 

2.5ml acrylamide 

50µl 10% APS 

20µl TEMED constitutes enough for a single gel 

 

Stacking gel  

3.75ml dH2O 

1.5ml 0.5M Tris HCl, pH6.8 

30µl 20% SDS 

0.75ml acrylamide 

40µl 10% Ammonium persulphate 

20µl TEMED constitutes enough for a single gel 

 

Running buffer 

0.025M Tris-HCl 

0.19M Glycine 

0.1% SDS, pH 8.6 

 

Transfer buffer 

25mM Tris-HCl 

192mM glycine 
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20% methanol, pH 8.3 

 

TBS-T  

 

 

0.02M Tris-HCl 

0.14M NaCl 

0.1% Tween-20 

pH7.6 

 

 




