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Remote Ischaemic Conditioning and its Effect on Maladaptive Cardiac 

Remodelling Following Myocardial Infarction 

 

Andrew Peter Vanezis 

 

Remote ischaemic conditioning (rIC) has shown benefit in protecting the myocardium 
from ischemia/reperfusion injury. However it’s potential to attenuate maladaptive 
remodelling post myocardial infarction (MI) associated with the development of heart 
failure is less well investigated. 
  
Using cellular models of endothelin-1 (ET-1) driven hypertrophy and fibrosis, we 
investigated the role that serum taken from healthy volunteers undergoing rIC (rIC-
serum) had on various markers of both hypertrophy and fibrosis as well as attempting 
to elucidate some of the mechanisms involved. Furthermore we established a clinical 
trial to assess the degree to which repeated rIC post-MI can positively influence heart 
failure outcomes.  
 
Hypertrophy was assessed by measuring H9c2 cardiomyoblast cell size using 
immunofluorescence, protein to DNA ratio and by abrogation of the expression of the 
pro-hypertrophic foetal genes BNP, βMHC, α-ACT and MS-1. This anti-hypertrophic 
mechanism was shown include the activation of the PKCε/AMPKα/eNOS/cGMP pathway 
and up-regulation of the anti-hypertrophic microRNAs miR-1 and miR-133.  
 
RIC-serum was also shown to attenuate ET-1 induced markers of fibrosis including 
differentiation of fibroblasts to pathological myofibroblasts and proliferation of 
fibroblasts in a neonatal rat cardiac fibroblast model. Both unconditioned serum and rIC-
serum attenuated ET-1 induced expression of α-SMA and increased the expression of 
MMP-2 and TIMP-1 but neither had any effect on ET-1 induced MMP-9.  
 
Unconditioned serum also proved to have weak anti-hypertrophic properties which 
were greatly augmented by rIC. Increasing age diminished the innate protection 
afforded by unconditioned-serum and individuals with high levels of physical activity 
displayed higher levels of innate protection from hypertrophy akin to rIC.  
 
Finally we describe the design and management of the DREAM study (Daily Remote 
Ischaemic Conditioning Following Acute Myocardial Infarction), a phase 2 randomised 
control trial established to evaluate the role of repeated rIC post-MI in modulating 
maladaptive cardiac remodelling with the presentation of some preliminary secondary 
outcome data. 
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This organ deserves to be styled the starting point of life and the sun of our microcosm 

just as much as the sun deserves to be styled the heart of the world. For it is by the heart's 

vigorous beat that the blood is moved, perfected, activated, and protected from injury 

and coagulation. The heart is the tutelary deity of the body, the basis of life, the source 

of all things, carrying out its function of nourishing, warming, and activating body as a 

whole. 

 

 

William Harvey 

Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus (An Anatomical 

Exercise on the Motion of the Heart and Blood in Living Beings), 1628 

(translation by Kenneth J. Franklin, 1957) 
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CK  Creatine Kinase 

CNN2  Connective Tissue Growth Factor 

CoQ  Coenzyme Q  

COX-2  Cyclooxygenase-2 

CRT (D/P) Cardiac Resynchronization Therapy (Device/Pacemaker) 

CTGF  Connective Tissue Growth Factor  

CT    Threshold cycle 

CXCR4  Chemokine Receptor Type 4 

CVA  Cerebral Vascular Accident  

Cx43  Myocardial Connexin 43 

DAF-FM 4-Amino-5-Methylamino-2',7'-Difluorofluorescein Diacetate 

DAG  Diacylglycerol  

DMEM  Dulbecco’s Modified Eagle’s Medium  

DMVN   Dorsal Motor Vagal Nucleus 

dNTPs   Deoxynucleotide Triphosphates 

DREAM Daily Remote Ischaemic Conditioning Following Acute Myocardial 

Infarction 

DTT   Dithiothreitol 

eNOS  Endothelial Nitric Oxide Synthase 

ECE  Endothelin Converting Enzyme 

ECM  Extracellular Matrix 

EGF  Epidermal Growth Factor  

eGFR  Estimated Glomerular Filtration Rate 

ELISA  Enzyme-Linked Immunosorbent Assay 

EPO  Erythropoietin 

ER  Endoplasmic Reticulum 
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ERK  Extracellular signal Regulated Kinase (a MAPK) 

FBC  Full Blood Count 

FBS  Foetal Bovine Serum 

FGF2  Fibroblast Growth Factor 2 

FITC  Fluorescein Isothiocyanate 

FOV  Field of View 

Gαq  Gq alpha subunit 

GATA4  Transcription Factor for GATA4 gene 

GLP1  Glucagon-Like Peptide 1 

GLUT4  Glucose Transporter Type 4 

GP130  Glycoprotein 130 receptor 

GPCR  G-Protein Coupled Receptor 

GSK3β  Glycogen Synthase Kinase-3β  

H&E  Haematoxylin and Eosin  

HDAC  Histone Deacetylases 

Hem Oxy Heme Oxygenase 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HF-PEF  Heart Failure with Preserved Ejection Fraction 

HF-REF  Heart Failure with Reduce Ejection Fraction 

HIF1  Hypoxia Inducible Factor 1 

HSP  Heat Shock Protein 

I/R  Ischaemia/Reperfusion  

ICAM-1 Intracellular adhesion molecule 1 

IGF1  Insulin–like Growth Factor 1  

IHD  Ischaemic heart disease 

IkB  Inhibitor of Kappa  

IL6  Interleukin-6 

Inpp5F  Inositol Polyphosphate-5-phosphatase f 

IP3  Inositol-1,4,5-triphosphate 

IPAQ-SF International Physical Activity Questionnaire Short Form 

IPC  Ischaemic Preconditioning 
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IPostC  Ischaemic Postconditioning 

Isl1  Islet 1 Transcription Factor 

JAK  Janus Kinase 

JNKs  Jun N-terminal Kinase (a MAPK) 

KCCQ  Kansas City Cardiomyopathy Questionnaire  

KATP  ATP Sensitive Potassium Channel 

KLF4  Kruppel-like factor 4 

LAD  Left Anterior Descending coronary artery 

LCx  Left Circumflex coronary artery 

LGE  Late Gadolinium Enhancement  

L-NAME L-NG-Nitroarginine Methyl Ester 

L-NNA  Nω-Nitro-L-arginine 

LTCC  L-Type Calcium Channel 

LV  Left Ventricle 

LVEDI  Left Ventricular End Diastolic Index  

LVEDP  Left Ventricular End Diastolic Pressure 

LVEDV  Left Ventricular End Diastolic Volume 

LVEF  Left Ventricular Ejection Fraction 

LVESI  Left Ventricular End Systolic Index  

LVESV  Left Ventricular End Systolic Volume 

LVH  Left Ventricular Hypertrophy 

LVSD  Left Ventricular Systolic Dysfunction 

MACCE Major Adverse Cardiac and Cerebral Event(s) 

MAPK  p38 Mitogen-Activated Protein Kinase 

McL-1  Myeloid Cell Leukemia 1 

MEF2  Myocyte Enhancer Factor 2 

MEK1/2 Mitogen Activated Protein Kinase kinase 1/2 

METS  Metabolic Equivalent of Task 

MHC  Myosin Heavy Chain 

MI  Myocardial Infarction 

miR  Micro RNA 
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MLC2a  Myosin light chain 2 atrial form 

MLC2v  Myosin light chain 2 ventricular form 

MLP  Muscle LIM-protein  

MMPs  Matrix Metalloproteinases 

MOLLI  Modified Look Locker Inversion Recovery 

MnSOD Mitochondrial Antioxidant Manganese Superoxide Dismutase 

mPTP  Mitochondrial Permeability Transition Pore 

MS-1  Myocyte Stress-1 gene 

mTOR  Mechanistic Target of Rapamycin 

MVO  Microvascular Obstruction 

NAD  Nicotinamide adenine dinucleotide 

NADPD Nicotinamide Adenine Dinucleotide Phosphate 

NCX  Sodium/Calcium Exchanger  

NELF-A  Negative Elongation Factor Complex Member A 

NFAT  Nuclear Factor of Activated T cells  

NFκB  Nuclear Factor kappa light polypeptide gene enhancer in B cells 

transcription factor 

NHE Sodium/Hydrogen Exchanger 

Nix Nip3-like protein X  

NO  Nitric Oxide 

NOS  Nitric Oxide Synthase 

NPR  Natriuretic Peptide Receptor  

NSTEMI Non ST Elevation MI 

NT-proBNP N-Terminal Pro-Brain Natriuretic Peptide 

NYHA  New York Heart Association 

OMT  Optimal Medical Therapy 

OPN  Osteopontin 

P  Phosphorylation. 

P70s6k  P70 Ribosomal S6 kinase 

PI3K  Phosphoinositide 3-kinase 

PBS  Phosphate Buffered Saline 
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PCI  Percutaneous Coronary Intervention 

PDE5  Phosphodiesterase type 5 

PDGF  Platelet-Derived Growth Factor 

PFA  Paraformaldehyde 

PGC1α  Peroxisome Proliferator-activated Receptor gamma, coactivator 1 alpha 

PI3K  Phosphoinositide 3-Kinase 

PLC  Phospholipase C  

PKC  Protein Kinase   

PMA  Phorbol 12-myristate 13-acetate 

PMSF  Phenylmethylsulfonyl fluoride 

PPARα  Peroxisome Proliferator-activated Receptor alpha  

PPCI  Primary Percutaneous Coronary Intervention 

PTEN  Phosphatase and Tensin Homolog 

PVDF  Polyvinylidene Fluoride  

RACK  Receptors for Activated C Kinase 

RAAS  Renin Angiotensin/Aldosterone System  

REC  Research Ethics Committee 

RhoA  Ras homolog gene A 

RIC  Remote Ischaemic Conditioning 

RIP3  Receptor Interacting Protein 3  

RIPC  Remote Ischaemic Preconditioning 

RISK  Reperfusion Injury Salvage Kinase 

ROS   Reactive Oxygen Species 

RPostC  Remote Ischaemic Postconditioning 

RTK  Receptor Tyrosine Kinase 

RT-PCR  Real-time Quantitative PCR 

RyR2  Ryanodine Receptor  

S1P  Sphingosine 1 Phosphate 

SAFE  Survivor Activating Factor Enhancement  

SD  Standard Deviation 

SDF-1α  Stromal cell Derived Factor 1 alpha 
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S.E.M  Standard Error of the Mean 

SERCA  Sarco (Endoplasmic) Reticulum Ca2+-ATPase 

SGC  Soluble Guanylate-Cyclase 

SNAP  (S)-Nitroso-N-acetylpenicillamine 

SOCE  Store-Operated Ca2+ Entry  

SOD  Superoxide Dismutase 

SPK  Sphingosine Kinase  

SR  Sarcoplasmic Reticulum 

SRF  Serum Response Factor 

ST  Slice Thickness 

STAT  Signal Transducer and Activator of Transcription 

STEMI  ST Elevation MI 

SWOP  Second Window of Protection 

T1  Longitudinal Relaxation Time 

TBST  Tris Buffered Saline Tween-20 

TGF-β  Transforming Growth Factor Beta 

TIMI flow ‘Thrombolysis In Myocardial Infarction’ Coronary Flow Score 

TIMPs  Tissue Inhibitor of Metalloproteinases 

TLR  Toll Like Receptor 

TnC  Troponin C 

TnI  Troponin I 

TnT  Troponin T 

TNFα  Tumour Necrosis Factor alpha 

TNFr  Tumour Necrosis Factor receptor 

TR  Repetition Time 

TRPC  Transient Receptor Potential Cation channel  

U+E  Urea and Electrolytes 

Ube  Ubiquitin conjugating enzymes 

VEGF  Vascular Endothelial Growth Factor 

VSMC  Vascular Smooth Muscle Cell 
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1. INTRODUCTION 

1.1 Heart Failure Post Myocardial Infarction 

The last few decades have witnessed a succession of landmarks advances in the fields of 

public health medicine, cardiovascular pharmacology and coronary artery intervention, 

which together have transformed acute myocardial infarction (MI) from a life 

threatening and frequently fatal insult into a manageable and quantifiable one, a fact 

that is reflected by the steady decline in mortality rates seen worldwide over this time 

period.1-4 This success however has led to a large cohort of survivors of MI experiencing 

increased levels of morbidity as a consequence, often compounded by further ischaemic 

events and significant co-morbidities such as diabetes, hypertension, 

hypercholesterolaemia and continued negative lifestyle choices such as cigarette 

smoking. One major sequelae that can develop post-MI, due to a combination of 

infarcted myocardium and the acute post-MI remodelling process, is heart failure. 

Indeed in the UK coronary artery disease (CAD) as a whole accounts for around half of 

all heart failure cases.5  

Heart failure is an umbrella term for a collection of clinical signs and symptoms 

which includes dyspnoea (during or after exertion or if severe at rest), fluid overload 

both peripherally and with accumulation in the pleural spaces or acutely in the lung 

parenchyma, low mood and depression and most commonly excessive fatigue. In 

essence it is caused by the failure of the heart to meet the metabolic demands of body 

tissues. It is nowadays commonly sub-classified as heart failure with reduced ejection 

fraction (HF-REF) or heart failure with preserved ejection fraction (HF-PEF). HF-REF is 

sometimes referred to as systolic heart failure and is predominantly a failure of the 
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ventricular pump mechanism. HF-PEF was previously referred to as diastolic heart 

failure and is predominantly a failure of adequate filling of the ventricles, usually due to 

increased wall stiffness often as a consequence of advancing age, diabetes or 

hypertension.6 However, in reality heart failure is best defined on a spectrum between 

these two entities.7 

Heart failure is a major cause of long-term mortality and morbidity following MI. 

The advances in myocardial salvage in the form of thrombolytic therapy and more 

recently primary percutaneous coronary intervention (PPCI), had led to concerns that 

those surviving their MI would fuel a wave of heart failure cases and see the overall 

prevalence of heart failure increase. Analysis of registries and of large clinical trials 

across the western world, conducted in the era of acute revascularisation, have reported 

incidence rates of post-MI heart failure ranging from 10% to 50%. This massive 

discrepancy is reflected by the complexity of accurately collecting and reporting such 

data and is dependent on a number of factors including the degree and location of 

infarcted myocardium, how MI and heart failure were defined, whether there was pre-

existing heart failure, the treatment modalities used and the characteristics of the 

populations analysed.8, 9  

A retrospective analysis of the Framingham Heart Study participants, 

demonstrated an increase in the incidence of post-MI heart failure from the 1970s to 

the 1990s, closely linked to a decrease in mortality in acute MI.10  In tandem with this 

finding, the overall rate of hospitalisations for all types of heart failure in the US has 

increased by between 70-100% over the last few decades when analysing Medicare 

data.11 In stark contrast, in the Olmsted County study where over 1500 patients who 
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were hospitalised with MI were recruited between 1979 to 1994, the overall incidence 

of heart failure declined by 2% per year.12 Indeed, more contemporary data seems to 

suggest that heart failure rates may have plateaued or even have begun to fall from the 

mid-1990s onwards. Large epidemiological sampling from the US between 1998 and 

2010 of almost 3 million patients of all ages enrolled in the Medicare system, showed a 

slight decrease in 1 year heart failure hospitalisation rates after MI down from to 16.1 

to 14.2 per 1000 patient-years over this time. However, of those hospitalised, there was 

a non-significant mortality increase from 44.4% in 1998 to 45.5% in 2010.13 Very recent 

data from the CVDNOR (Patients From the Cardiovascular Disease in Norway) Project, 

which analysed the total population of AMI patients hospitalized between 2001 and 

2009 in Norway (86,771 individuals), showed that 12.6% were hospitalised with or died 

because of heart failure during a median follow-up time of 3.2 years. Follow-up heart 

failure incidence rates per 1000 person-years were 31 (95% CI, 30–32) for men and 46 

(95% CI, 44–47) for women (p < 0.01). Furthermore the prevalence of heart failure 

increased with age, predictably being greatest in the over 75s age group (25.6% in men 

and 27.1% in women).14  

The widespread establishment of acute revascularisation coupled with the more 

sophisticated management of heart failure as a whole may be in part responsible for the 

reduced incidence of heart failure in more recent years in the western world.15, 16 

However despite these relative successes, heart failure remains a common sequelae of 

MI with significant implications of mortality and morbidity compounded by an ageing 

population. We remain reliant on novel and emerging therapies if there are to be 

significant advance in the management of post-MI heart failure in years to come.  
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1.1.1 Myocardial Infarction 

Despite overall declining mortality rates in the Western world, MI and ischaemic heart 

disease (IHD) as a whole, still accounts for 600,000 deaths per year in Europe and 1.9 

million deaths per year in the US.17, 18 MI is caused by the partial or total occlusion of 

one or more coronary arteries, usually caused by thrombus formation over an unstable 

or ruptured coronary plaque. Prolonged occlusion interrupts oxygen rich blood to the 

myocardium, which leads to cell death at first in the subendocardial layers and if allowed 

to continue, in time extends to the epicardial layer in a ‘wavefront’ phenomenon.19 The 

degree of damage incurred is predominantly dependent on the length of time coronary 

blood flow is occluded but is also influenced by the territory size of myocardium the 

occluded vessel supplies and the metabolic demands of the myocardium at the time of 

the infarction.20 Indeed limiting the infarct size incurred by reducing occlusion time by 

revascularisation has been at the thrust of the major advancements in modern MI 

therapies and underlies the modern interventional cardiologist’s obsession with 

‘call/door to balloon time’ i.e. the time it takes from the onset of cardiac pain signalling 

the onset of ischaemia to the time it takes to open the occluded coronary artery with 

initial balloon inflation.21, 22 The use of thrombolytic agents or PPCI to bring about 

prompt revascularisation has been shown in numerous studies to reduce the final infarct 

size of the area at risk (AAR) i.e. the territory that was vulnerable to cell death, in around 

half of all cases.23-25 In the acute phase of infarction, the majority of myocyte death is 

caused by coagulation necrosis characterised by an early influx of eosinophils and 

neutrophils and subsequent activation of apoptosis pathways. Figure 1.1 demonstrates 
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a typical microscopic appearance of myocardium stained with haematoxylin and eosin 

(H&E) stain in the first few hours following an MI. 

 

 

 

Figure 1.1. Microscopic changes of ischaemic myocardium shown with H&E staining. 

Ischaemic cardiomyocytes are demonstrated in the left of panel in A and lower part of 
panel B. Panel C shows an area of coagulation necrosis which is further magnified in 
panel D and characterised by hyper-eosinophilia. Reproduced from Passotti et al., 

(2006).26 
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1.1.2 Reperfusion Injury 

The sudden restoration of blood flow brought about by PCI or thrombolytic therapy can 

paradoxically cause a significant degree of damage, so called reperfusion injury.27 Lethal 

reperfusion injury refers specifically to cardiomyocyte death and is thought to 

contribute up to 30-50% of the final infarct size in the setting of re-vascularised 

myocardium after a period of infarction.28 Figure 1.2 demonstrates the degree to which 

ischaemia and reperfusion are thought to influence the final infarct size.  

 

 

 

Figure 1.2. The relative contributions of ischaemia and reperfusion injury towards final 

infarct size. Even with successful reperfusion with PPCI, reperfusion can still go on to 
contribute a significant proportion of the final infarct size. Reproduced from Hausenloy 
et al., (2013).29  
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The mechanism of reperfusion injury involves a number of interlinking processes. The 

first process of injury is as a direct result of oxidative stress. The sudden flood of oxygen 

to the myocardium after reperfusion leads to a decrease in circulating nitric oxide (NO) 

levels, a well-established cardioprotective molecule which leads to an increase in 

coronary blood flow via its effect on coronary endothelium, a reduction in inflammatory 

cell chemotaxis, inhibition of pro-inflammatory cytokines, the reduction in superoxide 

radical downstream pathways as well as a direct inhibitor of apoptosis.30 Coupled to the 

direct effects of oxidative stress, the ensuing re-energisation of the mitochondria, which 

up until reperfusion had been depleted of substrate and molecular oxygen, triggers 

downstream pathways which ultimately converge and lead to cell necrosis and 

apoptosis.  

The revitalised mitochondria generates a number of reactive oxygen species 

(ROS), in addition to those generated by ischaemia. This occurs mainly by the action of 

sustained electron flux at complex I (Nicotinamide adenine dinucleotide (NAD) 

dehydrogenase) and complex III (coenzyme Q (CoQ) and cytochrome C oxidoreductase) 

on the mitochondria that leads to increased generation and expulsion of ROS.31, 32 A 

second later source of ROS is generated from nicotinamide adenine dinucleotide 

phosphate (NADPD) oxidase originating predominantly from the incoming neutrophils 

and supplemented by ROS generated by the conversion of xanthine dehydrogenase to 

xanthine oxidase after periods of prolonged ischaemia.33, 34 The re-energisation of 

mitochondria during reperfusion also generates an excess of ATP. This occurs on a 

background of significant Ca2+-loading during ischemia which is a product of the 

sodium/calcium exchanger (NHE) and sodium/calcium exchanger (NCX) coupled 
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exchanger mechanism.35, 36 In this setting ROS and excess calcium levels in the cell 

activates the opening of the mitochondrial permeability transition pore (mPTP) which 

leads to cell death by the uncoupling of oxidative phosphorylation and a subsequent lack 

of ATP production, vital for cell viability.37-39  

Widespread contraction band necrosis associated with reperfusion injury can 

also be caused by hyper-contracture of the myofibrils independently of the mPTP 

pathway. The reactivation of Sarcoplasmic Reticulum (SR) driven contraction due to 

oscillations in Ca2+ induces significant mechanical injury. This calcium loading is 

exacerbated by sarcolemmal membrane damage that occurs during 

ischaemia/reperfusion (I/R) injury and causes cellular and mitochondrial swelling and 

subsequent rupture of the mitochondria with the release of cytochrome-C, involved in 

apoptosis. This form of necrosis is commonly induced by the sudden release of 

contractile fibres which are held in contraction due to a lack of ATP during ischaemia but 

during reperfusion are rapidly released due to the expulsion of excess sarcoplasmic 

calcium initially accumulated during ischaemia. Opening of the mPTP can lead to similar 

pathological sequelae in more localised areas. Figure 1.3 highlights the typical 

microscopic findings of myocardium subjected to I/R injury. 

Another downstream consequence of calcium loading is the activation of several 

degredative enzymes such as phospholipase A2 and calpains which generate a 

chemoattractive pull on neutrophils and other polymorphonuclear leukocytes.40 As 

mentioned the influx of neutrophils adds to the circulating ROS pool. This process is 

already triggered by ischaemia but is exacerbated by reperfusion with the up-regulation 

of adhesion molecules such as CD11, CD 18, P-selectin and intracellular adhesion 
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molecule 1 (ICAM-1). As well as generating ROS, neutrophils release a number of 

enzymes which are tissue degraders such as proteases as well as causing vascular 

plugging. 

 

 

 

Figure 1.3. Microscopic changes of myocardium subjected to I/R injury shown with 

H&E staining (panels B and C) and trichrome Heindenhain staining (panels A and D). A. 
Contraction band necrosis. B. Interstitial haemorrhage. C. Neutrophil infiltration causing 
vascular plugging. D. Microembolisation of platelet/fibrin material. Reproduced from 
Basso et al., (2006).41 
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Reperfusion also acts to rapidly correct the acidic environment generated by ischaemia 

within the cell. This is predominantly achieved by washing out lactic acid via the NHE 

and the sodium–bicarbonate symporter pathways. Paradoxically this sudden restoration 

to a physiological pH also activates mPTP opening as the correction of the extracellular 

acidosis  means that the NHE can now operate effectively to remove H+ from the cell in 

exchange for Na+ leading to further sodium loading and calcium accumulation via the 

NCX which further contributes towards cell death.  

A number of cellular, animal and clinical trials have attempted to target 

individual or groups of mediators at all stages of the reperfusion cascade by 

pharmacological means with largely minimal success. Some of the more prominent 

studies include the use of antioxidants to reduce the number of circulating ROS, the 

inhibition of calcium influx by targeting calcium channel transporters and symporters, 

the use of anti-inflammatory agents and the use of NO donors to increased circulating 

NO.42-44  More recently there has been a growing interest in targeting microRNAs (miRs) 

which may modulate injury in reperfusion but the clinical translatability of these studies 

remains to be seen.45-51 The shortcomings of these studies are discussed succinctly by 

Yellon et al., (2007) in a review of this topic.52 As they point out, there are numerous 

pathways thought to be involved in lethal reperfusion injury and therefore greater 

benefit may be seen by targeting a number of these pathways simultaneously. One way 

of targeting multiple pathways is by ischaemic conditioning, a powerful endogenous 

cardioprotective tool that will be discussed in detail in section 1.2. Traditional ischaemic 

conditioning in the context of I/R acts predominantly by inhibiting opening of the mPTP 

pore and hence a number of the downstream pathways that lead to cell death.  
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1.1.3 Cardiac Remodelling 

Cardiac Remodelling encompasses the process of changes that occur following a 

substantial insult to the heart. Our traditional understanding of remodelling has largely 

come from animal models of MI and IHD but other insults can lead to remodelling such 

as pressure or volume overload states, heart muscle diseases such as cardiomyopathies, 

valvulopathies, diabetes, obesity and cardiac arrhythmias. However there are distinct 

changes that occur in the heart after an MI which this section will focus upon in 

particular, rather than discussing cardiac remodelling from all aetiologies as a whole. 

Post-MI remodelling can be crudely divided into adaptive and maladaptive and 

the transition from the prior to the latter is broadly defined by a loss of the initial 

compensatory mechanism afforded by remodelling that leads to a decrease in cardiac 

output and heart failure.53 In other words the point at which remodelling becomes 

maladaptive is the point at which the changes that have taken place post-MI no longer 

serve to maintain an adequate cardiac output but instead serve only to fuel a process of 

downward spiralling decline.  

The properties of the final scar that is formed as an outcome of the remodelling 

process is dependent on a timely resolution of the process to ensure maximal tensile 

strength and minimal scar size. The scar itself is made up of predominantly of 

collagenous fibrous tissue. The greater the distribution and size of the scar, the greater 

the degree of myocardial stiffening and increased likelihood of ventricular arrhythmias. 

If remodelling is allowed to progress for too long (i.e. for more than a few days), a 

number of maladaptive pathways are activated which may extend the infarct zone and 

lead to a thin, poorly contractile scar with little tensile strength. This may then 
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degenerate into a downward spiral of further maladaptive processes which can 

ultimately lead to heart failure over the course of a few weeks to months after the initial 

insult. The International Forum on Cardiac Remodelling drew up a consensus paper in 

2000 and defined maladaptive remodelling in clinical terms stating it as either an 

increase in end-diastolic volume (EDV) of >20% or end systolic volume (ESV) of > 15% at 

follow-up compared to baseline imaging assessment.54 

The outcome of remodelling is very much dependent on the size and thickness 

of the infarcted area as well as the duration of the ischaemic event prior to adequate 

reperfusion.55 However, independent of final infarct size, remodelling is also heavily 

influenced by concomitant microvascular obstruction (MVO), lethal reperfusion injury 

in the era of acute revascularisation and the evolving theory that scar is not inert but 

active in the remodelling process.56-58 Broadly speaking there are three distinct phases 

to the process of post-MI remodelling: cell death and inflammation, proliferation and 

finally maturation. Overall the process can last anything up to 6 months but is typically 

complete at 1-2 months.59, 60 

The process of remodelling is triggered by the initial I/R insult, which sets in to 

motion a chain of events. In the initial stages the changes in the left ventricle are 

predominantly caused by the effects of infarct expansion leading to cardiomyocyte 

necrosis, apoptosis and autophagy which ultimately leads to myocardial wall dilatation. 

Despite the presence of a small pool of local stem cells that are now thought to reside 

in the heart, these are not thought to play any substantial role in ameliorating this 

process.61, 62 Following cell death, the process of infarct healing is partly driven by the 

substantial inflammatory process that ensues (and overlaps with the inflammatory 
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process seen in I/R post-MI described in section 1.1.2). This process involves 

complement activation, the production of ROS which induces an increase in cytokine 

and chemokine production followed by an influx of leukocytes, firstly neutrophils and 

other polymorphonuclear leukocytes and then later monocytes and macrophages, 

which act to remove dead cells and debris to clear the way for scar formation. This 

process is then followed by an infiltration of fibroblast which differentiate into 

myofibroblasts and secrete an array of matrix chemicals that leads to substantial 

extracellular matrix (ECM) turnover in border areas. This can lead to cell slippage and 

further dilatation. 

Following the acute inflammatory and fibrotic process, the later stages of 

remodelling involves hypertrophy of cardiomyocytes that have been unaffected by I/R 

and reorganisation of the ECM with further deposition of scar tissue as the fibrotic 

process continues.  From a whole-organ perspective, these changes impact on cardiac 

dimensions and function with an initial maintenance of adequate cardiac output in the 

face of a loss of functioning myocardium and in response to pressure and volume 

overloading, so called adaptive cardiac remodelling.63 However, over time remodelling 

can become maladaptive with a drop away of the cardiac output that leads to the 

syndrome of heart failure. Indeed, the extent and the nature of remodelling and its 

progression is a powerful predictor for both heart failure and death following MI, as well 

as having prognostic implications for further MI, stroke and cardiac arrest.64, 65 

Furthermore a host of other adaptive responses including a change in calcium handling 

by cardiomyocytes, desensitisation of contractile units to beta-adrenergic stimulation 

and the expression of a number of foetal genes and miRs all combine to shift the balance 
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from adaptive to maladaptive remodelling.  Figure 1.4 provides a general overview of 

the pathophysiological processes that occur in this process and the proceeding sections 

provide more details about the individual elements of remodelling.   

 

 

Figure 1.4. Schematic representation of remodelling after myocardial infarction. LV = 

left ventricular, ECM = extra cellular matrix, HF-PEF = heart failure with preserved 
ejection fraction, HF-REF = heart failure with reduced ejection fraction. Adapted from 
Brenner et al., (2012).66  
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1.1.3.1 Cardiomyocyte Death 

There are thought to be three broad mechanisms of cell death that occur during the 

remodelling process: apoptosis, programmed necrosis/oncosis and autophagy. A 

simplified schematic of these processes is shown in Figure 1.5. 

 

 

Figure 1.5. Schematic of the broad mechanisms of cell death which are universal across 

all human cell types. Adapted from Fink et al., (2005).67 
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1.1.3.1.1 Apoptosis and Programmed Necrosis   

After the initial I/R insult, apoptosis and programmed necrosis are thought to 

predominate. Whilst both these terms refer to form of programmed cell death, 

apoptosis implies a genetically preserved process that is ATP dependent and important 

for the normal function of cells whereas programmed necrosis is triggered by 

environmental factors that are pro-inflammatory and act mainly via mPTP channel 

opening.68 

Kajstura et al., (1996) showed that MI induced in rats by coronary ligation 

produced on average 2.8 million apoptotic cardiomyocytes compared to 90,000 necrotic 

cardiomyocytes in the first 2 hours due to ischaemic injury.69 Compare this to healthy 

myocardium where there are only 1 in 10,000-100,000 cells that are apoptotic at any 

given time.70 Similar evidence of an ongoing apoptotic process has been demonstrated 

in a canine model of heart failure.71 In cardiac remodelling apoptosis is regulated by two 

main pathways, the extrinsic and intrinsic pathways, otherwise known as the death 

receptor and mitochondrial pathways respectively. The extrinsic pathway is well 

described and involves activation of capsase enzymes culminating in the production of 

downstream capsases such as capsase 3 and 8. These downstream capsases are 

stimulated by extrinsic factors that act predominantly on tumour necrosis and Fas 

receptors on the myocyte membrane and culminate in the destruction of intracellular 

protein and DNA degradation.72, 73 The intrinsic pathway is modulated by the expression 

of pro-apoptotic gene, in particular the Bcl-2 group such as Nip3-like protein X (Nix),  

that encourage permeabilisation of mitochondrial outer membranes.74 More recent 

work suggests that these Nip proteins are acting on the mitochondrion to exacerbate 
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opening of mPTP caused by I/R, which leads to cellular death by programmed necrosis. 

They do this by exacerbating calcium loading which promotes mPTP opening.75,76,77 It is 

likely that the environmental imbalance brought about at the time of I/R injury means 

that programmed necrosis predominates as the ultimate mode of cell death at this early 

time point but as remodelling ensues, apoptotic cell death that occurs independent of 

mPTP opening, may take over. 

 

1.1.3.1.2 Oncosis  

Microscopic passive necrosis, as opposed to the macroscopic destruction of cellular 

architecture, is the mechanism of cell death at a cellular level that is better termed 

oncosis or ischaemic cell death.78 Oncosis is characterised by cell swelling, followed by 

vacuolisation and blebbing with increased permeability and finally necrosis with 

coagulation, shrinkage and karyolysis. Oncosis can occur as a by-product of hypertrophy 

as well occurring as a direct consequence of I/R. Furthermore oncosis can come about 

as a result of the concept of the ‘ischaemic core’ which dictates that as the myocardium 

hypertrophies, the cross sectional area exceeds the ability of oxygen to adequate diffuse 

into cells in the centre of the core.79 This results in a decrease in ATP production by the 

mitochondria of these cells and predisposes the cell to necrosis. Furthermore this 

process is exacerbated by the fact that capillary angiogenesis struggles to keep up with 

the hypertrophy and further decreases the oxygen delivery to the core of the 

myocardium.80 Over time, rates of cell death are thought to be low but as the 

remodelling process is a chronic one, the loss of cardiomyocyte numbers is thought to 
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play a major part in the process. This theory remains contentious although some 

evidence is provided by a murine model of hypertrophy.81 

 

1.1.3.1.3 Autophagy 

Finally, autophagy has been shown to play a role in exacerbating hypertrophy in the 

post-MI setting. Autophagy describes the process of cell recycling. During the process, 

the autophagosome isolates key components of the cytoplasm, such as the 

mitochondria, and degrades them by fusion with lysosomes.82 In the context of 

remodelling, autophagy is a double edged sword. Whilst playing a role in maintaining 

normal cardiac function by restricting changes to the heart size and structure, it can in 

certain situations be deleterious. This is thought to be due to the greatly accelerated 

turnover of proteins that occur during the initial hypertrophic phase of remodelling 

which can disturb the normal balance of autophagy and lead to an increase in cell death 

from this process.83 

 

1.1.3.2 The Inflammatory Response 

There is considerable overlap between the inflammatory response, triggered by both 

ischaemia and then reperfusion, and the inflammatory response seen during the 

remodelling process. Conceptually it may be better to define the inflammatory process 

as an ongoing one that evolves through I/R and then into the acute early and then late 

phases of remodelling. As previously described, during I/R and in the early stages of 

remodelling, there is an influx of neutrophils into the infarcted and border areas with a 

subsequent influx of monocytes and macrophages which act to remove dead cells and 
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debris and pave the way for the foundation of scar material. This response is triggered 

by the dispersion of cell contents from damaged cells which activate toll like receptors 

(TLRs), in particular the TLR 2 and 4 pathways as well as activation of the complement, 

ROS pathways and activation of capsase-1 and the conversion of pro-interleukin (IL)-1β 

to mature IL-1β which act in tandem to create a chemoattractive pull to cells of the 

innate immune system and augment the inflammatory response.84-86 As the remodelling 

process continues, the emphasis on infiltrating lymphocytes increases, in particular CD8 

T lymphocytes which release pro-inflammatory mediators and a population of CD4 T 

lymphocytes which act to regulate the inflammatory process.87 Furthermore in later 

remodelling there is switch of monocytes from class M1 (pro-inflammatory) to M2 

(angiogenic and fibrotic).88 Figure 1.6 summarises the main immunological cells involved 

in mediating and effecting inflammation during I/R and remodelling.  
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Figure 1.6. Predominant immunological cells that mediate inflammation during 

reperfusion and remodelling. Adaptive remodelling heralds the phenotypic change of 
most immunological cells displayed to ones that secrete anti-inflammatory mediators. 
However in maladaptive remodelling, the initial pro-inflammatory phenotype may 
predominate. Ly6Chi = pro-inflammatory monocytes, Ly6Clo = anti-inflammatory 
monocytes. Adapted from Jugdutt et al., (2013).89 
 
 
 

1.1.3.3 Fibroblasts and the Extra Cellular Matrix 

The ECM is a dynamic and crucial component to maintaining cardiac integrity. As well as 

acting as a cardiac scaffold it is vital in signalling for cell migratory patterns, 

cardiomyocyte dimensions, growth and differentiation, proliferation and survival.90 In 

addition, it acts as a transmitter of contractile force to provide adequate cardiac output 

and orchestrates cardiomyocyte geometry.91 Two distinct phases are demonstrated in 

post-MI remodelling with regards to the heart’s cytoskeleton: the initial enzymatic 

breakdown of the ECM followed by collagen production and scar formation. Although 
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the changes brought about act to stabilise the heart by reparative fibrosis, uncontrolled 

ECM turnover and collagen formation can lead initially to a stiff heart with impaired 

diastolic function resulting in (HF-PEF) and if allowed to progress ultimately the 

deterioration to systolic cardiac failure (HF-REF).  

In health the ECM is produced and maintained by fibroblasts through their 

production of various proteins including structural collagens, elastins, adhesive proteins 

and integrins. Fibroblasts also produce a myriad of enzymes that keep a constant 

turnover of the ECM, namely matrix metalloproteinases (MMPs), a heterogeneous 

group of collagenase, gelatinses and other protein degradation enzymes, and tissue 

inhibitors of metalloproteinases (TIMPs) which act to nullify the effects of MMPs. Initial 

studies suggested that fibroblasts are more numerous than cardiomyocytes in the heart, 

making up around two thirds of the total cell number, however they are considerably 

smaller than cardiomyocytes and make up a much smaller percentage of the total heart 

mass.92-94 More recent data by Banerjee et al., (2007) has shown that a neonatal adult 

murine heart is made up of ∼27% fibroblasts.95 They play a major role in pathological LV 

remodelling as they are responsible for the fibrotic changes and ultimately scar 

formation as well as a majority of the gross structural changes that affect the 

haemodynamics of the heart. The fibroblast phenotype that is present in the normal, 

healthy heart is replaced by a myofibroblast phenotype in the hypertrophic heart. 

Connective tissue growth factor (CTGF) and transforming growth factor β1 (TGFβ1), as 

well as a number of other neurohormonal factors implicated in cardiac hypertrophy as 

well as mechanical sheer stress act to induce myofibroblast differentiation from 
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fibroblasts.96 In addition, myofibroblasts can be generated by induction of  circulating 

bone marrow haematopoetic precursor cells during times of stress on the heart.97  

Even before the discovery of MMPs, Judd and Wexler demonstrated over thirty 

years ago, a net loss of collagen production in the first few days post-MI in rats. 

However, after around 6 days, this changes to a net accumulation of collagen and the 

development of myocardial stiffening.98 The first stage is now understood to be due to 

the action of MMPs released soon after MI causing collagen breakdown and the 

disruption of structural protein cross-links which are vital for cardiac integrity. Spinale 

et al., (1998) demonstrated a fluctuation in circulating MMP levels after MI and showed 

a correlation to ventricular function.99 Squire et al., (2004) have shown that MMP-9 

reached peak serum level in the six weeks after an MI. This peak showed a high degree 

of correlation to the degree of cardiac dysfunction (in particular left ventricular), as 

measured by echocardiography.100 Further work by the same group using cardiac MRI 

parameters of heart failure suggests a more complicated role for MMP-9, where it is 

shown to have a negative correlation with brain natriuretic peptide (BNP) and may have 

some cardioprotective properties at lower circulating levels by increasing collagen 

deposition and hence reducing LV stretch as well as cardiomyocyte hypertrophy.101 

Reinhart et al., (2002) extracted serum from patients with heart failure of both 

ischaemic and non-ischaemic aetiologies, and demonstrated up-regulation of MMP-9 in 

all causes of heart failure. Interestingly, in this study MMP-2 was not raised in heart 

failure of ischaemic aetiology.102 However, numerous studies have demonstrated a 

positive correlation with levels of MMP-2 in post-MI remodelling as well as showing a 

negative correlation with MMP-1 and TIMP-1.100, 103, 104  



45 
 
 

Another integral component to the orchestration of remodelling of the ECM post-MI is 

osteopontin (OPN), a cytokine released by various tissues including fibroblasts, 

osteoblasts, osteocytes and dendritic cells.105 The significance of OPN in remodelling 

was first demonstrated in mice where those knockout mice lacking the OPN gene 

demonstrated increased LV dilatation, greatly increased LV end-diastolic volume and 

reduced collagen deposition 28 days after MI when compared to the wild type mice.106 

OPN is up-regulated by the intracellular signal-regulated kinases (ERK)1/2 and JNK 

pathways and acts via various integrins to modulate the cytokine stimulated release 

(namely IL-1β) of various MMPs.107  

 

1.1.3.4 Cardiac Hypertrophy 

Cardiomyocyte hypertrophy is one of the major transformations that occur during 

remodelling and can occur without an overall increase in mass of the heart as the 

process technically refers to the changes that occur to the individual cardiomyocytes.  

Pathological hypertrophy is distinct from the physiological hypertrophy that occurs in 

athletes or pregnant women with distinct pathways. Whereas in physiological 

hypertrophy there is an organised re-alignment of myocardial component to 

accommodate hypertrophy and enhance cardiac output in response to increased tissue 

demands, in pathological hypertrophy there is often disorganised alignment of 

myocardial components with increased levels of fibrosis that often does not lead to an 

increase in cardiac output.108 Pathological hypertrophy, accompanied by remodelling of 

the calcium regulated excitation-contraction coupling mechanism resulting in defective 

contraction, is the first stage of remodelling and ultimately leads to heart failure and 
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malignant arrhythmias. Many of our current treatments for heart failure work on the 

principle of slowing this hypertrophic process, a good example being ACEi which inhibits 

the action of angiotensin II, one of the main triggers of cardiac hypertrophy.  

It was initially thought that cardiomyocytes are terminally differentiated and 

cannot proliferate. This dogma has been challenged in recent years with the discovery 

of a number of distinct populations of cardiac progenitor cells that are thought to reside 

within the heart. They are classified by their surface marker and include cardiosphere-

derived cells, Islet 1 transcription factor (Isl1) positive stem cells, Sca-1 positive cells, and 

c-kit positive stem cells.109-112 However, the clinical translatability of harnessing cardiac 

progenitor cells during post-MI remodelling has been challenging.113 (See section 1.1.3.9 

for a more in-depth discussion of the therapeutic potential of cardiac progenitor cells in 

post-MI remodelling). Cardiomyocytes in general, therefore, can only increase in size in 

response to growth signals. After an MI, infarcted tissue stretches because of early 

degradation of the collagen scaffold that causes myofibril slippage and an increase in LV 

chamber size which over time leads to both pressure and volume overload. This triggers 

both lengthening and widening of cardiomyocytes. This initial compensatory 

hypertrophy by the heart occurs to maintain cardiac output and adequate 

haemodynamics, but over time the process become deleterious as haemodynamic 

stress develops on the heart and along with other ongoing process such as cell apoptosis 

(see section 1.1.3.1) there is a net increase in left ventricular EDV and a fall in left 

ventricular ejection fraction (LVEF).  

Cardiac hypertrophy is triggered mainly by mechanical wall stress coupled with 

neurohormonal signals. The mechanism by which the mechanical stress placed on the 
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heart is transmitted as a messenger to hypertrophic induction for cardiomyocytes is 

thought to lay in a series of integrins that link the internal cytoskeleton of the cell to the 

extracellular matrix (ECM). These include melusin and the muscle LIM-protein (MLP).114, 

115 Other receptors involved in transducing mechanical stress include the angiotensin II 

type 1 receptor (AT1) which can be activated by mechanical stress independent of 

angiotensin II.116 Furthermore, the transient receptor potential cation channel, 

subfamily C (TRPC) 6, an ion channel that lies within the cell membrane, has been shown 

to be up-regulated in mice subjected to pressure overload as well as in human hearts in 

the late stages of failure.117  

Coupled to mechanical stretch transduction, neurohormonal signalling plays an 

important role in hypertrophy. Three main classes of molecules are important in 

neurohormonal transduction of hypertrophy: angiotensin II, 

epinephrine/phenylephrine, and endothelins. They act by binding to a G-protein 

coupled receptor, which possess a series of seven receptor components that span the 

cell membrane known as the Gαq/α11 receptors118 and are coupled to phospholipase C 

(PLC) which leads to the production of diacylglycerol (DAG) and inositol-1,4,5-

triphosphate (IP3). DAG then leads to activation protein kinase C (PKC). IP3 acts to free 

Ca2+ stores within the sarcoplasmic reticulum, a process also fundamental to muscle 

contraction in all muscle types. The IP3 pathway also plays an important role in 

hypertrophy by acting on various local transcription factors including the pro-

hypertrophic transcription factor Nuclear Factor of Activated T cells (NFAT).119 In 

addition IP3 acts on fibroblasts where maintenance of calcium levels is key to normal 

cell oscillation and functioning.120 This calcium liberation in cardiomyocytes mediates 
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hypertrophy via calcineurin to activate NFAT transcription factors. PKC also activates 

histone deacetylases (HDAC), post-translational modifying enzymes, specifically HDAC 

class II (4,5,7 and 9) which inhibit myocyte enhancer factor 2 (MEF2) transcription and 

hence hypertrophy.121-123 To counterbalance this process a pro-hypertrophic class of 

HDACs, class I (specifically HDAC 2) are also activated. These class I HDACs act to 

decrease the expression of anti-hypertrophic mediators including KLF4 and Inpp5f.124 

They are chiefly regulated by Heat Shock Protein 70 (HSP70) which are thought to react 

to ischaemia and other hypertrophic stimulators by increasing the anti-apoptotic 

pathways such as AKT with downstream up regulation of class I HDACs as well as the 

foetal gene ANP.125 

Gαq/α11 receptors activation also up-regulates p38 mitogen activated protein 

kinase (MAPK) (predominantly the c-Jun N-terminal kinases (JNKs) and ERKs pathways) 

and increases transcription factor production for hypertrophy. The PI3K-AKT pathway is 

also implicated in hypertrophy. This pathway was initially thought to trigger hypertrophy 

with preserved cardiac function (i.e. physiological hypertrophy) but various studies have 

implicated it in pathological hypertrophy.126, 127 It is activated by various neurohormonal 

molecules such as insulin–like growth factor 1 (IGF-1), epidermal growth factor (EGF), 

adenosine, bradykinin and opioids. Most of these downstream intracellular pathways 

are reliant on ROS to facilitate signalling. 

Some of the main transcription factors that are targeted by these pathways include 

nuclear factor-κB (NFκB) which has been shown to increase cardiac hypertrophy in 

various mice and rat studies,128 GATA4 which is primary responsible for cell 

differentiation but is also recruited in hypertrophic cardiac disease where over-



49 
 
 

expression leads to hypertrophy,129 MEF2 and NFAT as already mentioned and finally 

serum response factor (SRF), which induced a hypertrophic cardiomyopathy in 

transgenic mice over-expressing for SRF.130 Negative feedback to hypertrophic signalling 

is provided by natriuretic peptides via the natriuretic peptide receptor (NPR)131 and the 

IL-6 like proteins and TNFα activated JAK-STAT pathway, which has been shown in a 

series of knock-out mice experiments to prevent excessive remodelling, including 

hypertrophy, by their action on the regulation of foetal gene expression.132 Figure 1.7 

gives a detailed overview of the most clearly understood pathways involved in 

cardiomyocyte hypertrophy. 

One common downstream pathway is the expression of panel of genes known 

as the foetal gene panel. Changes in these genes bring about a state similar to that seen 

during foetal cardiac development. Some of the most notable genes in this process are 

those that encode for atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), α 

and β-myosin heavy chain (MHC), TNFα, IL6, TGFβ, cardiac and alpha skeletal muscle 

actin (α-act) and proto-oncogenes c-myc and c-fos. These genes expressed act at various 

levels to modulate transcription, post-transcription and epigenetic regulation ultimately 

bringing about a phenotypic change in the heart. Despite its evolutionary role as a 

compensatory mechanism, foetal gene expression is considered to be maladaptive and 

after MI is a key contributor to the remodelling process.133 Indeed studies have shown 

that patient with heart failure started on standard heart failure pharmacological therapy 

showed a reduction in typically expressed foetal genes.134 

  



50 
 
 

 

Figure 1.7. Schematic of the main signalling pathways in cardiomyocyte hypertrophy. Neurohormonal and mechanical factors act via cell 
surface receptors to initiate intracellular pathways which alter gene expression and ultimately the cell phenotype. Pro and anti-
hypertrophic miRs influence all stages of signalling and are discussed in more detail in the text. For a full explanations of the abbreviations 
see the Abbreviations section. Adapted from Shah et al., (2011), Da Costa Martins et al., (2012) and Kee et al., (2011).135-137
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1.1.3.5 Excitation-Contraction 

In the healthy heart excitation-contraction is controlled by close modulation of calcium 

handling. Coupling of excitation-contraction involves influx of Ca²+ via sarcolemmal L-

type channels (LTCC), this influx of Ca2+ acts as a “trigger” for  a large release of Ca²+ from 

the SR via ryanodine receptors (RyR), and this large rise in systolic Ca²+ leads to 

myofilament binding which initiates contraction. Cytosolic Ca²+ is then reduced as it is 

sequestered back to the SR via SR Ca²+ ATPase 2a channels (SERCA 2a) and effluxed from 

the cell via NCX on the sarcolemma, to bring about relaxation and replenish the SR Ca²+ 

stores for the whole process to begin afresh. For a more detailed review of this topic, 

please refer to Bers et al., (2002).138 

In patients with heart failure, various abnormalities have been demonstrated in 

the excitation-contraction process including a prolonged action-potential, a decreased 

force of contraction generated by the myofibrils and a reduced capacity for relaxation 

after contraction. Abnormalities in the calcium handling process play a large part in this 

process. In heart failure there is a smaller intracellular rise in calcium in response to an 

action potential, the rate of rise of intracellular calcium is slowed and after contraction 

during relaxation, there is slower rate of calcium removal. These changes in calcium 

handling are caused by a number of molecular alteration to various structures involved 

in the process including decreased activity of the LTCCs on the cell membrane, as well 

as decreased SERCA activity with reduced SR calcium stores and phosholamban 

phosphorylation (responsible for normal SR functioning). There is also increased 

expression of the activity of the membrane NCX which encourages removal of calcium 

from the cell and is pro-arrhythmogenic. Yamamoto et al., (1999) showed that RyR2 
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becomes hyper-phosphorylated by Ca2+/calmodulin-dependent protein kinase II 

(CamKII) which appears to increase to compensate for the decreased calcium handling 

but eventually the calcium stores within the SR become depleted despite this 

compensation.139 Indeed a body of evidence exists to suggest that phosphorylation of 

RyR2, brought about by the excessive β-adrenergic stimulation that occurs in the early 

stages of remodelling, can in fact lead to a worsening of cardiac function.140 Disruption 

of the T-tubules has also been described in heart failure. This has a significant effect on 

calcium handling as it disrupts the usually close association of RyR2 and LTCCs.141 

Furthermore structural changes also occur in remodelling to the contractile proteins 

including the myosin heavy and light chains which revert back to foetal form, as does 

troponin T. 

 

1.1.3.6 Beta-adrenergic Desensitization 

Down-regulation of the β1-adrenergic receptor occurs during the remodelling process. 

This has been demonstrated in human ventricles removed at transplant procedures 

where there is significant reduction in β-adrenergic receptor numbers.142 This is thought 

to be due to the excess levels of noradrenaline that exist locally around the receptors 

during the remodelling process, as well as increased expression of the beta-adrenergic 

receptor kinase pathways (βARK), which act to increase the net internalization of β-

adrenergic receptors. Desensitization has mixed effects in that the reduced LV 

contractility that ensues is clearly damaging, however there is an overall reduction in 

energy required compared to an otherwise adrenergically sensitised heart. Recent 

evidence suggests β3 receptors may also play an important role in remodelling as they 
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have been shown to be up-regulated in heart failure and they have a mildly negatively 

inotropic effect when stimulated in the ventricle.143 For a more in depth review of this 

topic, please refer to Triposkiadis et al., (2009).144 

 

1.1.3.7 MicroRNAs 

Post-transcriptional changes are also being recognised as important influences on 

remodelling. Much interest has been generate by the role of miRs over the last few years 

by their action on genes that are involved in all parts of the remodelling process 

including excitation-contraction, cell death, cardiomyocyte hypertrophy and fibrosis. 

MiRs are non-coding RNA segments that act as silencers of gene activity. The discovery 

of their involvement in remodelling has led to new avenues to potential therapy by 

controlling specific miR levels.  

Particular focus has been paid to the role miRs play in hypertrophy (see Figure 

1.7). Thum et al., (2007) first showed that the foetal gene panel expression is driven in 

part by changes in the profile of miR expression.145 The sheer number and variable 

targets of miR make the relevance of single miRs in health and disease difficult to 

interpret and for this reason miRs are often considered in clusters. An important cluster 

in remodelling and heart failure are the so-called myomiRs which include miR-1 and 133 

(which are co-expressed) and to a lesser degree miR-206 and miR-208.146 The net effect 

of these miRs is to inhibit hypertrophy and apoptosis via their action on a number of 

target. Other key anti-hypertrophic miRs include miR-9, 29 and 98.  Conversely a number 

of miRs have targets with the net effect of increasing hypertrophy, namely miR-18b, 21, 

23, 199a and b, 208 and 499.147 In addition to its pro-hypertrophic properties, miR-199a 
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disrupts the normal cell architecture by down-regulated the Ubiquitin conjugating 

enzymes Ube2i and Ub2g1 which lead to disruption of the sarcomere and has knock on 

effects for its ability to perform ubiquitination. The STAT3 pathway, an important 

pathway for maintaining cardiac integrity and a key component of the second window 

ischaemic conditioning (see section 1.2.3) acts to down-regulate miR-199a.148 

MiRs also play a key role in modulating the fibrotic response in remodelling. 

Heavily implicated miRs in this process are miR-21 and miR-29. MiR-21 is predominantly 

found in fibroblasts and regulates the ERK-MAPK pathway and increases interstitial 

fibrosis and fibroblast to myofibroblast differentiation.149 Interestingly miR-21 seems to 

have a number of other function including up regulation of Sprouty-2 (Sprouty homolog 

2) leading to hypertrophy.150  MiR-29 up-regulates fibrosis by targeting a number of 

mRNA encoding for fibrotic proteins such as collagen, elastin and fibrillin.151  

 

1.1.3.8 Reverse Remodelling: Current Therapeutic Strategies 

Although traditionally thought of as a progressive, irreversible process, there is some 

evidence that the post-MI remodelling process can be partially reversed with certain 

therapeutic interventions. However, unlike cardiac failure caused by non-ischaemic 

aetiologies such as peripartum cardiomyopathy, takotsubo cardiomyopathy or viral 

myocarditis, where significant spontaneous remodelling is anticipated, even with 

therapeutic interventions, the degree of reverse remodelling in post-MI heart failure is 

modest at best.152-154  

The most significant reverse remodelling is seen in post-MI heart failure patients 

who have received a left ventricular assist device (LVAD). LVADs are used in end-stage 
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heart failure and are electromechanical devices that help augment the circulatory 

actions of the heart. Traditionally they have been used as a bridge to transplant but they 

are now become an end destination procedure in themselves.155, 156 Studies have shown 

a reduction in LV volume, cardiomyocyte size and overall cardiac mass.157-159 This has 

been shown to occur by a reduction in the mean size of cardiomyocytes and improved 

calcium handling and β-adrenergic sensitivity.160-162 The haemodynamic off-loading of 

the heart after LVAD implantation, reinforces the theory that heart failure is a 

consequence of continuous increased levels of myocardial wall stress and continuous 

activation of neurohormonal pathways. 

Substantial reverse remodelling has also been demonstrated in cardiac 

resynchronisation therapy (CRT). CRT is a pacemaker with a left ventricular lead (actually 

placed in the coronary sinus via the venous circulation) to supplement the traditional 

right ventricular lead. The goal of the treatment is to allow a synchronous contraction 

between the left and the right side of the heart in patients with proven dyssynchrony to 

improve overall cardiac function.163 The largest trial to date MADIT-CRT, which enrolled 

a total of 1820 participants in New York Heart Association (NYHA) class 1-2, 

demonstrated an increase in LVEF of 11%, a decrease in left ventricular end diastolic 

volume (LVEDV) by 21% and a decrease in left ventricular end systolic volume (LVESV) 

by 35% at 2.4 years in the treatment group compared to the control group.164 Similar 

encouraging findings have been in seen in other smaller trials of similar design, often in 

patients in NYHA 3 or 4 classes.165-167   

More modest reverse remodelling is seen with pharmacological therapies.  Beta-

adrenergic blockers have a wealth of data to show improved survival benefits168 but 
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some trials have also demonstrated reverse remodelling. The cMRI sub-study of the 

MERIT-HF trial showed that the use of metoprolol for 6 months decreased left 

ventricular end diastolic index (LVEDI) by a mean of 16% and left ventricular end systolic 

index (LVESI) by a mean of 24%.169 A number of similar trials have shown the reverse 

remodelling benefits of metoprolol as well as carvedilol in both ischaemic and non-

ischaemic heart failure. The mechanisms for beta-blockade to encourage reverse 

remodelling have been demonstrated in animal studies and explanted human heart 

tissue and show improved handling of calcium in the sarcolemma as well as improved 

cardiomyocyte contractility with better contractile reserve.170-172 With regards to 

blocking the renin angiotensin/aldosterone system (RAAS) antagonism with either 

angiotensin receptor inhibitors (ACEi) or angiotensin receptor blockers (ARBs), the 

evidence is less compelling.173, 174 A more substantial reversal of remodelling is seen 

when more than one element of the RAAS system is blocked i.e. using a combination of 

ACEi, ARB and/or an aldosterone antagonist such as spironolactone.175, 176  The novel 

combination medication of the ARB/neprilysin inhibitor valsartan/sacubitril (Entresto) 

was shown in the landmark PARADIGM-HF trial to be superior to angiotensin receptor 

inhibition alone, in the form or ramipril monotherapy, in reducing mortality and 

hospitalisation for patients with HF-REF.177  The neprilysin inhibition afforded by the 

drug may augment the anti-remodelling properties of RAAS inhibition, by accelerating 

the breakdown of BNP, ANP, bradykinin and other vasoactive peptides implicated in 

acute maladaptive remodelling.178, 179  

Another fairly novel pharmacological agent, Ivabradine, works to reduce the 

heart rate via its action on the “funny” channel (If) in the sinoatrial node, has shown 
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promise in facilitating reverse remodelling in established heart failure. The SHIFT trial 

randomised patients with severe HF-REF (LVEF < 35%) with resting heart rates of greater 

than 70 bpm in sinus rhythm, to either optimal medical therapy (OMT) or OMT plus the 

addition of Ivabradine. The treatment groups had reduced LVESVI and reduced LVEDVI 

and improved LVEF compared to the control group at 8 months follow-up.180 Similar 1 

year results were demonstrated in the BEAUTIFUL echo sub-study trial in a population 

with stable CAD and HF-REF.181 The exact mechanism of action has not been clearly 

demonstrated but animal studies have pointed towards reduction in fibrosis, 

improvement in endothelial function and stabilisation of calcium handling in the SR.182-

184 

 

1.1.3.9 Future Therapeutic Strategies to Combat Maladaptive Remodelling 

As highlighted in the previous section, our ability to actively reverse established 

maladaptive cardiac remodelling after MI remains limited. Once established, 

maladaptive remodelling is much more challenging to combat compared to when it is 

evolving in the first few weeks after the ischaemic insult. One of the future goals of the 

healthcare professional must be to implement appropriate therapies in a timely manner 

to target acute remodelling. 

With regards to novel pharmacological agents, the potential to target both acute 

and chronic remodelling post-MI is vast. Indeed a number of drugs are currently either 

in development or are being tested in clinical trials. These include istaroxime, a Na+ /K+ 

-ATPase inhibitor, which leads to improvements in sarcomeric contraction as well as 

displaying lusitropic properties.185 Another encouraging chemically agent is serelaxin. 
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The large, multicentre RELAX-AHF2 phase IIIb trial currently recruiting, aims to 

investigate this new agent in acute heart failure patients 

(https://clinicaltrials.gov/ct2/show/NCT01870778). Seralaxin is a recombinant form of 

human relaxin-2 that targets the relaxin receptor, which leads to an increase in 

circulating NO and has shown symptom relief and clinical outcome benefit in the first 

RELAX-AHF trial.186  

Other avenues of explorations in the future include gene targeted therapies. 

With regards to cardiac remodelling, the well-publicised CUPID phase 2 trial used an 

adeno-associated virus vector to administer SERCA2a cDNA into cardiomyocytes. The 

study population were participants with severe heart failure as measured by LVEF and 

VO2max. The high dose gene therapy group showed subjective and objective 

improvements in measures of heart failure at 6 and 12 months however longer term 

data showed this therapy did not improve clinical outcomes in patients with HF-REF.187 

With regards to remodelling, there were improvements in LVEF, LVEDV and LVESV.188 

MiR and long noncoding (lnc) RNAs are also gene targets that are currently generating 

much interest and the likelihood is that a number of phase I and II trials in this area are 

on the horizon.  

Another fascinating potential is that of regenerative medicine. The potential for 

novel targets falls into a three broad categories. The first of these categories includes 

those therapies that will harness and up-regulate progenitor cells already resident in the 

heart. One example is the CADUCEUS trial which enrolled patients up to 4 weeks after 

MI with LVEF ranging from 25-45% and took endomyocardial biopsies from which they 

cultured large population of cardiosphere-derived cells which we then infused back into 
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the patient’s coronary circulation. Although the procedure was safe, there was no 

improvement in the treatment group in changes in LVEDV, LVESV or LVEF at 6 months 

as measured by cMRI.189 The second category includes therapies that will encourage the 

migration of pluripotent bone marrow cells to migrate to the heart and differentiate. 

Once such agent is POL6326, a chemokine receptor type 4 (CXCR4) antagonist which 

stimulates the mobilisation of hematopoietic stem cells.190 It is currently under 

investigation in the phase II CATCH-AMI which is testing its efficacy in post-ST elevation 

MI (STEMI) acute heart failure participants and is due to report its findings in late 2016 

(https://clinicaltrials.gov/show/NCT01905475). Another approach may be the direct 

administration of autologous cardiopoietic stem cells either into the heart or into the 

blood stream with the feasibility of such an approach already established.191 The SCIPIO 

trial has already shown an improvement in cardiac function with autologous cardiac 

derived progenitor cells in ischaemic cardiomyopathy192 and further trials are currently 

underway to further elucidate this issue including two UK trials assessing the therapy in 

both chronic heart failure (REGENERATE-IHD, 

https://clinicaltrials.gov/ct2/show/NCT00747708) and acute heart failure post-MI 

(REGENERATE-AMI, https://clinicaltrials.gov/ct2/show/NCT00765453).  

Perhaps the most exciting and all-encompassing of all of the novel and emerging 

therapies in the battle against post-MI heart failure is ischaemic conditioning, namely 

an intermittent and short-lived ischaemic stimulus at and around the time of an 

ischaemic insult that targets a plethora of downstream targets. In the author’s opinion 

this therapy holds the greatest potential for providing new therapeutic benefits as it has 

the potential to target a number of important regulators and pathways in the context of 
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both I/R and acute cardiac remodelling post-MI. The remainder of this chapter will 

discuss our current understanding of this therapy as well as outlining future 

perspectives. 

 

1.2 Ischaemic Conditioning 

1.2.1 Preconditioning 

Murry et al., (1986) were the first to describe the phenomenon of ischaemic 

preconditioning (IPC). They demonstrated that by occluding the left circumflex coronary 

artery (LCx) of one group of dogs for 5 minutes followed by 5 minutes of reperfusion, 

repeated 4 times in succession prior to 40 minutes of sustained occlusion, the final 

infarct size that developed after 4 days following reperfusion was 25% smaller that the 

control group subjected to 40 minutes of LCx occlusion alone.193 This work has since 

been replicated by numerous different research groups in various species. The first in-

vivo study in humans assessing the effect of pre-conditioning was performed by Deutsch 

et al., (1990). In a small group of patients undergoing elective PCI for an obstructed left 

anterior descending artery (LAD). They showed a reduction in electrographic, metabolic 

and clinical markers of ischaemia following the second cycle of balloon inflation 

compared to the first.194  

Subsequent translational studies demonstrated the effectiveness of IPC in 

humans in a clinical context, specifically prior to Coronary Artery Bypass Grafting surgery 

(CABG),195 although the larger ERICCA phase III clinical trial recently showed remote 

ischaemic conditioning (rIC) failed to improve long term outcomes after CABG.196 

Interestingly studies investigating patients who suffered angina prior to MI and 
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subsequent reperfusion showed they had better outcomes than patients without pre-

infarction angina, hinting that these patients are in effect undergoing auto-IPC in a 

process sometimes termed ‘warm-up angina’.197, 198 Furthermore IPC has also been 

shown to be protective against post-MI arrhythmias and the development of acute 

cardiac failure within the first few days after the infarct.199, 200  

The protection afforded by conditioning is time dependent i.e. the conditioning 

itself must be implemented at a certain time for a certain duration and then the 

effectiveness of conditioning wanes after a few hours. The length of conditioning 

required to induce a net benefit varies greatly in different animal models. In a rabbit 

model, whereas 2 minutes of IPC provided no benefit, 3-5 minutes of IPC significantly 

reduced the final infarct size.201 The other major drawback of IPC as a new therapeutic 

tool is the fact that its use is limited to situations where sustained periods of ischaemia 

can be anticipated i.e. prior to major cardiac surgery or coronary angiography. 

 

1.2.2 Postconditioning  

The potential of ischaemic conditioning was soon realised in the MI setting where 

conditioning after the onset of MI and around the time of revascularization by PCI or 

thrombolysis was shown to be protective, so called postconditioning (IPostC). The 

reason for this seemingly paradoxical ability to condition after ischaemia is that 

conditioning is now known to protect predominantly from the harmful effects of 

reperfusion injury rather than ischaemia. Zhao et al., (2003) first demonstrated the 

effectiveness of IPostC.202 His group occluded the LADs of dogs for 60 minutes followed 

by a 3 hour reperfusion period. One group of dogs were preconditioned by occluding 
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the LAD for 5 minutes with 10 minutes of reperfusion prior to the 60 minutes of 

ischaemia and the other group were post-conditioned by staggering reperfusion after 

the 60 minutes of ischaemia with 3 cycles of 30 seconds occlusion/reperfusion. 

Interestingly they showed that IPostC was almost as effective as IPC in reducing the final 

infarct size, level of tissue oedema and various other markers of cardiac damage. 

The effectiveness of IPostC was later demonstrated in humans. Laskey et al., 

(2005) demonstrated that by staggering reperfusion during PCI by repetitively inflating 

and deflating an angioplasty balloon for short periods of time, final electrocardiographic 

ST segment elevation size was reduced and distal myocardial perfusion was increased.203 

Similarly Staat et al., (2005) using a similar technique at the time of PCI, showed a 

significant reduction in creatine kinase (CK) biomarker release and an increase in 

myocardial reperfusion in the conditioned group.204 In a similar vein but with slightly 

longer term implications, Thibault et al., (2008) demonstrated that the effects of IPostC 

are not only protective with regard to acute infarct size, but also have a positive 

influence on more chronic markers such a final infarct size and myocardial contractility 

after 1 year; specifically they demonstrated a 7% increase in LVEF compared with the 

control group.205  

 

1.2.3 Windows of Protection 

It has become clear that there are two ‘windows of protection’ around the time of I/R 

in which ischaemic conditioning can be effectively utilised. The first is the classical 

window beginning immediately following MI and lasts up to 4 hours. Protection within 

this time period is mainly induced through post-translational protein changes. A delayed 
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or second window of protection (SWOP) then starts as early as 12 hours after the infarct 

and lasts up to 72 hours.206-208 The SWOP is thought to induce cardioprotection mainly 

through gene transcription and it is to this second window that much recent attention 

has been focused as it supports the potential for a more prolonged and sustained 

conditioning technique. Figure 1.8 illustrates the temporal relationship of the each 

window of conditioning in relation to infarct sparing. 

 

 

 

 

Figure 1.8. Schematic representation of the temporal nature of each window of 

conditioning with relative infarct sparing effects. Reproduced from Yellon et al., 

(2003).209 
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1.2.4 Pathways of Ischaemic Postconditioning (Local and Remote)  

There is significant overlap of the final intracellular signalling pathways involved in IPC 

and IPostC. Indeed despite the mystery that still surrounds the transmission of the signal 

from the distant muscle or tissue bed to the heart, the intracellular pathways of rIC share 

most of these final common pathways, with a few subtle differences. 

One difference between the conditioning types is that IPostC only modulates the 

damage from reperfusion injury whereas IPC can influence  ischaemia independent of 

its role in reperfusion, mainly by acting to slow the breakdown of ATP.210 Furthermore, 

IPostC as well as activating similar pathways to IPC as described in following sections, 

also acts to prolong time to opening of the mPTP and hence reduce cell death e.g. by 

maintaining a low pH within the mitochondria during reperfusion as well as reducing the 

mitochondrial membrane potential and modulating mitochondrial calcium.211 In 

addition Connexin 43 (Cx43), the main protein that forms gap junctions and hemi-

channels in ventricular myocardium, is a key part of the signalling transduction cascade 

for IPC but not IPostC.212  

A common theme of the intracellular signalling cascades is the central role the 

mitochondria play in inducing cardioprotection along with other vital components such 

as NO, PKC, the (Reperfusion Injury Salvage Kinase) RISK and Survivor Activating Factor 

Enhancement (SAFE) pathways; both in the setting of I/R as well as in the setting of acute 

remodelling. Figure 1.9 gives an overview of the extracellular triggers and intracellular 

signalling that infer cardioprotection from all forms of conditioning seen in early and late 

conditioning and the details of individual components of the intracellular signalling 

cascade are summarised in the following sections.
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Figure 1.9. Schematic representation of the extra and intracellular pathways of ischaemic conditioning encompassing both     

windows of conditioning. For a full explanations of the abbreviations see the Abbreviations section at this beginning of the text. 
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1.2.4.1 RISK pathway 

The Reperfusion Injury Salvage Kinase (RISK) pathway describes the p42/p44 (ERK 1/2) 

mitogen activated protein kinase (MAPK)-dependent axis, as well as encompassing the 

PI3K-AKT and GSK3β pathways, and in a broader sense includes the related JNK and 

p38MAPK pathways. The concept was introduced in 1999 by Yellon’s group and its 

importance in ischaemic conditioning was first highlighted by Schulman et al., (2002)213 

who along with other groups, demonstrated that activation of this axis in the post-MI 

reperfusion period reduced infarct size by up to 50%.214 Further studies have also heavily 

implicated this pathway in the remodelling process. Yamazaki et al., (2010) induced the 

RISK pathway in rats subjected to coronary artery occlusion by injecting the flavanol 

epicatechin. At 3 weeks post event there was a minimal change in the left ventricular 

end diastolic pressure (LVEDP) in the treated group but there was a significant increase 

in LVEDP in the control group. Furthermore there was a 33% decrease in infarct size in 

the treated group.215 In this setting activation of and protection by the RISK pathway 

occurred after epicatechin induced ischaemic injury had been sustained. 

The RISK pathway is activated by numerous triggers including bradykinin, 

adenosine and opioids acting via G-Protein Coupled Receptors (GPCR) and insulin and 

epidermal growth factors acting via tyrosine receptor kinase pathways as previously 

described. The pathway ultimately acts to inhibit mPTP opening and therefore 

reperfusion injury. More recent clinical trials have utilised various pharmacological 

agents such as ANP, GLP1, adenosine and erythropoietin to activate the RISK pathway 

during MI. Results vary but most agents trialled have shown some benefit, be it an 

improvement in LV systolic function, reduction in infarct size or improved clinical 
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outcome.216-218 Although activation of the RISK pathway is clearly an important element 

of IPostC, it is not exclusive and indeed in some animals provides little or no protection 

at all, the most notable example being the study by Shyschally et al., (2009) who failed 

to show any role for the RISK pathway in IPostC in pigs.219 

 

1.2.4.2 Protein Kinase C pathways 

PKC pathways are also heavily implicated in ischaemic conditioning and their role have 

been the subject of much debate. Initial studies placed PKC high up the cascade of 

intracellular signalling but more recent developments have shown it to be downstream 

of a number of intracellular signalling factors. Indeed the RISK hypothesis as previously 

described, places PKC downstream of the RISK pathway.220 Adenosine receptors 

however, are thought to work directly to activate PKC.  

The specific isoform(s) of PKC involved in conditioning are a subject of ongoing 

debate, however, PKCε has been heavily implicated. Gray et al., (1997) abolished IPC by 

the application of the selective PKCε V1-2 peptide inhibitor in a rat cell culture model.221 

More recently Saurin et al., (2002) showed that PKCε knock-out mice, PKCε -/-, were 

resistant to the infarct sparing effects of IPC perfusate compared to sibling heterozygous 

PKCε +/- controls.222 One mechanism of action may be the mobilisation of PKCε to the 

mitochondria and phosphorylation of elements of the mPTP which prevents opening.223 

In a second proposed mechanism of protection derived from a rabbit model, Pain et al., 

(2000) proposed that IPC acts via GPCR leading to the opening of mitochondrial KATP 

channels. This generates a small pool of ROS which then activates PKCε.224 Recent work 
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by our group has also highlighted a role for PKCδ, which was shown in a rat model to 

work via sarcolemmal KATP channels to induce IPC against I/R.225 

With regards to IPostC, Penna et al., (2006) showed that the administration of a 

non-specific PKC inhibitor in rat hearts abolished the protective effects of IPost in 

limiting infarct size.226 Similarly PKC has been shown to play a role in remote ischaemic 

preconditioning (rIPC). Wolfrum et al., (2002) applied rIC to rats via mesenteric artery 

occlusion and demonstrated translocation of PKCε from the cytosol to the particulate 

compartment within the heart. This translocation was blocked by HOE140 (a bradykinin 

antagonist) as well as by a non-selective PKC blocker, chelerythrine.227 This work has 

been mirrored by Weinbrenner et al., (2002) who again abolished rIC in a rat model of 

I/R using chelerythrine.228 With regards to a role for PKC in remote ischaemic 

postconditioning (rPostC), there is currently a scarcity of data. However a number of 

studies have shown the translocation of PKC isoforms in adenosine mediated 

cardioprotection (adenosine being a key component of rPostC).229, 230 

 

1.2.4.3 SAFE pathway 

The SAFE pathway encompasses the JAK-STAT pathway.231 This pathway has yet to be 

fully elucidated but can act independently of the RISK pathway and is thought to be 

involved in the second window of protection. It involves activation by TNFα and IL-6 like 

peptides by binding to TNFr and gp130 respectively. This leads to the activation of JAK 

and the subsequent phosphorylation of the transcription factors STAT3 and STAT5. 

Phosphorylated STAT3/5 is then thought to act in two ways; firstly by translocation to 

the nucleus where it up-regulates various transcription factors involved in cell survival 
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such as the apoptotic transcription factors Bcl-2, Bcl-xL and vascular endothelial growth 

factor (VEGF) and down-regulates apoptotic genes such as Bax. Secondly, it is thought 

to act by its action on the mitochondrion by phosphorylating hence inactivating GSK3β, 

thereby inhibiting mPTP and conferring other mitochondrial cardioprotective 

benefits.232 STAT3 has been shown to be more important to the SAFE pathway in rodent 

species whereas STAT5 seems to playing a greater part in humans.233 The degree to 

which this pathway is utilised in repeated IPostC has yet to be established.234 It is with 

great surprise that the role of SAFE pathway has yet to be investigated in the context of 

rIC in a clinical scenario. 

 

1.2.4.4 CGMP/NO/PKG pathway 

NO is well established as an important signalling molecule that mediates ischaemic 

conditioning, especially as part of the RISK pathway with increased levels in response to 

NOS activation, predominantly eNOS as previously described.235, 236 Furthermore NO 

plays a fundamental role in attenuating pathological remodelling drivers post-MI. A 

number of studies have shown a direct inverse correlation between the levels of NO 

bioavailability in the heart and the degree of ensuing heart failure.237-239 It is thought 

that the predominant protective properties of low levels of NO, released by Ca2+ 

dependent NOS such as eNOS, are its anti-hypertrophic and pro-apoptotic downstream 

effects, including the modulation of fibroblast growth factor (FGF), VEGF and TGF-β.240, 

241 Furthermore, NO has positive benefits in established heart failure by reducing 

myocardial oxygen consumption by competitive inhibition of oxygen of cytochrome 

oxidase within the mitochondria.242, 243 NO also leads to increased myocardial 
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contractility by its effect on excitation-contraction by means of modulating calcium 

influx through sarcolemmal LTCC as well as increasing the release and re-uptake of 

calcium by the SR.244, 245 Finally NO acts to increase coronary blood flow by increasing 

vasodilation and decreasing vascular resistance, mainly by its action on cGMP in vascular 

smooth muscle cells.246, 247  

NO is thought to acts through two main downstream pathways during acute 

remodelling to attenuate ventricular hypertrophy.248 Firstly it can act via the reversible 

S-nitrosylation of protein.249, 250 S-nitroslyation is thought to inhibit or slow the 

progression of hypertrophy through inhibition of the pro-hypertrophic NF-κB and 

Inhibitor of Kappa (IκB).251, 252 Secondly it activates the sGC/cGMP/PKG pathway 

resulting in phosphorylation of target proteins acting mainly via inhibition of the 

calcineurin-NFAT pathway.253, 254 It does this by reducing Ca2+ loading by inhibiting LTCC 

and TRPC channels.254-256 PKG is also thought to be crucial by interacting with PKC and 

the Akt to mediate the opening of mitochondrial KATP channels and subsequently the 

mPTP.257 Furthermore increased PKG activity causes phosphorylation and activation of 

the GTPase regulator of G-protein signalling (RGS2/4). This inhibits GPCR-mediated PLCβ 

activity and attenuates hypertrophy.258, 259 More recent work by Wang et al., (2015), 

using human embryonic stem cell-derived cardiomyocytes, has identified a novel 

downstream target of PKG in modulating hypertrophy: Orai1, a pore-forming subunit of 

store-operated Ca2+ entry (SOCE).260 In this model phosphorylation of Orai1-Ser-34 

inhibited hypertrophy.  
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1.2.4.5 Other Key Pathways 

Numerous other pathways have been implicated in ischaemic conditioning. One such 

pathway involves the lipid sphingosine kinase (SPK), which has been postulated to be an 

upstream regulator of the RISK pathway via the generation of sphingosine 1 phosphate 

(S1P). Jin et al., (2008) showed that hearts from mice that lacked SPK1 were resistant to 

IPostC, sustained larger infarcts and did not activate the Akt or ERK1/2 pathways.261  

Another important pathway involves hypoxia induced factor 1 alpha (HIF-1α), a 

gene transcription factor whose role is well established in traditional IPC. Cai et al., 

(2008) highlighted the importance of HIF-1α in a heterozygous HIF-1α deficient mouse 

model where IPC against I/R was lost compared to wild type mice.262 The same group 

also showed that HIF-1α is important in the SWOP by increasing levels of intracellular 

erythropoietin (EPO).263 However, its role in rIC remains controversial. Although levels 

of HIF-1α are shown to increase in a mouse model of rIC, there has been conflicting data 

as to whether these increased levels actually translate into effective 

cardioprotection.264, 265  

In data presented at the 8th Biennial Hatter Cardiovascular Institute Workshop 

2015, two new mediators of rIC were presented which are implicated in rIC afforded 

cardioprotection, aldehyde dehydrogenase-2 (ALDH-2) and phospho-myozenin-2.266 

Firstly, ALDH-2 was shown by Kharbanda’s group to play a key role in both a rabbit MI 

model and in healthy human volunteers. In the animal study, administration of an ALDH-

2 inhibitor abrogated rIC induced cardioprotection. In the human study, volunteers with 

a Glu504Lys polymorphism in ALDH-2 showed high levels of resistance to rIC induced 

protection against ischaemia induced endothelial dysfunction.267 Secondly, Suleiman’s 
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group have shown that increased phosphorylation of phospho-myozenin-2 (a 

sarcomeric protein found within cardiomyocytes) as well as increased levels of 

numerous other phosphoproteins in the Z-disk within sarcomere were observed in a 

mouse model of rIC induced cardioprotection against I/R.268 

 

1.2.5 Remote Ischaemic Conditioning 

RIC allows for the ischaemic conditioning stimulus to be applied to a distant tissue or 

muscle bed, commonly by inflating a blood pressure cuff on the arm or leg. Przyklenk et 

al., (1993) was the first to demonstrate rIC in dogs. They preconditioned the heart by 

occluding the LCx for brief periods and then induced prolonged ischaemia by completely 

occluding the LAD for an hour, followed by a prolonged period of reperfusion. By 

applying I/R to the LCx, they were able to confer protection to naive “remote” 

myocardium supplied by the LAD.269 Kerendi et al., (2005) later demonstrated the 

cardioprotective effects of rIC in the post-MI setting. After 30 minutes of coronary artery 

occlusion in rat hearts they remotely conditioned the kidneys then re-perfused the heart 

and showed a 50% decrease in infarct size compared to the control.270 Similar results 

have been demonstrated using a pig model.271 A summary of the timing and locality of 

conditioning in the context of an ischaemic event is given in Figure 1.10.  

 The technique of inducing ischaemia using a blood pressure cuff to the forearm 

in humans was first used by Kharbanda et al., (2002).272 More recently Bøtker et al., 

(2010) looked at the effects of rIC in STEMI patients by applying 4x5-minute cycles of 

blood pressure cuff inflation and deflation to the forearm whilst patient were in the 

ambulance en route to receiving PPCI.273 Conditioned patients with large anterior 
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infarcts had a significantly better myocardial salvage index than the control group. A 

smaller study by the same group was undertaken in STEMI patients where rIC was 

applied just after PCI using 4 bouts of 4-minute inflations of a forearm blood pressure 

cuff. With the addition of morphine there was a significant reduction of troponin T levels 

(a biomarker of cardiac damage) in the conditioned group compared to the control 

group.274  

The timing of rPostC is critical with regards to modulating I/R after MI. Roubille 

et al., (2011) described the damaged incurred by reperfusion as a ‘wavefront’ and 

showed that rPostC can be effective up to 30 minutes post-MI.275 However, there has 

been so far only a tentative foray by the scientific community in examining the effects 

of rPostC on remodelling after MI once I/R damage has been established. Munk et al., 

(2010) showed that in MI patients with an Area At Risk (AAR) of over 35%, those who 

received rIC after PPCI had a significant improvement of LVEF after 30 days compared 

to the control group: 51 ± 11% versus 46 ± 9% respectively.276 However, the degree to 

which the difference in LVEF is due to remodelling as opposed to infarct size is difficult 

to ascertain.   

 

1.2.5.1 Remote Ischaemic Conditioning Extracellular Signalling Pathways 

Several current theories exist as to the mechanisms of rIC extracellular signalling to 

convey protection from a distant muscle or tissue bed to the heart to infer 

cardioprotection. These are summarised in Figure 1.11 (see also Figure 1.9).  
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Figure 1.10. Schematic representation of the different conditioning techniques. Black 
bar = prolonged ischaemia, black lines = intermittent non-lethal ischaemia, light blue bar 
= pre-ischaemia, darker blue bar = reperfusion. No Rx = No conditioning, IPC = Ischaemic 
Preconditioning, IPostC = Ischaemic Postconditioning, rIPC = Remote Ischaemic 
Preconditioning, rIPostC = Remote Ischaemic Postconditioning. Adapted from 
McCafferty et al., (2014).277 
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Figure 1.11. Schematic of the postulated remote ischaemic conditioning extracellular 

signalling pathways. The main signalling pathways are thought to be humoral and 
neural, with a significant interplay between the two. Modulation of the systemic 
inflammatory response is also fundamental, especially in the context of repeated rIC. 
DMVN = dorsal motor vagal nucleus. Adapted from Pickard et al., (2015).266  
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1.2.5.1.1 Humoral Signalling 

Humoral signalling is thought to play a prominent role in rIPC. This was succinctly 

demonstrated by Konstantinov et al., (2005) who induced limb rIPC in a pig with a donor 

heart (which therefore had no autonomic innervation) and reduced the infarct size after 

MI, strongly indicating a humoral messaging system.278 Other groups have pointed to 

the importance of humoral signalling by isolating animal hearts and treating them with 

perfusate from different rIPC animals and demonstrating a reduction in MI infarct size, 

classically by Dickson et al., (1999) using rabbits.279 Various humoral factors have been 

implicated including adenosine, bradykinin, NO, opioid peptides, natriuretic factors, 

endocannabinoids, angiotensin I and calcitonin gene related peptide (CGRP). 

Current understanding points to a molecule or group of molecules that falls 

between the ranges of 3.5-8kDa in size and are hydrophobic.280-282 This potentially rules 

out some molecules thought to be implicated such as adenosine, bradykinin and opioids 

which are all smaller than 3kDa. More recent candidates for the responsible humoral 

messenger include stromal cell-derived factor-1 (SDF-1a) which recruits stem cells via its 

action on CXCR4 and is activated by hypoxia283 and a panel of anti-inflammatory proteins 

including haptoglobin and transthyretin.284  

MiR-144 is the first miR to be identified as a possible humoral factor. Levels of 

circulating miR-144 were shown to be increased in mouse models of rIC induced 

protection against I/R with the effects of rIC completely negated after the administration 

of the antagomir to miR-144.285, 286 Levels of this miR have also been shown to be 

increased in human volunteers undergoing standard rIC protocols.287 Studies looking at 

the interaction of miR-144 and exosomes (circulating extracellular vesicles) highlighted 
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the importance of these exosomes to facilitate the carriage and release of miR-144 (or 

its precursor) to facilitate cardioprotection.288 Exosomes are also heavily implicated in 

the transfer of other miRs as well as protein and mRNAs in the context of conferring 

cardioprotection from a rIC stimulus.288, 289 

 

1.2.5.1.2 Neural Signalling 

The first evidence for the involvement of neural signalling in rIC was provided by Gho et 

al., (1996). By administering intravenous hexamethonium (a ganglion blocker), they 

abolished the protection afforded by rIC of anterior mesenteric artery or renal artery, 

against sustained MI.290 Strong evidence for involvement of neural signalling in rIC was 

subsequently given by Ding et al., (2001) who showed that they could abolish the 

cardioprotective effect of renal ischaemia by cutting the renal nerve in rabbits.291 Similar 

results were seen in hind limb rIC in rats where the femoral nerve supply was cut.292 

Some studies have advocated C-fibres as the responsible sensory neural mechanism for 

rIC as application of the C-fibre inhibitor capsaicin prior to rIC can reduce the effective 

of cardioprotection seen.293, 294 However, Weinbrenner et al., (2004) could not block rIC 

induced cardioprotection in rats using hexamethonium295 and subsequent work by 

Wolfrum et al., (2005) points to a significant interspecies variability when it comes to 

the role of the afferent nervous system in rIC.296 More recent work by Basalay et al., 

(2012) using a rat model of ischaemia, suggested that rIC in the pre, per and immediate 

post-MI period was heavily dependent on parasympathetic messaging whereas delayed 

rPostC (>10 minutes after the event) appeared not to rely so heavily on this neural 

signalling, suggesting a greater importance of humoral signalling in this setting.297 
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Modulation of the autonomic nervous system has been recently shown by number 

group to play a significant role in rIC. Mastitskaya et al., (2012) have shown that 

activation of the dorsal motor nucleus of the vagus nerve (DMNV) induced a similar level 

of cardioprotection as rIC and that this effect was blocked by atropine.298 Earlier work 

have also pointed towards the importance of stimulation of the vagus nerve for inducing 

protection by attenuating the effect of rIC by performing bilateral vagotomy in a rat 

model.299, 300  This theory is challenged by Buchholz et al., (2012) who actually 

demonstrated an increase in final infarct size by inducing vagal nerve stimulation prior 

to an ischaemic insult in a rabbit model.301 Furthermore Jones et al., (2009), using a 

murine model of MI, showed that cardioprotection induced by rIC was not attenuated 

by effective spinal cord transection at level C7.302 

 

1.2.5.1.3 Humoral and Neural Interplay Signalling 

The two isolationist views on whether the rIC signal relayed to the heart is 

predominantly a humoral or neural mediated one is being gradually replaced by a more 

holistic model, which integrates the two mechanisms. The first such theory of an 

integrated mechanism of action was put forward proposing an adenosine mediated 

neural pathway. Ding et al., (2001) demonstrated that in tandem with the importance 

of neural signalling in a rabbit model of rIC, a release of a small pool of adenosine. On 

its own this adenosine release was insignificant enough to act as a humoral signal 

molecule in isolation, but rather was thought to act as a neural trigger.291 Other 

implicated humoral triggers of neural pathways in rIC include bradykinin303 and CGRP.304  
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More recent work has demonstrated the humoral signalling pathway to lie downstream 

of a neural pathway. This is highlighted elegantly by Jensen et al., (2012) who analysed 

the plasma dialysate of diabetics with peripheral sensory neuropathy and showed that 

they were unable to generate an effective humoral signal compared to their non-

diabetic counterparts.305 Redington’s group have applied a number of neural stimulators 

and blockers in experimental models to further reinforce this theory. These include the 

application of capsaicin and the use of direct nerve stimulation,306 elector-

acupuncture307 and electrical nerve stimulation.308  

 

1.2.5.1.4 Signalling via Modulation of the Systemic Inflammatory Response 

A final hypothesised mechanism of rIC signalling involves the modulation of the 

inflammatory response that is known to be important in initiating and controlling wound 

healing. After an MI, neutrophils migrate to the myocardium within a few hours and are 

subsequently followed by monophages, which become the dominant cellular infiltrate 

in the first 2 weeks after an MI (see section 1.1.3.2 for more details). Cheung et al., 

(2006) demonstrated that patients given an rIC stimulus prior to undergoing open-heart 

surgery had a reduced systemic inflammatory response and reduced levels of cardiac 

damage.309 It is thought that rIC induces changes in gene transcription, specifically of 

polymorphonuclear leukocytes. Indeed Shimizu et al., (2010) showed that repetitive rIC 

significantly altered the behaviour of neutrophils after MI with reduced levels of 

adhesion as well as a reduction in phagocytosis and a change in the prolife of cytokine 

release.310 Li et al., (2004) highlighted the importance of gene transcription factors by 

demonstrating a blunted cardioprotective response in mice deficient in NFκB subjected 
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to rIC.311 NFκB plays a key role in modulating the immune response and is thought to be 

fundamental in the post-MI inflammatory process where it is predominantly pro-

inflammatory.312 The importance of NFκB was underlined by Wei et al., (2001) in a rat 

model of repeated rIC and MI, where they demonstrated a significant reduction in 

phosphorylation of the NFκB subunit p65 and its inhibitory protein IκBα. In addition, this 

study showed a reduction in the infiltration of macrophages and neutrophils into the 

infarcted tissue in the rIC groups as well as a reduction in monocyte chemotactic protein 

1 (MCP-1) in the border zone of infarcted tissue.313 More recently Cai et al., (2012) have 

shown up-regulation of expression of interleukin-10 (a potent anti-inflammatory 

cytokine) in a mouse model of rIC which lead to a reduction in MI size and improved 

cardiac contractility.314 The role monocytes play in the remodelling process is complex 

and Nahrendorf et al., (2010) suggests that there is a biphasic response in the monocyte 

population between the initial inflammatory surge of CD16-/14+ (Ly6Chi) cells and the 

subsequent reparative surge of CD16+/14- (Ly6Clo) cells.315 There has been no attempt 

so far to show if rIC can significantly influence the populations of monocytes post-MI 

and whether such a change would positively influence the remodelling process. 

 

1.2.5.2 Repeated Remote Conditioning 

So far, most studies have focused on the effect of a one-off conditioning stimulus. 

However in many studies, one-off rIC at or around the time of MI has pointed towards 

the potential for this technique to reduce the incidence of chronic heart failure by 

attenuating the acute injury of reperfusion. However, the degree to which the difference 

in LVEF and other markers of heart failure are due to remodelling, as opposed to 
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attenuation of infarct size around the time of the acute event is difficult to ascertain. 

There is tentative evidence to suggest that a repeated conditioning stimulus may have 

long-term beneficially effects, especially in the context of cardiac remodelling post-MI, 

with the potential to target acute remodelling per se and not just act via its initial infarct 

size sparing benefit.  

Animal studies by Reddington’s group has hinted that the progression to heart 

failure can be strongly attenuated, in a “dose-dependent manner”, by serial bouts of rIC 

soon after an ischaemic event. In a rat model of acute MI, Wei et al., (2011) 

demonstrated the greatest improvement in LV chamber size, LV function and 

haemodynamic changes post-MI in the group that received repeated remote 

conditioning every day for 28 days compared to a control group and two groups 

receiving one-off applications of rIC either before or during ischemia.313 This was 

brought about by positive modulation of key remodelling processes such as a reduction 

in oxidative stress, attenuation of the expression of genes associated with fibrosis and 

hypertrophy, and blunting of the inflammatory response with reduced levels of 

neutrophil and macrophage infiltration in the myocardium and reduced cytokine 

signalling. Interestingly, there was minimal effect in the rats who received conditioning 

every 3rd day instead of every day. The same group also showed that repeated rIC led to 

a reduction in oxidative stress as demonstrated by a reduction in NF-κB phosphorylation. 

Furthermore there was a reduction in genes associated with fibrosis (TGFβ1) and 

hypertrophy (ANP and βMHC) post-MI. They also showed an attenuated inflammatory 

response with repeated rIC, with reduced levels of neutrophil and macrophage 
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infiltration in the myocardium and reduced cytokine signalling, all of which are relevant 

to remodelling.313  

Previously, the same group had demonstrated that repetitive rIC significantly 

altered the behaviour of neutrophils after MI with reduced levels of adhesion at day 1 

and 10 as well as a reduction in phagocytosis at day 10, apoptosis at day 1 and 10 and 

an overall change in the prolife of cytokine release.310 More recent work from this group 

has suggested the existence of separate and very distinct mechanisms by which ‘one-

off’ traditional rIC and repeated rIC infer protection. Whilst traditional rIC acts through 

the pathways described previously, repeated rIC was shown in this study to increased 

production of the autophagosome proteins LC3-II, cathepsin-L and Atg5.316 Yamaguchi 

et al., (2015) reinforced the power of repeated rIC post-MI and implicated exosomes as 

the mediators for signalling in rIC, possibly by their action of transferring anti-fibrotic 

miRs such as miR29a as well as IGF-1, which is known to be protective in the context of 

remodelling.317  

 

1.2.6 Future Perspectives in the Clinical Translation of Remote Ischaemic 

Conditioning 

Multiple studies are underway to assess the impact of one-off rIC protocols at the time 

of MI on various heart failure related outcome. Following on from the first CONDI 

study,318 CONDI2 (Effect of RIC on Clinical Outcomes in STEMI Patients Undergoing PPCI) 

is well underway. This study aims to recruit 2300 participants over a 36 months period 

from a number of sites across Europe 

(http://www.clinicaltrials.gov/ct2/show/NCT01857414) with the primary outcome of 
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assessing cardiovascular mortality and hospitalisation for heart failure at one year. 

Completion of the study is expected in late 2016. Running in collaboration with the 

CONDI-2 trial is the ERIC-PPCI (Effect of Remote Ischaemic Conditioning on clinical 

outcomes in ST-segment elevation myocardial infarction patients undergoing Primary 

Percutaneous Coronary Intervention) trial. This trial has recently started recruitment 

and aims to recruit 2000 participants in total across multiple sites to assess whether rIC 

at the time of PPCI for STEMI can reduce the combined primary outcome of cardiac 

death and hospitalisation for heart failure at 12 months 

(https://clinicaltrials.gov/ct2/show/NCT02342522). 

DANAMI-3 (DANish Study of Optimal Acute Treatment of Patients with ST-

elevation Myocardial Infarction) aims to assess the effect of local ischaemic conditioning 

on heart failure rates up to 3 years following PPCI for STEMI 

(http://clinicaltrials.gov/show/NCT01435408). The study has completed recruitment of 

over 2000 participants and preliminary results pertaining to acute outcomes have 

previously been presented.319 RECOND (Reduction in Infarct Size by Remote Per-IPostC 

in Patients With ST-elevation Myocardial Infarction), a Swedish led study, aims to recruit 

120 participants and apply remote per-conditioning during PPCI for STEMI. One of the 

aims of the study is to compare cMRI assessed remodelling parameters after 180 days 

between the conditioned and sham groups 

(https://clinicaltrials.gov/ct2/show/NCT02021760). Finally the RIC-STEMI trial (Remote 

Ischemic Conditioning in ST-elevation Myocardial Infarction as Adjuvant to Primary 

Angioplasty) is a Portuguese led study aiming to recruit 492 participants. Similarly this 

study will recruit from patients suffering STEMI and undergoing PPCI with a 1:1 
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randomisation to rIC approximately 10 minutes prior to first angiographic balloon 

inflation or sham conditioning. Rather than cMRI based outcomes, the primary endpoint 

in this study will be death or hospitalisation from heart failure at a minimum of one year 

(https://clinicaltrials.gov/ct2/show/NCT02313961). 

Two phase II trials are underway with the hypothesis that repeated rIC use in the 

post STEMI period can positively influence cardiac remodelling and reduce the incidence 

of and progression to heart failure: DREAM (Daily REmote Conditioning in Acute 

Myocardial Infarction) (http://clinicaltrials.gov/show/NCT01664611) and CRIC (Chronic 

Remote Ischemic Conditioning to Modify Post-MI Remodelling) 

(http://clinicaltrials.gov/show/NCT01817114). The DREAM study was conceived as a 

clinical trial to accompany the basic science set out in this thesis and was conceived at 

the University of Leicester. Chapter 7 of this thesis lays out the hypothesis of the trial 

and the trial design. To summarise briefly in this section, DREAM is a UK based, multi-

centre randomised control trial recruiting individuals who have suffered a STEMI and 

have had successful PPCI. Inclusion criteria includes post STEMI LVEF <45% on 

transthoracic echocardiography with no prior history of MI. The study aims to recruit 72 

patients and is powered to detect a 5% increase in LVEF above natural recovery. Primary 

outcome data are obtained from baseline and 4 month cMRI to assess LVEF, LVEDV, 

LVESV, infarct size and oedema. An important facet of this trial is the intention to try 

and elucidate further our understanding of how much rIC in this context acts 

independently on remodelling when influences on the initial infarct size and MVO 

attenuation are reduced. This is done by beginning rIC 3 days after the acute event to 

avoid influencing the size of the infarct. RIC will continue for 4 weeks, performed daily 
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by the participant. The study will randomise participants 50:50 in the intervention or the 

control group. The intervention group will receive a device that inflates to 200mmHg in 

4x5 minute cycles of inflation and deflation. The control group will receive identical 

looking devices that cycle as the intervention group but only inflate to a maximum of 

10mmHg.   

In a similar vein, The CRIC study is a multi-centre randomised controlled trial 

recruiting from a STEMI/PPCI population in Canada with a recruitment aim of 82. CRIC 

differs from DREAM in that the investigators will recruit LAD territory infarcts only and 

will exclude diabetic individuals. The reasons for focusing on non-diabetic patients who 

have suffered large anterior STEMIs in the CRIC study is based on prior work suggesting 

this group are most likely to respond to rIC and hence gain greater impact from the 

intervention. Furthermore rIC will start just prior to PPCI and continue for 4 weeks, 

therefore rIC in this context will likely have an influence on infarct size and MVO as well 

as subsequent remodelling. Primary outcome will be obtained by comparing cMRI at 

baseline and 28 days, primarily to compare LVEDV. Both the DREAM and CRIC trials are 

nearing completion and it is hoped that once these trials are completed we will be in a 

better position to assess the role of repeated rIC in remodelling and whether this 

technique merits investigation with larger phase III randomised control trials. 

 

1.3 Summary 

RIC is a powerful protective tool against I/R. It’s potential for targeting the detrimental 

effects of maladaptive acute remodelling after MI is currently being realised. 

Furthermore the degree to which the underlying mechanisms of rIC overlap with I/R 
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have yet to be established and it is postulated that a number of novel and unique 

mechanism of cardioprotection come into play in the context of remodelling. We aim to 

elucidate some of the mechanisms by which rIC affords cardioprotection in acute cardiac 

remodelling in a rodent cell culture models of hypertrophy and fibrosis. Furthermore we 

aim to translate the postulated benefits of repeated rIC in a phase II post STEMI/PPCI 

clinical trial and assess its effect on subjective and objective heart failure outcomes. 
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1.4 Hypotheses  

 

1. General hypothesis: RIC leads to the release of chemicals into the bloodstream 

that can prevent post-MI adverse remodelling by modulating hypertrophy and 

fibrosis. 

 

2. Hypertrophy hypothesis: The pro-hypertrophic phenotype brought about by 

ET-1 in a cellular model can be inhibited by rIC-serum from humans and rIC-

perfusate from isolated rat hearts. 

 

Means to test hypothesis: 

• Develop a cellular model of hypertrophy using H9C2 rat myocardioblasts.  

• Establish whether perfusate from conditioned isolated rat hearts could 

inhibit hypertrophy in this model. 

• Establish whether serum from healthy human volunteers undergoing rIC 

could inhibit hypertrophy in this model. 

• Assess the effects of age and levels of physical activity on influencing the 

anti-hypertrophic properties of rIC in this hypertrophic model. 

• Elucidate some of the mechanisms of action of rIC to inhibit hypertrophy 

in this model. 
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3. Fibrosis hypothesis: The pro-fibrotic phenotype brought about by ET-1 in a 

cellular model can be inhibited by rIC-serum from humans and rIC-perfusate 

from isolated rat hearts. 

 

Means to test hypothesis: 

• Develop a cellular model of fibrosis using neonatal rat fibroblasts.  

• Establish whether serum from healthy human volunteers undergoing rIC 

could inhibit fibrosis in this model.  

• Elucidate some of the mechanisms of action of rIC to inhibit fibrosis in 

this model. 

 

4. Clinical Translation:  Daily serial rIC applied for 4 weeks following STEMI 

treated with PPCI, reduces the incidence and progression of heart failure by 

positively influencing cardiac remodelling, independent of its effect on initial 

infarct sparing. 

 

Means to test hypothesis: 

• Establish a phase II clinical trial to assess the role of repeated rIC in the 

context of post-MI acute remodelling and heart failure. 

 

 

Results are detailed in chapters 3-7 and the discussion is outlined in chapter 8. 
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2. MATERIALS AND METHODS 

This chapter will outline the materials and general methods used. Furthermore the 

techniques of cell culture, DNA, RNA, miR and protein measurement, and statistical 

analysis techniques will be discussed. The relevant results chapters will provide a more 

detailed methodology of particular experiments along with the corresponding results. 

 

2. 1 Materials and Equipment 

This section will cover the chemicals and solution used for the individual experimental 

techniques used. 

 

2.1.1 General Reagents and Chemicals 

Recombinant Endothelin-1 (ET-1), all-trans retinoic acid, Phorbol 12-myristate 13-

acetate (PMA), 6-[4-(2-Piperidin-1-ylethoxy)phenyl]-3-pyridin-4-ylpyrazolo[1,5-

a]pyrimidine (compound-C), 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), 2-[4-

(4-Chlorobenzoyl)phenoxy]-2-methylpropanoic acid isopropyl ester (fenofibrate) and  

protease and phosphatase inhibitor cocktails (Sigma-Aldrich, UK). L-NG-Nitroarginine 

methyl ester (L-NAME) (Cayman Chemicals, US), (S)-Nitroso-N-acetylpenicillamine 

(SNAP) (Tocris, US). All other products and laboratory compounds were obtained from 

Sigma-Aldrich or Fisher Scientific unless otherwise specified.  

 

2.1.2 Experimental Solutions  

Normal Tyrode (in mM) contained 135 NaCl, 5 KCl, 0.33 NaH2PO4, 5 sodium pyruvate, 10 

glucose, 1 MgCl2, 2 CaCl2, and 10 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
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acid), titrated to pH 7.4 with NaOH. Calcium free Tyrode contained no CaCl2. Ventricular 

myocycte isolation enzymatic solution contained collagenase type I (1 mg/ml), protease 

type XIV (0.67 mg/ml), bovine serum albumin (1.67 mg/ml) in 30 ml of Ca2+-free Tyrode 

solution. 

 

2.1.4 Immunofluorescent Staining 

Fluorescein isothiocyanate (FITC)-labelled phalloidin bound to F-actin: excitation 

wavelength 495nm, emission wavelength 520nm. Hoechst 33342 nuclear stain: 

excitation wavelength 353-365nm, emission wavelength 460nm (Sigma-Aldrich, UK). 

Alpha smooth muscle actin (α-SMA)-Cy3™ antibody, excitation wavelength 552nm, 

emission wavelength 570nm (Abcore, US).  

 

2.1.5 Immunofluorescent Cell Imaging and Capture 

The Advanced Microscopy Group (AMG) EVOS f1 digital inverted fluorescence 

microscope (AMG, US) was used for image capture. The following excitation and 

emission filter cubes and mirrors were used: DAPI: 357 nm excitation 447 nm emission, 

GFP: 470 nm excitation 525 nm emission, RFP: 531 nm excitation 593 nm emission, Texas 

Red: 585 nm excitation 624 nm emission, Cy5: 628 nm excitation 692 nm emission. 

Images were taken at a magnification of x10 and analysed using the Volocity software 

programme (PerkinElmer, version 6.0) for analysis and measurements. Downstream 

data was exported to Prism software (GraphPad, version 6.01, US). 
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2.1.6 Cell culture  

The embryonic rat ventricular cardiomyoblasts, H9c2,320 were obtained from the 

European Collection of Cell Cultures (ECACC) at passage 13. Neonatal rat cardiac 

fibroblasts (Cell Applications Inc, US) were obtained at passage 2.  Dulbecco’s Modified 

Eagle’s Medium (DMEM), M199 media, foetal bovine serum (FBS), penicillin and 

streptomycin (Invitrogen, US). Laminin from Engelbreth-Holm-Swarm murine sarcoma 

basement membrane, trypan blue solution, 1-Phenyl-1,2,3,4-tetrahydro-4-

hydroxypyrrolo[2.3-b]-7-methylquinolin-4-one (blebbistatin) and  all-trans-Retinoic acid 

(Sigma-Aldrich, UK). Corning T75 and T25 (75 and 25ml respectively) culture flasks 

(Fisher Scientific) and 8-well glass slides (BD Falcon Biosciences, US).  

 

2.1.7 RNA and MicroRNA 

RNeasy and QIAshredder kits (Qiagen, Germany). Reverse transcription kits (Invitrogen, 

US). The rat Taqman probes ACTB (house-keeper reference probe), BNP, βMHC, α-act 

and MS-1 (Life Technologies, US). The miR extraction kit mirVANA (Invitrogen, US), 

TaqMan miRs Reverse Transcription Kit and miR Taqman probes 1, 133a and U6 (Life 

technologies, US). 

 

2.1.8 Western Blotting  

Enhanced chemiluminesence (ECL) prime and Polyvinylidene Fluoride (PVDF) 

membranes (GE Healthcare, UK). Anti-phospho Ser-1177 eNOS rabbit polyclonal 

antibody, anti-total eNOS rabbit polyclonal antibody, anti-phosho Thr-172 AMPKα rabbit 

polyclonal antibody and anti-total AMPKα rabbit polyclonal antibody (Cell Signalling 
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Technology, New England Biolabs, UK).  Anti-PKC-ε rabbit polyclonical antibody (Santa 

Cruz Biotechnology, US). Anti-α-tubulin mouse monoclonal antibody and goat anti-

rabbit IgG and goat anti-mouse IgG horseradish peroxidase conjugated antibody (Sigma-

Aldrich, UK).  

A non-commercial detergent free lysis buffer (in mM) was made in our lab and 

contained 10 β-glycerophosphate, 10 Tris-HCl, 2 EGTA, 2 EDTA, 1 sodium orthovanadate, 

1 benzamidine, 1 dithiothreitol (DTT) and 1 phenylmethylsulfonyl fluoride (PMSF) with 

10 µl of both protease and phosphatase inhibitor cocktails (Sigma-Aldrich, UK) added to 

each ml of the buffer. Triton-lysis, non-detergent buffer contained 1% Triton X-100. 3 x 

SDS-PAGE loading buffer (in mM) contained 187.5 Tris HCl pH 6.8, 6% SDS, 30% glycerol, 

150 DTT and bromophenol blue. Running buffer (in mM) contained 25 Tris, 192 glycine 

and 0.1% SDS. Transfer buffer contained (in mM) 25 Tris, 192 glycine, 0.01% SDS and 

10% methanol. Tris Buffered Saline Tween-20 (TBST) (in mM) contained 50 Tris, 150 NaCl 

and 0.1% Tween-20.  

 

2.1.9 Proprietary Assays 

Cyclic GMP ELISA kit (Cayman Chemical, US). MMP2 ELISA kit and MMP9 ELISA kit (R&D 

Systems, US). TIMP1 ELISA kit (AbCam, US). DAF FM diacetate probe (Thermo-Scientific, 

US). DC BioRad colorimetric Protein Assay kit (BioRad, US). Biorad Fluorescent DNA 

Quantitation Kit (BioRad, US). 
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2.1.10 Clinical Imaging Tools 

Screening echocardiograms for the DREAM study were performed using either the 

Philips iE33 scanner or the Phillips CX50 portable scanner. CMRI was performed on a 

Phillips Ingenia 3.0 Tesla scanner with the use of Dotarem (Gadoteric Acid) solution at 

0.5 mmol/mL as a contrast agent. 

 

2.1.11 Remote Ischaemic Conditioning  

Figure 2.1 illustrates the protocol for inducing rIC in humans involving 4 

inflation/deflation cycles cycling between 200mmHg and complete deflation for 5 

minutes at a time. Conditioning in humans was performed either manually by the 

inflation of the Accoson Greenlight 300 mercury-free sphygmomanometer321 (A C 

Cossor & Son) or automatically using the autoRIC™ device (CellAegis Devices Inc.). See 

Figures 2.2 and 2.3 for an examples of each device.  

 

 

 

Figure 2.1. Protocol used in healthy human volunteers to induce rIC. RIC can be   
induced manually or by the automated CellAegis autoRIC™ device. 
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Figure 2.2. The Accoson Greenlight 300. A mercury-free manual sphygmomanometer. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. The CellAegis autoRIC™ device. From left to right is the cuff which fits around 
the participant’s arm, the device which slots into the cuff and the charging dock in which 
the device is placed when not in use. 
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2.2 Methods 

2.2.1 Cell Culture 

All cell culture work was carried out in a grade II laminar flow hood under aseptic 

conditions to avoid contamination. In all experiments (unless otherwise stated), cells 

were cultured as a monolayer in T75 flasks in 20ml of high glucose DMEM supplemented 

with 10% FBS, 4mM glutamine, 100units/ml penicillin and 100µg/ml streptomysin at a 

temperature of 37°C in a 5% CO2 incubator. Passage was performed by removing the 

incubation media, briefly washing the cells in warmed PBS then incubating the cells with 

5ml of 0.025% Trypsin for 3-5 minutes to ensure complete detachment of cells from the 

flasks and then cells were subjected to centrifugation at 13,000 x g for 5 minutes at 20°C 

to separate the cells from the Trypsin. The pellet was reconstituted in 10ml DMEM and 

an estimation of cell number was obtained using a haemocytometer. The desired 

number of cells were then added to each flask with 20ml DMEM supplemented as 

described. 

Once the desired number of flasks of cells were obtained for experiments, the 

cells were allowed to reach the desired confluency of approximately 70-80%. For 

immunofluorescence experiments, cells were seeded onto glass slides attached to 8-

well plastic incubation chambers (BD Falcon) to allow for direct visualisation without the 

need to transfer cells after treatment. The technique of incubating cells in this way is 

described in more detail in chapter 3. Cells were then washed with warmed PBS and 

serum starved for 48 hours by incubating the cells in 20ml of high glucose DMEM as 

previous but with no FBS added.322 Serum starving prior to treatment serves a number 

of purposes. It synchronises the cell cycles of all starved cells with cells entering the 
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quiescent G0/G1 phase as well as reducing components of the serum which may degrade 

enzymes and inhibitors used in experimentation.322  

After 48 hours, the cells were then washed again with warmed PBS and were 

then ready for experimentation. For most experiments, cells were then treated for 30 

minutes with rIC-serum ± selective inhibitors of certain enzymes, unconditioned serum, 

rat perfusate or warmed PBS vehicle control. This treatment was then removed and cells 

were either processed immediately for downstream experimentation or incubated for 

48 hours in serum-free media supplemented with 100nM ET-1, after which cells were 

processed immediately for downstream experimentation. A visual representation of the 

general cell culture techniques used are shown in Figure 2.4. The specific downstream 

culture of adult cardiomyocytes and H9c2 cells is described in chapter 3. The specific 

downstream culture of fibroblast cells is described in chapter 6. 

 

 

Figure 2.4 Schematic of the cell culture techniques used to prepare cells for 

experimentation. Certain inhibitors (such as Compound-C) require 10 minutes pre-
incubation prior to incubation with serum to ensure adequate cell saturation.  

Optimal cell confluency level

Cell culture as standard 
for particular cell type 

Serum starving (48 hrs)

Cell Treatment (30 mins)

ET-1 (100nM) Incubation (48 hrs)

PBS Wash

Optional Pre-incubation (10 mins)

Downstream 

Experimentation

PBS Wash

PBS Wash

PBS Wash
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2.2.2 Immunofluorescence 

2.2.2.1 H9c2 Immunofluorescence 

Immunofluorescence studies were performed to determine levels of hypertrophy in 

H9c2 cell subjected to hypertrophic stimuli. This was necessary as unstained H9c2 cells 

had ill-defined borders which made accurate surface area assessment challenging. 

Furthermore, staining facilitated determination of the phenotype of the cell 

(differentiation between blasts, myocytes and skeletal phenotypes) as demonstrated in 

Figure 2.5. 

For immunofluorescence experiments, H9c2 cells were cultured on 8-well glass 

slides. 5000 cells were seeded per 0.7cm2 well and allowed to reach 70-80% confluency. 

Cells were then serum-starved for 48 hours and then subjected to treatment as 

described in section 2.2.1 and outlined in Figure 2.4. The media was then removed from 

the wells and the cells were fixed for 20 minutes in 4% paraformaldehyde (PFA) in x1 

strength PBS at room temperature. Fixation not only kills the cells but acts to terminate 

any ongoing biochemical reactions, allowing a preparation of tissue that is very close to 

the natural state at the time of fixation. The cells were washed 3 times in PBS and then 

permeabilised with 1% Triton X-100 (a detergent) in PBS for 5 minutes. Permeabilisation 

allows molecules, such as fluorescence labelled antibodies, to more easily pass through 

the cell wall membrane. The cells were washed twice in PBS and then 0.5% bovine serum 

albumin (BSA) in PBS was added for 30 minutes which acted as a blocking agent 

preventing nonspecific binding of the antibodies. FITC-Phalloidin (green) at a 

concentration of 5µg/ml in PBS was added to the cells and they were left to incubate at 

room temperature in the dark for one hour. The cells were then washed 3 times in PBS 
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and a Hoechst 33342 nuclear stain (blue) was added at a concentration of 1.0µg/ml in 

PBS and again the cells were left to incubate at room temperature in the dark for 15 

minutes. The cells were washed a further 3 times in PBS and visualized using the 

fluorescence microscope.  

For the analysis of cell morphology, 100 cells were counted from across 10 fields. 

Areas for analysis were chosen from those ranging from either a very low confluency (up 

to 30%), a moderate confluency (30-70%) to a maximal confluency of ≤70% in every 

experiment. The same number of cells were counted from fields of these three densities. 

Counting was performed after blinding the obtained images to cell treatment. Cells were 

initially analysed for the levels of differentiation to skeletal muscle cells. The skeletal 

phenotype was determined morphologically as evidenced by thin, stretched cells with 

central nuclei and myotube formation (the fusion of cells to form a multinucleated 

syncytia). Figure 2.5 shows H9c2 phenotype cells stained only with nuclear stain, 

cardiomyoblast H9c2 phenotype cells stained with both skeletal muscle and nuclear 

stain and skeletal muscle phenotype H9c2 cells stained with both skeletal muscle and 

nuclear stain. Skeletal cells were not included when assessing degree of hypertrophy 

induced. Each experiment was performed in triplicate and a mean was calculated from 

the pooled 300 cells from the three experiments. Cell areas were calculated by using the 

region of interest (ROI) tool in Volocity to draw a 2D outline of the cell as shown in Figure 

2.6. The area obtained was doubled to take into account the area of the cell attached to 

the bottom of the flask. To avoid cell selection bias, all cells were counted in a field, 

including cells overlapping one another.  
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Figure 2.5. Immunofluorescence of H9c2 cells: a. nuclear stain (blue) b. F-actin stain 
(green) and nuclear stain (blue) displaying a myoblast phenotype c. F-actin stain (green) 
and nuclear stain (blue) displaying a skeletal phenotype. X10 magnification. 
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Figure 2.6. Measurement of cell surface area of H9c2 cells using Volocity software. The 
ROI tool allows tracing of the cell perimeter. X10 magnification.  
 

 

2.2.2.2 Fibroblast Immunofluorescence 

The purpose of immunofluorescence in the setting of fibroblasts experimentation was 

twofold: to allow better visualisation of the cells and assess proliferation and to quantify 

levels of fibroblast differentiation to myofibroblasts. Assessing proliferation was done 

by cell counting, which was performed manually, after blinding to cell treatment, using 

the Volocity software programme as described. 

When assessing differentiation, surface marker identification of α-SMA antibody 

is a common technique employed as it is only expressed in myofibroblast 

populations.323, 324 Fibroblast cells were prepared much the same ways as H9c2 cells in 

the initial stages (see section 2.2.2.1) however whilst incubating with the FITC-Phalloidin 

stain, the CY3- α-SMA antibody stain (red) at concentration of 5µg/ml in x1 PBS was also 

added. Images were analysed as per the H9c2 experiments using the same filter sets. As 
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seen in Figure 2.7 undifferentiated fibroblasts stained green with blue nuclei and 

myofibroblasts stained red with blue nuclei. It is known that fibroblasts are rich in F-

actin bundles that helps generate wound contraction. With increased levels of α-SMA 

staining as fibroblasts transform into myofibroblasts, co-staining with F-acting becomes 

less apparent. Furthermore some authors has suggested that myofibroblasts have 

reduced levels of F-actin bundles as they are regarded as a transition cell between 

fibroblast to smooth muscle cells.325-327 This remains controversial however. In a small 

population of cell, both red and green staining was seen in addition to blue nuclear 

staining. This was thought to represent a subpopulation of cells that were in transition 

from fibroblasts  to myofiboblasts and hence which expressed both F-actin as well as α-

SMA antibodies.328  

 

 

Figure 2.7. Immunofluorescence of neonatal rat fibroblasts: a. Fibroblasts staining with 
Phalloidin-FITC (green) and nuclear stain (blue) b. Myofibroblasts staining with CY3- α-
SMA (red) and nuclear stain (blue) c. Fibroblast to myofibroblast transition cells with 
Phalloidin-FITC (green), CY3- α-SMA (red) and nuclear stain (blue). X10 magnification. 
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2.2.3 Real Time PCR of Messenger and Micro RNA 

2.2.3.1 Sample Preparation 

Cells were allowed to grow to ~70-80% confluence in the T75 flasks in cell culture before 

treatment by exposure to human serum or rat perfusate for 48 hours. After treatment, 

cells were trypsinized, the total number of cells was estimated using a haemocytometer 

to ensure a minimum of 0.5x106 cells per flask to allow for adequate yields when 

performing RNA extraction. The media and cells were then transferred to 15ml 

centrifuge tubes and centrifuged for 5 minutes at 10,000 x g to obtain a pellet. The 

supernatant was then discarded and 5ml of ice cold PBS was added to the tubes, which 

were then centrifuged again. The PBS was then discarded using a pasteur pipette, being 

careful not to disrupt the pellet. The tubes were then inverted so as to keep the cell 

pellet separate from any residual PBS and placed in -80°C for later use or placed on dry 

ice if RNA extraction was to be performed immediately. If RNA was performed later, 

samples were frozen at -80°C for later use. 

 

2.2.3.2 RNA Extraction 

2.2.3.2.1 Messenger RNA Extraction 

RNA extraction of H9c2 and neonatal rat fibroblasts cells in cell culture was performed 

using the Qiagen RNeasy Mini and Qiashredder kits (Qiagen, Germany). 350µl of buffer 

RLT (a guanidine isothiocycanate based solution that helps bind RNA to the silica 

membranes in the columns) pre-mixed with 10µl/ml 14.3M β-mercaptoethanol (β-ME) 

was added to the cell pellets obtained from culture as described in the previous sections. 

The pellets were disrupted by vigorous pipetting with cold lysis buffer to completely 
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dissolve the pellet. The solution was then pipetted into a Qiashredder homogeniser 

column placed on a 2ml collection tube and centrifuge for 2 minutes at 12,000 x g using 

an Eppendorf™ MiniSpin™ centrifuge. 350µl of 70% ethanol was then added to the 

homogenised lysate and mixed well. The 700µl solution was transferred to an RNeasy 

spin column placed in a 2 ml collection tube and centrifuged for 30 seconds at 7,000 x 

g. The follow-through was discarded and 700µl of buffer RW1 (a wash solution) was 

added to the RNeasy column and centrifuged for 30 seconds at 7,000 x g. The follow-

through was discarded and 500µl of buffer RPE (a wash solution) pre-mixed with 4 

volumes of pure ethanol was then added to the RNeasy column and centrifuged for 30 

seconds at 7,000 x g. The follow-through was discarded and a further 500µl of buffer 

RPE was added to the column and centrifuged for 2 minutes at 7,000 x g. This longer 

centrifugation ensured that no ethanol was carried over during RNA elution which can 

interfere with some experiments downstream. A dry centrifugation of the column was 

carried out and subsequently the RNeasy column was then placed on a 1.5ml Eppendorf 

tube and 30µl of RNase-free water was added to the column and centrifuged for 1 

minute at 7,000 x g. The RNA elute in the tube was then placed on ice and quantified 

immediately (see section 2.2.3). Figure 2.8 summarises the RNA extraction process. 

 

Figure 2.8. Summary of the RNA extraction process using the Qiagen RNeasy column 

method. Adapted from the Qiagen RNeasy Mini Handbook.329  
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2.2.3.2.2 MicroRNA Extraction 

MiR extraction of H9c2 cells from cell culture was performed using the mirVana 

extraction kit (Life technologies, US), a glass fibre based purification kit. 500µl 

Lysis/Binding solution was added to the pellets (containing up to up to 107 cells) 

obtained from culture (as previously described for RNA extraction) and disrupted by 

vigorous pipetting and vortexing. This Lysis/Binding solution acts to stabilise RNA and 

inactivates RNases. The solution was then pipetted into a Qiashredder homogeniser 

column placed on a 2ml collection tube and centrifuge for 2 minutes at 10,000 x g. 50µl 

of miR homogenate additive was added to the solution obtained from homogenisation 

and left on ice for 10 minutes. This homogenate additive was composed of the acid-

phenol chloroform, which acts to remove most of the other cellular components and 

increase the purity of the sample. The mixture was then centrifuged for 5 minutes at 

10,000 x g and the upper aqueous layer was removed (making sure to avoid 

contamination with chloroform) and pipetted into a separated Eppendorf tube, noting 

the volume. 165µl 100% ethanol was added to this top layer and vortexed. The mixture 

was placed on a filter cartridge on a collection tube and spun for 30 seconds at 7,000 x 

g. The follow-through was collected and 443µl of 100% ethanol was added and vortexed. 

The mixture was passed through a second filter cartridge and spun for 30 seconds at 

7,000 x g. The filter was kept and the follow-through discarded. Following 2 wash steps, 

the filter cartridge was transferred onto a fresh tube and 30-100µl of the pre-heated 

elution solution was added and the mixture centrifuged for 30 seconds at 10,000 x g. 

The miR elute in the tube was then placed on ice and quantified immediately (see section 

2.2.3). If after quantification the purity of the sample was deemed to be poor by 
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nanodrop analysis (see next section), a re-precipitation step was employed to improve 

the purity. 10% volume 3 M sodium acetate and 100% cold ethanol were added. The 

mixture was left at -80°C for 1 hour and then centrifuged for 20 minutes at 10,000 x g at 

4°C. The supernatant was then re-suspend in 1 volume of water/elute solution and re-

quantified. Figure 2.9 gives a summary of the miR extraction process. 

 

 

Figure 2.9. Summary of the miR extraction process using the mirVana extraction kit. 

Adapted from the mirVana miR Isolation Kit instruction protocol.330 

 

2.2.3.3 RNA Quantification 

Quantification of both mRNA and miR was performed using the Nanodrop 8000 v2 UV 

absorption spectrophotometer to obtain RNA yield (quantity of RNA), 260nm/280nm 

wavelength ratio (purity of RNA) and 260nm/230nm wavelength ratios (integrity of 

RNA). 1.5µl of RNA was added to the Nanodrop reader. Samples were discarded if the 

260nm/280nm wavelength ratio was below 1.8 (2.1 indicates pure RNA) and likewise for 

the 260nm/230nm wavelength ratio. Samples with very poor yields i.e. below 50ng/µl 
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were also discarded.  After quantification, RNA samples were frozen in -80°C or kept on 

ice if they were to be used immediately. 

 

2.2.3.4 Reverse Transcription of RNA to cDNA 

2.2.3.4.1 Messenger RNA Reverse Transcription 

RNA was converted to cDNA using Taqman Reverse Transcription reagents (Invitrogen, 

US). RNA was diluted in ‘MilliQ’ deionised ultrapure water to allow for a maximum of 

200ng RNA per 20µl reaction. The volume of water required to dilute 1ml of RNA elution 

was calculated by the following formula:  

 

Volume water = (Concentration of sample x 8.6/200) – 1 

 

The RNA/water mixture was placed on ice. The master mix was then made up in a 1.5ml 

Eppendorf tube on ice. The following quantities in the specified order of each reagent 

were added for one reaction:  

• 4µl Buffer 

• 2µl Magnesium Cloride 

• 2µl Deoxynucleotide Triphosphates (dNTPs) 

• 2µl (100µM) Dithiothreitol (DTT)  

• 0.3µl Oligo dT16 primer 

• 0.3µl Random Hexamers 

• 0.5µl RNase Inhibitor 

• 0.3µl MultiScribe RTase 
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The master mix was then mixed vigorously by pipetting and 11.4µl was transferred to a 

0.5ml Eppendorf tubes. 8.6µl of the RNA/water mix was added to create a 20µl reaction. 

The 0.5µl Eppendorf was then placed into a Perkin Elmer Cetus DNA thermal cycler PCR 

machine and run using the following programme:  

1. Hybridisation at 25°C for 10 minutes 

2. Reverse Transcription at 42°C for 12 minutes 

3. Enzyme Denaturation at 85°C for 5 minutes 

The cDNA was then stored at -20°C until required. 

 

2.2.3.4.2 MicroRNA Reverse Transcription 

The TaqMan miRs Reverse Transcription kit was used to convert miR to cDNA. In contrast 

to the amplification of mRNA as described in section 2.2.3.4.1, miR reverse transcription 

utilises the stem–loop–specific reverse transcription Taqman pre-designed primers to 

amplify only the target miRs to these primers.331 A total of 10 ng of miR was reverse 

transcribed for each miR primer per experiment, achieved by mixing with MilliQ water 

to a total of 5µl per tube. A master mix was made of the following constituents with 

volumes per reaction: 

• 0.5µl 10x RT buffer 

• 0.05µl dNTPs 

• 0.03µl RNase inhibitor 

• 100 nM dNTPs 

• 1.42µl Nuclease free water 

• 0.33µl Multiscribe reverse transcriptase  
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This master mix was added in each well along with 1 μL of miR-specific primer and 

1.67 μL of miR. The RNA was denatured by heating to 65°C for 5 minutes then 

immediately chilled on ice to allow the primer to anneal to the RNA. Reverse 

transcription was carried out using the same following programme:  

1. Hybridisation at 16°C for 30 minutes 

2. Reverse Transcription at 42°C for 30 minutes 

3. Enzyme Denaturation at 85°C for 5 minutes 

The miR specific cDNA was then stored at -20°C until required. 

 

2.2.3.5 Real-time Quantitative PCR  

Real-time quantitative PCR was performed using the TaqMan® Gene Expression Assays 

(Invitrogen, US).  Housekeeping genes were selected based on their stable expression 

profile in neonatal cardiomyoblasts and cardiomyocytes as described in the 

literature.332-334 1µl cDNA obtained from reverse transcription was diluted in 6.6µl of 

MilliQ water. Multiple reactions were performed in a master mix solution. Per reaction 

each well of a 96 well plate contained a total of 20µl solution made up of: 

• 10.4µl TaqMan®  Universal PCR Master Mix 

• 1µl of the FAM™ labelled Taqman fluorescent probe: 

o For cDNA derived from H9c2 cells mRNA: 

� Brain Natriuretic Peptide  - BNP (RefSeq NM_031545.1) 

� Myocyte Stress 1 - MS-1 (RefSeq NM_175844.2) 

� Alpha skeletal muscle actin - α-ACT (RefSeq NM_009606.2) 

� Beta Myosin Heavy Chain -  βMHC (RefSeq NM_001017468.2) 
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o For cDNA derived from H9c2 cells miR: 

� miR-1 (miRBase ID rno-miR-1-3p) 

� miR-133a (miRBase ID rno-miR-133a-3p) 

o For cDNA derived from neonatal fibroblasts cells: 

� Alpha smooth muscle actin - Acta-2 (RefSeq NM_031004.2) 

• 1µl of the VIC® labelled Taqman fluorescent probe acting as the control 

housekeeper gene:  

o ACTB (RefSeq NM_112406.1)  for mRNA derived cDNA 

o U6 (NCBI Accession # NR_004394) for miR derived cDNA 

• 7.6µl cDNA/water mix 

The following thermal profile was performed on the samples using the Applied 

Biosciences 9700 sequence detection system: 

1. Initial denaturation at 50°C for 2 minutes (degrades the uracil-containing 

products) 

2. Second denaturation step at 95°C for 10 minutes  

3. 45 cycles of denaturation at 95°C for 15 seconds 

4. Annealing and elongation at 60°C for 1 minute.  

All reactions were performed in triplicate. Fold-change of the gene of interest was 

calculated using the comparative CT (threshold cycle) method using the formula:  

 

2(-ΔΔCT)   

ΔΔCT = (CT target - CT control) of calibrator - (CT target - CT sample of interest) of sample 

 



110 
 
 

This formula is based on the assumption that both the gene of interest and the 

housekeeper gene have an identical efficiency with regards to the doubling of product 

with every cycle335 therefore validation analysis were performed for each probe to 

ensure this assumption held true. 

 

2.2.4 Western Blot Protein Analysis 

2.2.4.1 Sample Preparation 

For western blot protein analysis, cells were treated as per mRNA and miR experiments 

to generate cell pellets. Thereafter the frozen pellets when needed were re-suspended 

in the appropriate lysis buffer for the particular experiment.  

For downstream analysis of AMPK or eNOS levels, a detergent based lysis buffer 

(Triton) was used containing added protease and phosphatase inhibitors. The frozen 

pellet was re-suspended in 100µl of cold Triton lysis buffer and then homogenised in 

1.5ml Eppendorf tubes using homogenising beads and mechanical force. Briefly this 

involved the addition of approximately 10 x 0.1mm homogenizer beads (Cayman 

Medical) to each tube. The tubes when then vortexed at top speed using the vortex 

machine (Stuart Vortex SA8) for 1 minute at a time. The lysate was then left on ice for 

30 minutes to allow for complete lysis. A final centrifugation stage at 13,000 x g for 10 

minutes ensured complete removal of any remaining debris. The protein rich 

supernatant was retained. 

In the case of downstream analysis of PKCε fractions, 100 µl of cold non-

detergent bases lysis was used (see materials section) initially to re-suspend the pellet 

and then homogenised in 1.5ml Eppendorf tubes using homogenising beads and 
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mechanical force. The lysate was then left on ice for 30 minutes to allow for complete 

lysis. The cell lysate was the place in an ultracentrifuge and spun at 50,000 x g for 30 

minutes at 4°C. This supernatant, which contained the cytosolic protein fraction, was 

retained. For a summary of this process see Figure 2.10. Protein concentrations were 

analysed using a protein assay that was compatible with detergent (DC BioRad Protein 

Assay) and sample were diluted in Triton lysis buffer to fall within a pre-determined 

bovine serum albumin (BSA) derived linear standard curve (~7.5µg/µl).  

 

2.2.4.2 Gel Electrophoresis and Transfer 

Proteins were separated on 7-15% SDS-PAGE gels (depending on the size of the protein). 

Gels were pre-made using glass spacer plates in casting stands (BioRad, US). 20µg of 

protein was loaded into each well and run at a constant voltage of 100 V for 15 minutes 

followed by 120 V for a further 70 minutes within an enclosed ice-bath to avoid over-

heating. A semi-dry transfer technique to polyvinylidene fluoride (PVDF) membrane was 

performed at 100 V for 70 minutes.  

 

 

 

Figure 2.10. Protocol for separating out the cytosolic fraction of H9c2 cells for 

downstream processing. The cytosolic protein fraction is used in western blot analysis 
of PKCε translocation (see section 5.2.3). Adapted from Turrell., (2009).336 
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2.2.4.3 Immunodetection 

The PVDF membrane was rinsed in TBST washing buffer and blocked in 5% non-fat dried 

milk for 1 hour at room temperature with constant agitation on a stirring machine. The 

membrane was further rinsed in TBST and then primary antibodies diluted in either 5% 

non-fat dried milk or 5% BSA (according to manufacturer’s protocols) for a minimum of 

2 hours at room temperature with constant agitation. After further TBST rinsing steps, 

the PVDF membranes were then incubated with the appropriate horseradish 

peroxidase-conjugated secondary antibodies in 5% non-fat dried milk for 1 hour at room 

temperature with constant agitation. After final TBST rinsing, protein bands were 

visualised by incubation with Enhanced Chemiluminescence (ECL) reagents (GE 

Healthcare, US). A digital imaging system (ImageQuant LAS 4000) was used to detect the 

bands. To perform semi-quantitative analysis of the bands, the GeneGenus bio-imaging 

system software (Syngene, US) was used. Band densities where assessed with GeneSnap 

and GeneTools software (Syngene, US) to ascertain relative protein expressions for each 

sample and were normalised by division of the corresponding housekeeping protein (α-

tubulin) density for the each sample.  

 

2.2.5 MMP, TIMP and cGMP ELISAs  

All enzyme-linked immunosorbent assay (ELISAs) were performed according to the 

manufacturers’ protocols. Initial steps included the generation of a standard curve using 

standard solution provided. Sample plates were processed in a Novostar luminescence 

plate reader (BMG Labtech, Germany) and data interpreted against the standard curved 

to yield final the results. 



113 
 
 

2.2.6 Nitric Oxide Levels Detected by DAF-FM Diacetate  

DAF-FM diacetate is non-fluorescent molecule until it reacts with NO, after which it 

begins to fluoresce.337 It permeates cell membranes easily and is it is deacetylated by 

intracellular esterases to its active form DAF-FM.  

H9c2 cells were prepared in culture on standard 96 well plates. After treatment, 

PBS containing 10µM of DAF-FM diacetate was added to each well and incubated for 20 

minutes at room temperature. Wells were washed in PBS and then cell media was used 

to incubate the cells for an additional 15 minutes to allow complete de-esterification of 

the intracellular diacetates. The Novostar luminescence plate reader was then used, set 

to an excitation wavelength of 494nm and emission wavelength of 515nm. 

Measurements were taken every 1 minute for an hour. 

 

2.3 Statistical Analysis 

Statistical analysis was performed using Prism software (GraphPad, version 6.01, US). 

For all wet-lab work, statistical analyses were performed using either two-tailed, 

unpaired Student t-test for comparison of data with only 2 groups or one-way ANOVA 

analyses with either Tukey’s or Dunnett’s post-hoc analysis modification for data 

requiring multiple comparison.338, 339 The Tukey’s tests compares every mean with every 

other mean. The Dunnett’s test compares every mean to a control mean. In the majority 

of cases, Tukey’s test was used however Dunnett’s was used in the experiments of 

control group design (specifically experiments laid out in section 4.3.2) as it is more 

powerful than Tukey’s at discovering small but significant differences among 

combinations of groups.340  
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In this setting, data is presented as means ± standard error of the mean (S.E.M). Data is 

presented as n = repetition of experiment / samples from separate individuals or animal 

per experiment / total cell number used for each experiment when assessing 

hypertrophy, for example 3/8/500 = 8 experimental samples performed in triplicate with 

500 cells analysed in each experiment. With regards to non-hypertrophy experiments, 

the meaning of the numbers is explained in the figure legend.  

For analysis of demographic, screening and secondary outcome data from the 

DREAM study, two-tailed Fisher’s exact testing was used to analyse categorical variables. 

Continuous variables were compared using either two-tailed, unpaired Student T-test 

for parametric data or the Wilcoxon rank-sum test for non-parametric data. In this 

setting continuous variable data is presented as means ± standard deviation (SD). P-

values were deemed statistically significant at p<0.05. As displayed in figures, * = p<0.05, 

** = p<0.01 and *** = p<0.001.  
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3. Development of Cell Culture Based Models of Hypertrophy 

and Fibrosis 

3.1 Chapter Introduction 

As outlined in section 1.2.5.1.1, humoral signalling plays a key role in the transmission 

of rIC protection to the heart in I/R, and may also play a key role in modifying acute 

remodelling following I/R. This chapter describes the development of a murine cellular 

models of hypertrophy and fibrosis that are robust and reproducible. To these models 

we test the effects of perfusate derived from Langendorff explanted rat hearts that have 

undergone ischaemic conditioning protocols as well as serum from healthy male 

volunteers who have undergone rIC. The focus of these experiments is to test the 

functional effects of rIC perfusate and serum on hypertrophy and fibrosis and the results 

are laid out in this chapter.  

 

3.2 Cell Type 

3.2.1 Adult Rat Ventricular Myocytes (ARVMs) 

The use of ARVMs in cell culture has grown in importance over the last few years, fuelled 

by the evolution of gene transfection studies, and the technique is now well 

established.341 Indeed, ARVMs are deemed to reflect a more physiological state than 

neonatal myoblasts when replicating the heart in both structural and functional 

experiments. A number of studies have used this model to assess hypertrophy including 

analysis of cell size over time, the re-organisation of contractile elements within the cell 

and the up-regulation of foetal genes. However, significant challenges remain in 

isolating large numbers of healthy cardiomyocytes and maintaining them for long 
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periods of time in cell culture. This can ultimately lead to the sacrifice of a large number 

of animals. Studies have shown that ARVMs can be maintained for up to 2 weeks, 

however, there is approximately a 50-70% death rate after the first week.342, 343 

Furthermore cell morphology begins to change in the first few days of culture with 

rounding of the myocyte ends and the internalisation of intercalated discs.344 There is 

also evidence from some studies that changes occur to the electrical and contractile 

properties of the cell.345 

  

3.2.1.1 Collection of Adult Rat Ventricular Myocytes from Explanted Rat Hearts 

Ventricular myocytes and rIC-perfusate was obtained from Langendorff explanted heart 

preparation as described by Turrell et al., (2014).39 All experiments in this context were 

performed in accordance with the University of Leicester Biomedical Services Ethical 

Review and Animal Welfare Committee guidelines and in compliance with the United 

Kingdom Home Office Animals Scientific Procedures Act of 1986.  

The Langendorff perfusion system has been described extensively.346, 347 After 

euthanizing the rat, the heart is quickly isolated via thoracotomy and perfused 

retrogradely by direct cannulation of the aorta which provides constant flow through 

the coronary arteries with the physiological isotonic Tyrode’s solution. This is brought 

about due to the fact that the aortic valve remains closed due to the constant retrograde 

flow. After a period of stable perfusion with calcium free Tyrode’s solution for a 

minimum of 6 minutes, the heart was perfused with calcium free Tyrode’s solution 

containing collagenase type I (1mg/ml), protease type XIV (0.67mg/ml) and bovine 

serum albumin fraction V (1.67mg/ml). This was perfused through the heart for 6 
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minutes and led to interstitial digestion will sloughing of the cardiac material, including 

ventricular myocytes into the perfusate. The first 2 minutes of perfusate run-off was 

discarded and then the enzyme products were recycled back through the system. 

Following digestion of the heart, the enzyme was then washed out with 6 minutes of 

perfusion with normal Tyrode’s solution. After this process the ventricle was dissected 

with scissors and the tissue pieces placed in normal Tyrode’s solution (containing 

calcium) and placed in a shaking water bath at 37°C. ARVMs were then decanted and 

filtered through dissociation sieves (Sigma-Aldrich, UK) and washed in normal Tyrode’s 

solution through 2 cycles of centrifugation at 20 x g for a minute at a time. In most 

fractions, at least 60% of cells were viable (i.e. rods). Figure 3.1 shows a typical fraction 

of ARVMs after isolation. 

 

 

 

Figure 3.1. Assessment of ARVM viability after isolation. Microscope bright field view 
displaying both viable cells (rods) and non-viable cells (circular). x40 magnification. 
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3.2.1.2 ARVM Culture 

ARVMs were re-suspended in M199 media with 100units/ml penicillin and 100µg/ml 

streptomyosin added. Cells were counted using a haemocytometer and a 0.5ml sample 

was tested with Trypan blue stain to assess viability. This stain is derived from the 

organic solvent toluene and it is unable to pass through intact cell membrane therefore 

only dead cells will be stained.348 Adequate media was then added to the cells to make 

a suspension of 10,000 cells per ml.  

8-well glass slides were treated with laminin to allow myocyte adhesion. Enough 

10µg/ml laminin in phosphate buffered saline (PBS) solution was added to each slide so 

it was completely covered and left for an hour at room temperature. The laminin was 

then removed and ½ ml (approximately 5000 cells) of the media cell mixture was added 

to each 0.7cm2 well and left to incubate at 37°C for 2 hours. The media was then 

removed gently taking with it  dead, unattached cells, and replaced with either M199 

media with antimicrobials only or M199 media with antimicrobials and 25µM of the 

myosin II selective inhibitor blebbistatin, which prevents the beating of individual 

myocytes.349 For prolonged experiments, media was replaced every 48 hours to remove 

waste products and replenish the nutrients. Cells were seeded into multiple wells and 

divided into 8 groups. To determine the ability to maintain ARVMs in culture over 8 days, 

cell viability was determined every 24 hours of the culture period. For each day, a sample 

of the culture ARVMs were stained with 0.1% Trypan blue stain in PBS for 5 minutes. Cell 

morphology and staining was assessed at x10 magnification under a light microscope. 

Five different fields from three wells were used therefore a mean was obtained from 15 

fields. Cell we classed as alive if they had the distinctive rod shape and did not stain blue 
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or dead if they appeared rounded and stained blue. Any cell with a rod like appearance 

which stained blue was classed as dead. The percentage of viable myocytes was 

calculated by using the formula:  

 

% viable myocytes = [unstained rods / (unstained rods + stained rounded cells + 

stained rods)] x 100 

 

Due to bacterial contamination of 3 groups of cell wells in culture, analysis was not 

possible on 3 out of 8 days and therefore there is no data for days 2, 5 and 7. 

Furthermore it proved challenging to maintain a healthy population of ARVMs past 6 

days, not long enough to maintain cells in culture for rIC-serum experimentation. As per 

the reported literature, there was a significant death rate over time as shown in Figure 

3.2. This was quite significantly attenuated by the addition of blebbistatin. Survival of 

ARVMs had dropped to 6.4 ± 3.7% by day 4 and was zero by day 6. In contrast, 58.4 ± 

3.6% of myocytes treated with blebbistatin were still alive by day 8 (p < 0.005 versus 

control). The use of blebbistatin in this setting did pose the question as to whether it 

had any unknown effects hypertrophy in this model, potentially via its action on 

myofilament Ca2+ desensitization.350, 351 Furthermore fluorescent staining of ARVMs 

proved unsuccessful despite various well established techniques and variations of the 

protocol used successfully in H9c2 cells (see sections 3.2.2.1 and 3.2.2.2).352 The use of 

ARVMs was therefore abandoned in favour of H9c2 rat cardiomyoblasts. 
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Figure 3.2. Viability of ARVMs over time a. Viability with and without the use of 
blebbistatin assessed by morphology and trypan blue exclusion. In the media only group, 
viability had dropped to almost 0 by day 4. The blebbistatin stained myocytes showed 
similar survival to the untreated group in the first 3 days but maintained their survival 
to above 50% up until day 8. Means with S.E.M, n=4/3/200 for each group, ns = non-
significant, ***p<0.001. b. Representative image with black arrow showing a viable, 
unstained rod and the red arrow showing a stained and non-viable rounded myocyte. 
x40 magnification.    
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3.2.2 H9c2 Rat Cardiomyoblasts 

The embryonic rat ventricular cardiomyoblasts H9c2 is a subclone of an original clone 

derived from BDIX rat heart tissue (a leukaemia rat model), and was first described in 

1976 by Kimes and Brandt as a potential rat cell culture model for various cardiac disease 

states.320, 353 They are an immortalised mononucleated myoblast derived directly from 

serial passages of ventricular tissue. It is one of only a handful of established 

commercially available cardiomyocyte cell clone lines along with the HL-1 cells derived 

from mouse atrial tumours.354 H9c2 cell have been shown to be useful in models of cell 

death355-362 as well as in the development of hypertrophic models.363-372 They have also 

been used as a model for cardiac toxicity.373-375 Although H9c2 are not full differentiated, 

they can be considered pre-designated with the appearance of a number cardiomyocyte 

specific markers. They do not actively beat and unlike ARVMs lack gap junctions, 

caveolae and T-tubule. In common with ARVMs however, they share similar GPCR 

expression profiles, a common morphology of most membrane components as well 

having similar electrophysiological properties including preservation of an LTCC current 

influenced by cGMP and cAMP pathways and increased expression of genes related to 

calcium transporters (SERCA, phospholamban, sarcolipin and ryanodine receptor) in the 

presence of all-trans-retinoic acid.353, 376, 377  

H9c2 myoblasts have also been shown to respond to similar hypertrophic 

signalling pathways as ARVMs including ET-1, Ang-II and noradrenaline.378 Initial 

criticism for the use of H9c2 in hypertrophied models has been levelled as the cells are 

capable of proliferation and differentiation from their myoblast stage into either cardiac 

or skeletal phenotypes and certain stresses can cause a change in phenotype. As 



122 
 
 

myoblasts they express both myosin light chain 2 atrial form (MLC2a) and myosin light 

chain 2 ventricular form (MLC2v) membrane markers, which are also seen in 

cardiomyocytes from neonatal rats grown in cell culture.379, 380 When the cells reach 

confluence they form multinucleated tubular structures and adopt skeletal muscle 

features with the expression of nicotinic receptors, therefore care must be taken in cell 

culture to avoid confluency and hence skeletal cell muscle differentiation. A potential 

mechanism of ensuring cardiac rather than skeletal cell differentiation is by the addition 

of all-trans retinoic acid to a low serum media. This has been shown to induce a 

predominantly cardiac phenotype with expression of the alpha-1 subunit of LTCCs.377, 

381 The mechanism by which all-trans retinoic acid acts to encourage a cardiac 

phenotype over a skeletal phenotype is not clearly understood but is thought to involve 

activation of MAPK pathways including p38, ERK and JNK 1 and 2 as well as decreased 

expression of myogenin and MyoD genes, which play a role in skeletal cell 

differentiation.377, 382, 383 

 

3.2.2.1 General H9c2 Rat Myoblast Culture 

H9c2 cells were obtained from the European Collection of Cell Cultures (ECACC) at 

passage 13 and were maintained for experiments until passage 25. They were cultured 

as described in section 2.1. Cells were allowed to reach a maximum of 70-80% 

confluency to avoid differentiation to skeletal cells (indicated by the formation of 

myotube), usually after 2-3 days and then split 2-4 ways depending on number of flasks 

required. Cells were seeded at a density of ~0.5x106cells per T75 flask. During 
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maintenance in culture, but not during experimentation, H9c2 culture media was 

supplemented with 10nM all-trans retinoic acid to maintain a myocyte phenotype. 

 

3.2.2.2 Determination of Optimal Serum Concentration for H9c2 Cell Culture 

As previously alluded to, an important consideration for the cell culture of H9c2 cells is 

the concentration of FBS used during incubation and experimentation. Pagano et al., 

(2004) has previously demonstrated that H9c2 cells are more likely to differentiate into 

skeletal cells at a lower serum concentration.384 This is thought to be due to the reduced 

levels of cyclic adenosine monophosphate (cAMP) levels and reduced adenylate cyclase 

activity with the cells in such conditions. Therefore, experiments were performed with 

various foetal bovine serum (FBS) concentrations to determine a concentration that 

allowed for minimal background hypertrophy without a hypertrophic stimulus but 

maintained a cardiac rather than a skeletal cell phenotype. H9c2 cells were incubated in 

serum free, 0.1%, 1% and 10% serum in T75 flasks over a 5 day period in multiple flasks. 

After every 24 hours, the cells were lysed and analysed per flask to obtain a mean cell 

surface area (see section 2.2.1.2 for how this is performed). The results are shown in 

Figure 3.3. As well as looking for signs of skeletal cell differentiation, signs of cell stress 

in the serum free and low serum media flasks were monitored by assessing the degree 

of cell blebbing, cell shrinkage and nuclear morphological changes. 

There was a natural tendency towards an increase in cell size over time in all 

serum concentration groups. After a slight increase in size over the initial 24 hours in the 

serum free media incubated cells, there was a stabilisation in size. This stabilisation 

occurred after 48 hours in the 0.1 and 10% serum groups but no clear stabilisation was 
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seen in the 1% group. The most hypertrophy was seen in the 1% and 10% serum treated 

cells. The 1% serum treated cells increased by 2.3 ± 1.6 fold by day 5 (p < 0.001 versus 

serum free media control) and the 10% serum treated cells increased by 2.1 ± 1.4 fold 

(p < 0.05 versus serum free media control). The serum-free treated cells increased by 

1.6 ± 1.0 fold by day 5. There was no significant difference between this increase and 

the increase seen in 0.1% serum treated cells by day 5 of 1.7 ± 1.0 fold (p = 0.29 versus 

serum free media control). It was decided that for experiments with H9c2, a serum free 

environment would be utilised to minimise the effect of serum on cellular hypertrophy. 

Such experiments however would be limited in time as prolonged serum free exposure 

would lead to skeletal cell differentiation, even in the presence of all-trans retinoic acid.  

 

 

Figure 3.3. Line graph of the effects of various concentrations of FBS on H9c2 cell size. 

The greatest increase in cell size was seen in the higher serum concentration groups of 
1 and 10%. In all groups the maximal growth was seen in the first 48 hours except in the 
1% serum group which showed an almost linear increase in growth over the 5 day 
period. Means with S.E.M, n=4/3/200 for each group, ns = non-significant, *p < 0.05, 
***p < 0.001. 
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3.2.3 Neonatal Rat Cardiac Fibroblast 

Neonatal cardiac fibroblasts are well established in modelling fibrosis and exhibit only a 

slight delay in their conversion to myofibroblasts in response to fibrotic triggers, 

compared with their adult counterparts.385 They were preferred to adult cardiac 

fibroblasts because the reported average passage number in literature before they 

displayed spontaneous phenotype change and senescence was longer in the neonatal 

cells.386 

 

3.2.3.1 Neonatal Rat Cardiac Fibroblast Culture 

Neonatal rat cardiac fibroblasts were obtained from Cell Applications Inc (US). The cells 

are derived from neonatal Sprague Dawley rat heart tissue harvested at 2 days old and 

were received at passage 2 and were maintained for experiments until passage 10. They 

were cultured in a monolayer in T75 flasks in 20ml of specific rat fibroblast growth 

medium 2 (PromoCell), which contained low levels of serum (2%). The serum was 

supplemented with 100units/ml penicillin and 100µg/ml streptomysin and the cells 

were kept at a temperature of 37°C in a 5% CO2 incubator. Cells were allowed to reach 

confluency at which point they were either harvested for experiments or split 2-4 ways 

depending on number of flasks required. Cells were seeded at a density of ~0.5x106cells 

per T75 flask.  
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3.3 Selecting a Hypertrophic and Fibrotic Stimulating Agent 

3.3.1 Endothelin-1  

Endothelin-1 (ET-1) is a peptide made up of 21 amino acids expressed by vascular 

endothelial cells and cardiomyocytes. It is formed by cleavage of a precursor form “big 

endothelin” by endothelial cell derived endothelin converting enzyme (ECE). It is a key 

paracrine and autocrine factor that plays a central role in many pathophysiological 

process in the heart.387 There is increased production of ET-1 in response to hypoxia and 

it plays a vital role in post-MI injury and recovery. Indeed some studies have shown 

improved survival rates with ET-1 treated cardiomyocytes susceptible to apoptotic 

stressors.388 In vitro studies have also confirmed it’s positively inotropic properties in 

heart failure.389  

ET-1 acts on 2 receptor types: ETA and ETB. Both of these receptors are coupled 

to a GPCR and predominantly found on endothelial and VSMCs, however they are also 

present on cardiomyocytes where ET-1 act via these receptors to trigger PKC and ERK1/2 

to induce hypertrophy.390 A major pathway in ET-1 induced hypertrophy is calcium 

signalling via calcineurin, which leads to up-regulation of pro-hypertrophic genes such 

as NFAT as shown in Figure 3.4.391 ET-1 also up-regulates gene expression that leads to 

the increase action of the hypertrophic agents Ang-II, phenylephrine and as well as 

further ET-1.392 Indeed Ito et al., (1993) showed that ARVMs in culture exposed to ET-1, 

released Ang-II in an autocrine and paracrine fashion, which augmented hypertrophy.393 

See section 1.1.3.4 for more details of the downstream effects of ET-1 in modulating 

cardiomyocyte hypertrophy.  
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ET-1 also stimulates fibroblast proliferation, differentiation into myofibroblasts and 

increased deposition of fibrotic materials via a number of mechanisms including PKC 

activated pathways, increased levels of TGFβ and up-regulation of connective tissue 

growth factor (CNN2).394-397 Figure 3.4 highlights the main pathways in ET-1 induced 

hypertrophy in cardiomyocytes and fibrosis via its action on fibroblasts as well as 

summarising its other key downstream effects in endothelial and VSMCs. For these 

reason ET-1 was tested as a hypertrophic and fibrosis stimulating agent to be used in 

the cell culture models (see section 3.3.1.1). 
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Figure 3.4. Effect of ET-1 on cardiomyocytes, fibroblasts, endothelial cells and VSMCs. ET-1 acts via ETA/B GPCR on a variety of cells. In 
cardiomyocytes ET-1 activates a number of downstream pathways which lead to hypertrophy. In fibroblasts ET-1 increases the production of 
collagen and triggers differentiation to a myofibroblast phenotype with proliferation. In VSMCs ET-1 leads to an increase in contraction. Negative 
feedback loops exist, mediated by NO in endothelial cells and VSMCs. In scenarios where the balance of ET-1 to NO is disrupted (e.g. endothelial 
dysfunction), the downstream effects of ET-1 are exaggerated.398 For a full explanations of the abbreviations see the Abbreviations section.
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3.3.1.1 Endothelin-1 Induced Hypertrophy Assessed by Immunofluorescence 

As previously demonstrated in section 3.2.2.2, there is a natural increase in H9c2 cell 

size in serum free media over time with the greatest increase in the first 24 hours after 

passage and a plateau phase from approximately 48 hours onwards. For this reason 

experimentation was only carried out once this plateau stage had been reached. To 

assess the effects of ET-1 on H9c2 cells in culture over time, 5 different ET-1 

concentrations were added to serum-free media and cell size was measure every day 

for 4 days. As shown in Figures 3.5 and 3.6, there was a modest increase in size over and 

above the natural increase seen with ET-1 at concentrations of between 0.1, 1 and 

10nm; 2.3 ± 1.4 fold, 2.5 ± 2.2 fold and 2.7 ± 1.9 fold respectively. There was a much 

larger increase in size with a steeper rate of growth over the first 48 hours with ET-1 at 

100nM and 250nM. The most significant increase in cell size over time was seen after 

48 hours of ET-1 treatment, with an increase in relative cell surface increase compared 

to baseline of 3.5 ± 1.9 fold in the 100nM ET-1 group and 3.4 ± 2.2 fold in the 250nM ET-

1 group (in both cases p < 0.001 compared to serum free media control at same time 

point).  Relative fold increase in cell size plateaued after 2 day in the 100nM and 250nM 

groups. There remained a significant difference between these higher treatment groups 

and the other treatment groups at day 4, with an overall relative fold increase of  3.3 ± 

1.8 fold in the 100nM ET-1 group and 3.3 ± 2.1 fold in the 250nM ET-1 group (in both 

cases p < 0.001 compared to serum free media control at same time point). From these 

experiments it was elected to use 100nM of ET-1 as the optimal concentration to induce 

hypertrophy in H9c2 cells and to incubate the cells for 48 hours, after which no 

significant incremental hypertrophy was achieved in this model. 
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Figure 3.5. Line graph of the effects of various concentrations of ET-

1 on H9c2 cell size in adherent culture over time. 100nM ET-1 
(purple) and 250nM ET-1 (light blue) induced the greatest 
hypertrophy after 2 days. Significance above each day compares 
100nM ET-1 to serum free media for that day. Means with S.E.M, 
n=4/3/200 for each group, ns = non-significant, ***p < 0.001. 

 

 

 
 

Figure 3.6. Bar chart of the effects of 100nM of ET-1 on H9c2 cell 

size in adherent culture after 48 hours. The greatest incremental 
change in cell size was seen in the 100nM ET-1 group after 48hrs 
compared to cell at the same time point kept in serum free media. 
Means with S.E.M, n=4/3/200 for each group, ***p<0.001. 

***
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3.3.2 Hypoxia 

An attempt was made to induce hypertrophy in H9c2 cells using hypoxia. This was based 

on numerous studies in the literature that used this technique to induce hypertrophy in 

ARVMs399, 400 as well as in H9c2 myoblasts.401, 402 The earliest work utilising hypoxia 

induce hypertrophy in a cell culture model was by Webster et al., (1993), implicating 

sustained increased levels of the proto-oncogenes c-fos and c-jun in this model for 

hypertrophy.403 Interestingly, Ito et al., (1996) showed that one of the major 

mechanisms by which hypoxia induces cardiomyocyte hypertrophy, is through the 

release of the ET-1 precursor preproET-1 (ppET-1) with increased local mRNA levels and 

an increase of ET-1 production within cardiomyocytes. Furthermore, hypoxia induced 

hypertrophy was attenuated by blocking ETA receptors.399 More recent work by Chen et 

al., (2007) has shown that in an in vivo murine model, intermittent hypoxia induced 

hypertrophy via a number of mechanisms and was dependent on the length of time of 

hypoxia. They found TNFα and IGF-II to be important upstream mediators in both short 

and long periods of hypoxia, with increased levels of p38, STAT-1 and STAT-3 in rats 

exposed to short periods of hypoxia and increased levels of IL-6, MAPK-5 and ERK5 

increased in the longer exposure groups.404 Hypoxia was therefore tested as an 

alternative model for hypertrophy in in vitro H9c2 cells (see section 3.3.2.1). 

 

3.3.2.1 Hypoxia Induced Hypertrophy Assessed by Immunofluorescence 

A protocol was developed using a sterile humidified hypoxic chamber (Galaxy 48R 

incubator; New Brunswick Eppendorf, Germany). H9c2 cells in 10% FBS were incubated 

in the hypoxic chamber using nitrogen to displace oxygen forming an inert environment. 
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95% nitrogen and 5% carbon dioxide insufflation was used reducing oxygen levels to 

0.1% following protocols described for both ARVMs and H9c2 cells in the literature with 

incubation times of 8-10 hours.405-407 Despite numerous modifications to the protocol, 

only modest levels of hypertrophy could be induced before a rapid cell death was seen 

after approximately 8 hours. The use of serum free media as an incubating media led to 

complete cell death and detachment from the flask within 30 minutes. Figure 3.7 

demonstrates the modest changes in cell size over time seen for H9c2 cells in serum-

rich media. At 8 hours there was a 1.4 ± 0.8 fold increase in the hypoxic group compared 

to a 1.3 ± 0.6 fold increase in the normoxic group (p = 0.59). This method of inducing 

hypertrophy was therefore abandoned in favour of the use of ET-1 which produce more 

marked results (see section 3.4.1.1).  

 

 
Figure 3.7. Line graph of hypoxia induced hypertrophy of H9c2 cells over time. Only 
modest hypertrophy is seen in the hypoxic group (red) compared to the normoxic group 
(blue). Data is not shown after 8hrs as most cells were not viable after this time-point in 
the hypoxia group. Means with S.E.M, n=3/3/200 for each group, ns = non-significant. 
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3.6 Endothelin-1 Induced Fibroblast Proliferation and 

Differentiation  

As discussed in section 3.4.1 and shown in Figure 3.4, ET-1 is known to act on cardiac 

fibroblasts via ETA and ETB to induce fibrosis, myofibroblast differentiation and 

proliferation. ET-1 was tested on neonatal rat cardiac fibroblasts to assess the degree of 

proliferation and myofibroblast differentiation induced and whether this could be used 

as a model to later test the effects of rIC-rat perfusate and rIC-human serum. ET-1 at 

100nM was used as it was showed to induce maximally hypertrophy in H9c2 cells and 

reports from the literature showed it be effective at this dose in the context of inducing 

a pathological phenotype in fibroblast.395, 408, 409 

   

3.6.1 Endothelin-1 Induced Fibroblast Proliferation 

Care was taken to seed an equal number of cells in each well. A balance was struck 

between not over seeding wells to allow adequate proliferation analysis over time and 

under seeding wells as low cell density seeding is known to accelerate the differentiation 

to myofibroblasts.410 Cells were grown to approximately 25% confluency in 10% FBS rich 

media in T25 flask at the start of the experiment. Serum was then withdrawn and 

replaced with serum free media for 48 hours. After 48 hours the media was replaced 

with serum free media with or without 100nM ET-1. Thereafter 3 flasks from each 

treatment group was selected after 2 days and after 4 days, the cells trypsinised and cell 

number was measured by use of a haemocytometer and the brightfield mode of the 

AMG EVOS f1 digital inverted fluorescence microscope. 10 x 10µl fields were counted 

per sample and the total cells per flask calculated. The cell number obtained at the start 
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of the experiment (i.e. the seeding number) was set at 0% and changes in cell number 

were told in terms of percentage change from this baseline control measurement. 

Results from these experiments are shown in Figure 3.8. After 2 days there was increase 

in proliferation of fibroblasts in the ET-1 group at 8.5 ± 2.1% compared to the untreated 

group at 3.1 ± 1.9% with a trend towards significance (p = 0.573). After 4 days there was 

a significance difference between the ET-1 treated group at 19.9 ± 3.3 and the control 

group at 7.6 ± 4.6 (p < 0.05).  

 

3.6.2 Endothelin-1 Induced Fibroblast Differentiation  

Fibroblast cells were grown in 8-well glass well chambers and stained as described in 

section 2.2.2 for α-SMA (CY3) and F-actin (Phalloidin). Fibroblasts stained with Phalloidin 

attached F-actin (green) and myofibroblasts with α-SMA attached CY-3 (red). Cells from 

both the serum-free and ET-1 treated groups were stained after days 2 and 4 post- 

treatment. For each treatment on each day, 3 different wells were assessed and a total 

of 200 cells were analysed. Results from these experiments are shown in Figure 3.9. 

After 2 days there was a large transformation in the ET-1 treated cells with 78.2 ± 19.7% 

of the total cell population staining positive for α-SMA, indicative of myofibroblast 

differentiation. This is compared to 5.4 ± 2.3% in the untreated group after 2 days (p < 

0.001). There was minimal further transformation in the ET-1 after day 4 at 81.3 ± 15.9% 

compared to 11.9 ± 4.9% in the untreated group (p < 0.01). 
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Figure 3.8. Bar chart of the effect of ET-1 on cardiac fibroblast 

proliferation. Exposure of cardiac fibroblasts to 100nM of ET-1 in 
serum free media induced a significant increase after 4 days (black) 
compared to time matched control (white). Means with S.E.M, 
n=3/200 for each group, ns = non-significant, *p < 0.05. 

 

 

Figure 3.9. Bar chart of the effect of ET-1 on cardiac fibroblast 

differentiation. Exposure of cardiac fibroblasts to 100nM of ET-1 in 
serum free media induced a transformation of the majority of 
fibroblasts to myofibroblasts after day 2 which was maintained at 
day 4 (black). This is compared to a very minimal degree of 
differentiation in the untreated groups (white). Means with S.E.M, 
n=3/200 for each group, ***p < 0.001. 
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3.7 Summary 

ET-1 induced hypertrophy of H9c2 cardiomyoblasts in culture proved a reliable and 

reproducible model as assessed by immunofluorescence. This cell line has been used by 

a number of other groups using a range of hypertrophic triggers including ET-1 as in this 

study,378, 411 Ang-II412, 413 and phenylephrine414 and have also been shown to undergo the 

same hypertrophic growth and induction of foetal gene expression in response to ET-1 

and Ang-II, as ARVMs.378 The advantage of this model was its ability to introduce rIC-

treated rat perfusate and rIC-human serum to assess their effects on hypertrophy by 

assessing not only overall cell size via immunofluorescence but also changes in the 

expression of foetal gene pro-hypertrophic gene panel, changes in the levels of anti-

hypertrophic miR expression and changes in the levels of intra and extracellular proteins 

implicated in the hypertrophic pathway (see chapter 4-5).  

In a similar manner, ET-1 proved to be a robust trigger in inducing neonatal rat 

cardiac fibroblasts to differentiate into myofibroblasts. This is one of the first key stages 

in the fibrotic process of remodelling. Again this model provided the ability to introduce 

rIC treated rat perfusate or human serum to assess their effects on not only 

differentiation via immunofluorescence but also markers of fibrosis by assessing 

changes in the expression of pro-fibrotic genes such as α-SMA and changes in the levels 

of pro and anti-fibrotic MMP/TIMPs (see chapter 6 for more details). 
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4. Functional Effects of Remote Ischaemic Conditioning on ET-1 

Induced Hypertrophy in a Rat Cardiomyoblast Model 

4.1 Chapter Introduction 

Taking the H9c2 cardiomyoblast cell line model as described in chapter 3, this chapter 

deals with the functional effects of the introduction of both rIC perfusate from isolated 

explant adult rats hearts and serum from healthy male volunteers undergoing a 

standard rIC protocol into this model to assess whether the humoral molecular signalling 

generated by rIC can inhibit ET-1 induced hypertrophy. The expression of a panel of 

foetal genes namely BNP, α-ACT, βMHC and MS-1, which are surrogates for 

cardiomyocyte hypertrophy, were also assessed as a separate model of the effect of rIC-

perfusate and rIC-serum on ET-1 induced hypertrophy. 

 

4.2 Generation of Remote Ischaemic Conditioned Signals 

As detailed in section 1.2.5.1.1, humoral signalling is a fundamental mechanism by which 

cardioprotection is inferred from a distant tissue bed or muscle to protect the heart from 

I/R injury. In this chapter we aim to test the anti-hypertrophic actions of rIC. To this end 

we collected perfusate from explanted Langendorff adult rat hearts which had 

undergone a traditional IPC protocol. In addition we collected blood from healthy male 

volunteers, undergoing a standard rIC protocol, to process into serum. The rat perfusate 

and human serum were then used in a series of experiments based on a cell culture 

model of hypertrophy to the test the hypothesis that rIC acts via humoral signalling to 

infer ant-hypertrophic effects on the heart by blocking the pro-hypertrophic ET-1 
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signalling pathway, one of the key pathways that induces hypertrophy in acute 

remodelling post-MI. 

 

4.2.1 Induction and Collection of IPC Perfusate from Explanted Rat 

Hearts 

Adult male Wistar rats were humanely sacrificed by cervical dislocation. The heart was 

then removed and isolated using the standard Langendorff preparation as described 

(see section 2.2.1.1). The heart was first perfused with pyruvate free Tyrode’s solution415 

using a constant flow generated by a multi-roller peristaltic pump at a rate of 

approximately 10 ml/min per estimated gram of heart at temperature 37°C. After 15 

minutes of stable perfusion, ischaemic conditioning was instigated by subjecting the 

heart to 5 minutes of global no-flow ischaemia by pausing the peristaltic pump. Flow 

was then allowed to resume for a further 5 minutes. This was performed a total of 3 

times and 3ml of the perfusate was collected at the start of each perfusion cycle. The 

myocytes were screened to ensure successful IPC of the heart by subjecting them to 

metabolic inhibition and re-energization injury. Hearts were also discarded if they did 

not reach above 180 beats per minute. Perfusate from successfully preconditioned 

hearts was stored at -20°C or kept on ice if being used immediately.  

 

4.2.2 Collection of rIC-serum from Healthy Human Volunteers 

Ethical approval was granted by the Leicester NHS research Ethics Committee on 18th 

May 2012 for the taking of, use and storage of blood from volunteers within NHS 

property, in this instance the Leicester Cardiovascular Biomedical Research Unit. All 
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human samples were collected and stored in accordance with Good Clinical Practice and 

the Declaration of Helsinki 1964. Samples were taken from 19 healthy male volunteers 

between the ages of 22-70 after obtaining written informed consent (see appendix for 

ethical approval form and related documents). The blood provided by the volunteers 

provided serum which was used in a number of experiments. Serum rather than plasma 

was used as serum lacks anticoagulants which may affect protein interactions. 

Furthermore plasma may retain certain elements of blood such as erythrocytes and 

platelets which can remain metabolically active and may influence any downstream 

experiments. Finally studies have shown that plasma is less stable when stored for long 

periods, event at -80°C compared to serum, predominantly due to the retention of 

cellular debris.416, 417  

Human blood was obtained from volunteers from 2 separate age cohorts: under 

the age of 40 and over the age of 50. Information was collected on the volunteers 

including age, ethnicity, medical history, blood pressure, smoking status, drug history 

and level of physical activity. Measure of physical activity was collated based on a simple 

but well validated questionnaire of levels of activity in healthy adults, the International 

Physical Activity Questionnaire Short Form (IPAQ-SF) (a template of which can be found 

in the appendix).418, 419 Volunteers were grouped in low, moderate or high levels of 

activity based on their answers to the questionnaire. Table 4.1 shows the demographics 

for the volunteers, divided into the 2 age cohorts with the mean age and standard error 

of the mean (S.E.M) displayed below.  

Blood was collected both prior to conditioning (unconditioned serum) and after 

conditioning (rIC-serum). RIC was induced by inflating a standard blood pressure cuff on 
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the non-dominant arm to 200mmHg for 4 cycles of 5 minutes at a time with 5 minute 

full deflations in between in cycle or via the use of the CellAegis autoRIC™ device which 

used an identical but automated protocol (see Figures 2.1-2.3). Some unconditioned 

blood was sent to the Glenfield hospital pathology lab for full blood count, urea and 

electrolytes, glucose and non-fasting lipid profile testing to ensure the volunteers had 

no undiagnosed comorbidities such as diabetes, pre-diabetes or hypercholesterolaemia. 

Blood for processing was collected in SSTII advance vacutainer blood tubes (BD Sciences, 

US), which contain clot activator and gel for serum separation. The tubes were gently 

inverted a minimum of eight times and then left undisturbed for 1 hour at room 

temperature before further processing to ensure clotting of the blood. The tubes were 

centrifuged at 500 x g for 20 minutes at 4°C. The serum was then transferred carefully 

to 1.0ml barcoded cryo tubes (Thermo Scientific, US), labelled and if not being used 

immediately, placed in -80°C for later use. Serum was used for experimentation within 

3 months of storage.  Figure 4.1 shows the process of collecting and processing blood 

samples to obtain unconditioned and rIC-serum.  
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Figure 4.1. Flowchart detailing the collection and processing of unconditioned and 

conditioned blood from healthy male volunteers. FBC = full blood count, U+E = urea 
and electrolytes, unc. = unconditioned, rIC = remote ischaemic conditioned/ing. 
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Table 4.1. Demographic table detailing medical history, co-morbidities and activity levels of the healthy male volunteer group. Mean 
age + S.E.M of younger cohort = 26.8 ± 1.2. Mean age + S.E.M of older cohort = 57.2 ± 2.1.  Combined mean age + S.E.M = 37.7 ± 3.6. 

 # Age Medical History Blood screen Blood Pressure Smoker Medications Ethnicity Activity level 

<
4

0
 y

e
a

rs
 o

f 
a

g
e

 
1 26 None Normal Normal No None White European Moderate 

2 22 None Normal Normal Yes None White European Moderate 

3 28 None Normal Normal No None South Asian High 

4 33 None Normal Normal No None South Asian High 

5 22 None Normal Normal No None South Asian Low 

6 36 None Normal Normal No None White European Moderate 

7 25 None Normal Normal No None White European Moderate 

8 28 None Normal Normal No None White European Moderate 

9 23 None Normal Normal No None East Asian High 

10 23 None Normal Normal No None South Asian Moderate 

11 23 None Normal Normal No None White European Moderate 

12 38 None Normal Normal No None South Asian Moderate 

13 28 None Normal Normal No None South Asian High 

14 24 None Normal Normal No None White European Moderate 

15 23 None Normal Normal No None White European High 

16 26 None Normal Normal Yes None White European Moderate 

>
5

0
 y

e
a

rs
 o

f 
a

g
e

 

17 55 None Normal Normal No None White European Low 

18 66 Asthma Normal Mildly ↑ No Salbutamol inhaler White European Low 

19 56 None Normal Normal No None East Asian Moderate 

20 55 Asthma Normal Mildly ↑ No None White European Low 

21 54 None Normal Normal No None South Asian Low 

22 52 None Normal Normal No None South Asian Low 

23 52 None ↑ cholesterol Normal No None White European Low 

24 55 None Normal Normal Yes None White European Moderate 

25 70 None Normal Mildly ↑ No None South Asian Low 
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4.3 The Effects of RIC on ET-1 Induced Hypertrophy 

4.3.1 The Optimum Treatment Time to Confer Anti-Hypertrophic Action  

To determine the optimum treatment time required with rIC perfusate (collected from 

IPC conditioned explanted rat hearts) and human serum (collected after rIC induction 

on the upper arm) to infer maximal cardioprotection, the H9c2 model was used to assess 

the final cell surface area as measure by immunofluorescence. Cells were seeded onto 

pre-treated 8-well glass slides at a density of 104 per 0.7cm2 well in 0.5ml of serum-rich 

media and allowed to attach for 24 hours. The serum-rich media was then removed and 

the cells were washed twice with serum-free media and then incubated for a further 48 

hours in serum free media. The cells were washed again after this period had elapsed 

and then treated with rIC perfusate or human serum for 10, 20 or 30 minutes (in these 

initial experiments, all human serum used for experimentation came from healthy male 

volunteers, under the age of 40 with variable levels of physical activity). One groups of 

cells were incubated in PBS only in the same fashion as the treated cells, serving as the 

negative control. After treatment cells were washed once more and then incubated in 

serum free media with 100nM ET-1 for 48 hours. Cells were maintained in a 37°C, 5% 

CO2 incubator throughout. Numerous studies have demonstrated that a number of cell 

lines including H9c2 cells can be maintained in serum free media for long periods of time 

if good cell culture practice is maintained.420 After 48 hours the cells were washed and 

stained and measured as described in section 2.2.1.1. The results are shown in Figure 

4.2.  

PBS caused a small attenuation in final cell size but this was non-significant, 30 

minutes PBS treatment final cell size = 2.4 ± 0.9x104 µm2 versus ET-1 treated only = 2.5 
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± 1.3x104 µm2 (p = 0.07). RIC-perfusate treatment for 10, 20 and 30 minutes significantly 

attenuated final cell size in response to ET-1 treatment with a non-significant difference 

between the 3 time points. 30 minutes rIC-perfusate treatment final cell size = 1.6 ± 

0.6x104 µm2 versus ET-1 treated only (p < 0.001). RIC-serum treatment for 10, 20 and 30 

minutes also significantly attenuated final cell size. However there was a significant 

difference between the effect after 10 minutes and 30 minutes on final cell size,  1.7 ± 

0.8x104 µm2 and 1.3 ± 0.5x104 µm2 respectively (p < 0.05). From these experiments it was 

clear that a maximal attenuation of final cell size was seen with 30 minutes of treatment 

with both rIC-perfusate and rIC-serum therefore all experiments from here on in, unless 

otherwise stated, were performed using 30 minute treatment time with rIC-perfusate 

or rIC-serum.  

Subsequent experiments revealed that the human serum could be diluted 1:5 in 

PBS without a loss of its anti-hypertrophic properties. All subsequent experiment were 

therefore performed using human serum with a 1:5 dilution of serum in PBS to allow for 

a greater number of experiments to be performed. 

 

4.3.2 Establishing Positive and Negative Controls  

Three negative and two positive control were used to allow a better interpretation of 

the final results. The first negative control involved simply treating and incubating the 

cells in serum free media only. The second negative control involved treatment with 

serum free media the incubation with 100nM of ET-1. The third control involved pre-

treating the cells for 30 minutes in warmed PBS and then incubating for 48 hours in ET-

1. To directly inhibit the effects of ET1, the fourth control used fenofibrate as a 
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treatment. Fenofibrate is a PPARα inhibitor which has been shown to reduce ET-1-

induced cardiomyocyte hypertrophy and protein synthesis culture.421, 422 PPARα has 

been shown to act in a number of ways to inhibit hypertrophy and aid LV remodelling in 

both cell culture and animal models. It acts to inhibit GATA-4 binding to NFATc leading 

to decreased levels of its transactivation and reduced levels of hypertrophy and also acts 

by blocking JNK.421, 423 PPARα is also known to inhibit NF-κB DNA-binding activity which 

leads to decreased levels of the pro-inflammatory cytokines IL-6, TNF-α and COX-2 

implicated in hypertrophy.424 In this setting fenofibrate was used as a positive control at 

a concentration of 10 µM. Finally unconditioned-serum derived from a matched blood 

sample taken from healthy human volunteers immediately prior to the induction of the 

rIC protocol, was used as a second positive control. Table 4.2 summarises the treatment 

and incubation protocols. Results shown in Figure 4.3. 

Both rIC-perfusate and rIC-serum treatment brought about a significant 

attenuation of the increase in cell size after ET-1 treatment for 48 hours when compared 

to the ET-1 control group of 2.4 ± 0.7x104 µm2  reduced to 1.6 ± 0.4x104 µm2 (n = 400, p 

< 0.001) in response to conditioning with rIC-perfusate and 1.3 ± 0.3x104 µm2 (n = 400, 

p < 0.001) for rIC-serum. As expected, fenofibrate significantly attenuated the effect of 

ET-1 hypertrophy with a final cell size of 1.7 ± 0.4x104 µm2 (n = 400, p < 0.001). Compared 

to fenofibrate treatment, there was a significant different between the rIC-serum group 

(n = 400, p < 0.001) but there was no significant difference between the rIC-perfusate 

group (n = 400, p = 0.062). Unconditioned human serum also caused a significant 

attenuation of ET-1 induced hypertrophy with a final cell size of 1.8 ± 0.5x104 µm2 (n = 

400, p < 0.001). However the effect of rIC-serum augmented the evident anti-
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hypertrophic effects of unconditioned-serum alone in this model with a significant 

difference between the 2 serum types (p < 0.001). Of note the rIC pre-treated cells 

displayed a final cell size smaller than the untreated cells over 48 hours suggesting that 

not only did rIC inhibit ET-1 induce hypertrophy but also had some effect on the natural 

growth in H9c2 size when grown in culture over time (see Figure 3.5). 

 

 

 

Figure 4.2. Bar chart of H9c2 cell size after 48 hours ET-1 with 10, 20 and 30 minutes 

rIC-perfusate and serum treatment pre-treatment. Media only (white), media only then 

ET-1 (black),  PBS then ET-1 (grey), rIC-perfusate then ET-1 (purple) and rIC-serum then 

ET-1 (red). Statistical significance above bars = comparison to ET-1 column. Means with 

S.E.M, n=3/4/200 for each group, ns = non-significant, *p < 0.05, ***p < 0.001.
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Table 4.2. Table of upstream treatment arms of cultured H9c2s for 

immunofluorescence experiments. Cells were treated for 30 
minutes (as shown) and then placed back in the incubator for 48 
hours of ET-1 treatment before downstream processing took place. 
Each treatment and incubation protocol combination colour coded 
and will be for that treatment/incubation in all figures hereafter. PBS 
= phosphate buffered saline, ET-1 = endothelin-1, rIC = remote 
ischaemic conditioned, unc. = unconditioned, SFM = serum free 
media, (-) = negative control, (+) = positive control.                             

 

 
Figure 4.3. Bar chart of H9c2 cell size after 48 hours ET-1 with 30 

minutes rIC-perfusate/serum pre-treatment and controls. The 

control groups are shown on the left and the rat perfusate pre-

treatment group (purple) and rIC-serum pre-treatment group (red) 

are shown on the right. Values given are those for pre-treatment as 

shown followed by 48 hours ET-1 incubation, except for the media 

only control (white). Means with S.E.M, n=3/4/400 for each group, 

ns = non-significant, *p < 0.05, ***p < 0.001. 

 

Treatment (30 mins) Incubation (48 hrs) 
Graph 

Colour 

C
o

n
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SFM (-) SFM 
 

SFM (-) 100nM ET-1 in SFM 
 

Warmed PBS (-) 100nM ET-1 in SFM 
 

10 µM fenofibrate (+) 
100nM ET-1 in SFM + 10 µM 

fenofibrate 

 

Human unc.-serum (+) 100nM ET-1 in SFM 
 

rI
C

 

Rat rIC-perfusate 100nM ET-1 in SFM 
 

Human rIC-serum 100nM ET-1 in SFM 
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4.3.3 Human rIC-serum Anti-Hypertrophic Properties Validation 

To ensure the reproducibility and validity of the anti-hypertrophic effects seen in the 

initial phase of experiments, two further experiments were performed. The first 

experiment entailed the recruitment of a larger separate cohort of healthy volunteers 

so that matched unconditioned and rIC-serum could be tested again to ensure 

reproducibility. To ensure the validity of this model of hypertrophy in which cell surface 

area was measured, protein and DNA quantification was performed to provide a parallel 

index of hypertrophy.  

 

4.3.3.1 Larger Separate Cohort of Healthy Volunteers 

Matched serum samples (unconditioned and rIC) from a total of 16 healthy male 

volunteers were tested for their ability to attenuate ET-1 induced hypertrophy in the 

H9c2 model. 1600 cells were measured on 3 separate occasions for each of the 16 

individuals. The means for each treatment groups were combined to give overall means. 

The results are shown in Figure 4.4. The data supported results of the first preliminary 

phase of experiments. RIC-serum attenuated the effects of ET-1 induced hypertrophy 

from 2.0 ± 1.0x104 µm2 (ET-1 control cells) to 1.2 ± 0.3x104 µm2 (rIC-serum treated cells) 

(n = 1600, p < 0.001). However in contrast to the initial phase of experiments, 

unconditioned-serum no longer afforded significant protection against hypertrophy 

with final mean measurements of 1.8 ± 0.4x104 µm2 (n = 1600, p = 0.68).  
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Figure 4.4 H9c2 cell size after 48 hours ET-1 with 30 minutes rIC-perfusate/serum 

treatment, n = 16. a.) Bar chart showing the effects of unconditioned-serum (blue) and 

rIC-serum (red) pre-treatment on subsequent ET-1 induced H9c2 hypertrophy b.) 

Representative immunofluorescence images of H9c2 cardiomyoblasts for each 

treatment group, x10 magnification. Means with S.E.M, n=3/16/1600, ns = non-

significant, ***p < 0.001. 
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4.3.3.2 Protein/DNA Ratio Analysis 

A possible limitation with this model of hypertrophy in cultured H9c2 cardiomyoblasts, 

is the ability to accurately interpret hypertrophy, which is a three dimensional 

phenomenon using essentially a two dimensional measuring technique, where 

hypertrophy is determined from a measure of cell size. As previously discussed, all 

measurements were doubled to take into account both the visualised cell surface area 

and the area attached to the chamber slide. The technique of 2D cell surface measuring 

is used widely and is well established as a simple means of establishing cell size in 

culture.425 Indeed this technique has been shown to correlate well with measurements 

obtained from 3D volume measurements using confocal microscopy.426  Yet despite this, 

concern remained that rather than hypertrophy, ET-1 in this setting may in fact just be 

acting instead to increase cell attachment to the growing membrane, in essence causing 

the cell to be spread thin and appear larger. If this was the case, rIC-serum may be acting 

to disrupt these attachments and hence appear to make the cell looks smaller when 

measured. Another situation that may mimic true hypertrophy is that of disturbed water 

balance leading to intracellular oedema and increased cell size in culture. Such con-

founding factors would clearly make interpretation of these results from the 

immunofluorescence experiments previously described more challenging. 

 Another marker of hypertrophy which is less susceptible to such confounding 

factors is the measurement of overall protein levels in relation to DNA. In true 

hypertrophy, protein levels will increase whilst DNA levels will remain relatively 

unchanged for any given cell. For this reason, total protein and DNA levels were 

measured to provide a ratio and attempt to validate the results seen with 
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immunofluorescence. H9c2 cells were grown to 70-80% confluency in T25 flasks and 

treated as described in Table 4.2 and previously in the text. After the 48 hours incubation 

period, cells were lysed and the total cell count estimated by use of a haemocytometer. 

Each flask was then split into two and the fractions centrifuged to produce a pellet. One 

pellet was used to assess protein levels using the Biorad DC Colorimetric protein assay 

(a modified Lowry assay)427 and the other was used to assess DNA levels using the Biorad 

Fluorescent DNA Quantitation Kit, which utilises the fluorochrome Hoechst 33258, 

following manufacturer’s protocol. This provided a total concentration of protein and 

DNA per sample which was subsequently adjusted according to the number of cells per 

sample and then standardised to the control (media only) set at 100%. The results are 

shown in Figure 4.5. 

The protein to DNA ratio increased by 148 ± 19% in the ET-1 group compared to 

the media only control group (p < 0.001). This increased ratio was significantly reduced 

by both unconditioned and rIC-serum, 81 ± 10% (p < 0.05 compared to ET-1 group) and 

120 ± 8%  (p < 0.001 compared to ET-1 group) respectively. The reduction was more 

marked and the effects of rIC-serum treatment group were significantly greater than the 

unconditioned-serum treatment group. Furthermore there was a significance difference 

between these 2 serum groups (p < 0.05). These results correlate well to the data 

obtained with the immunofluorescence assessment of cell size area and provides further 

proof that rIC-serum significantly attenuates ET-1 induced hypertrophy. 
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Figure 4.5 Protein to DNA ratio analysis of ET-1 treated H9c2 cells. Bar chart showing 
the effects of unconditioned-serum (blue) and rIC-serum (red) pre-treatment followed 
by 48 hours of ET-1 treatment on the total ratio of protein to DNA. Means with S.E.M, 
n=3/8/400, *<0.05, ***p<0.001. 
 

 

4.3.4 The Effect of Age on RIC Inhibition of Hypertrophy 

The cardioprotective effects of rIC are known to diminish with age. This has been 

demonstrated by a number of animal studies as well as clinical studies using elderly 

subjects. The mechanisms for reduction of rIC seen in the ageing heart has not been fully 

elucidated but is thought in part to involve changes in some of the downstream 

pathways that modulate rIC including down-regulation of PKC translocation and reduced 

activation and phosphorylation of proteins that are constituents of the RISK pathway of 

rIC including ERK1/2, Akt, GSK3b and p38.428-430 Therefore the effect of age on the 
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effectiveness of rIC-serum to inhibit ET-1 hypertrophy was next tested. 8 healthy male 

volunteers from a younger cohort and 8 healthy male volunteers from an older cohort 

were recruited. Matched serum was used as described in previous experiments and the 

results are shown in Figure 4.6a and b. 

 The mean age of the younger group was 26.0 ± 1.7 years of age and the mean 

age of the older group was 57.5 ± 2.2 years of age. Interestingly the serum from both 

groups behaved very similarly. In both the younger and the older age groups rIC-serum 

treatment significantly attenuated hypertrophy compared to ET-1 treatment alone 

reducing the size from 2.06 ± 0.1x104 µm2  in ET-1 only treated group to 1.24 ± 0.05x104 

µm2 in the younger group and 1.29 ± 0.04x104 µm2 in the older group (both groups p < 

0.001). In the younger group, the unconditioned-serum also significantly reduced final 

cell size at 1.72 ± 0.07x104 µm2 (p < 0.01) although there remained a large and significant 

difference between the attenuation seen between rIC-serum and unconditioned-serum 

(p <0.005). In the older groups, the unconditioned-serum showed a trend towards 

significance with regards to attenuating final cell size at 1.80 ± 0.06x104 µm2 (p = 0.075) 

and a significance difference was seen between the rIC and unconditioned groups (p < 

0.005).  
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Figure 4.6.a.) Effect of age on the degree of hypertrophic attenuation 

afforded by rIC-serum on final H9c2 cell size. Bar chart of the effects 
of unconditioned-serum (blue) and rIC-serum (red) pre-treatment 
from a younger and older cohort, followed by 48-hours of ET-1 
treatment. Statistical significance above bars = comparison to ET-1 
column. Means with S.E.M, n=3/8/800 per age group, ns = non-
significant, **<0.01, ***p<0.001. 
 

 

Figure 4.6.b.) Linear regression plot of age against difference in 

hypertrophic attenuation between unconditioned and rIC-serum. 

Difference in hypertrophy between unconditioned-serum pre-
treatment and rIC-serum pre-treatment (∆ Hypertrophy) with the 
younger cohort clustered on the left and the older cohort clustered on 
the right. Means with 95% confidence intervals, n=3/100 per plot, r2 = 
0.2862.
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4.3.5 The Effect of Levels of Physical Activity on RIC Inhibition of 

Hypertrophy 

The effect of levels of physical activity on the effectiveness of rIC and unconditioned-

serum to inhibit ET-1 hypertrophy was next tested. All volunteers for this experiment 

were males under the age of 40. Volunteers were divided into 3 groups based on their 

responses to questions regarding their level of activity: low, moderate and high, derived 

from the IPAQ-SF questionnaire.418 A total of 4 volunteers were recruited from each of 

these 3 groups. Matched serum (unconditioned versus rIC-serum) from the volunteers 

was used as described in previous experiments and the results are shown in Figure 4.7. 

There was a significant attenuation of ET-1 induced hypertrophy using serum 

from volunteers with low levels of activity with a marked difference in effect between 

rIC-serum and unconditioned serum, 1.03 ± 0.11x104 µm2 and 2.02 ± 0.15x104 µm2 

respectively (p < 0.001). As level of physical activity increased, there was a less marked 

difference between the effectiveness of rIC-serum over unconditioned-serum and 

indeed in the high level of activity group, there was no significant difference in the 

degree of attenuation of hypertrophy between the 2 serum groups, rIC-serum 

measuring at 1.33 ± 0.67x104 µm2 and unconditioned-serum measuring at 1.37 ± 

0.81x104 µm2. In the low activity group, there is a non-significance difference between 

the ET-1 control cells and the unconditioned-serum treated cells, 2.03 ± 0.53x104 µm2 

and 2.02 ± 0.15x104 µm2 respectively  (p = 0.94). However the difference is significant 

for both the moderate activity group measuring at 1.69 ± 0.88x104 µm2 and high levels 

activity group measuring at 1.37 ± 0.81x104 µm2, when comparing unconditioned-serum 

and ET-1 control cells (p < 0.01 and p < 0.001 respectively). 
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Figure 4.7.a.) Effect of levels of physical activity in young males on 

the degree of hypertrophic attenuation afforded by rIC-serum on 

final H9c2 cell size. Bar chart of the effects of unconditioned-serum 

(blue) and rIC-serum (red) pre-treatment from groups with low, 

moderate and high levels of physical activity, followed by 48-hours 

of ET-1 treatment. Statistical significance above bars = comparison to 

ET-1 column. Means with S.E.M, n=3/12/1200, 4 per activity group, 

ns = non-significant, *p<0.05, **p<0.01, ***p<0.001. 

 

 
 

Figure 4.7.b.) Scatter plot of individual volunteer differences in 

hypertrophic attenuation between unconditioned and rIC-serum, 

grouped by physical activity level. Difference in hypertrophy 

between unconditioned-serum pre-treatment and rIC-serum pre-

treatment (∆ Hypertrophy) with three levels of physical activity: low, 

moderate and high. Means, n=3/100 per individual.  
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4.5 Foetal Gene Panel Expression as a Surrogate for RIC-serum 

Attenuation of ET-1 Induced Hypertrophy 

The “foetal gene panel” is the term given to the groups of genes that are up-regulated 

in post-MI hypertrophy and remodelling that mimic the patterns of gene expression 

seen in foetal cardiac development. Aberrant expression of these foetal genes has been 

shown to be maladaptive with regards to a number of processes including unregulated 

cardiac hypertrophy, abnormal calcium handling as well as effecting myocardial 

contractility.431   

 Four genes whose up-regulation is associated with maladaptive cardiac 

remodelling were selected for experimentation: Brain Natriuretic Peptide (BNP), Beta 

Myosin Heavy Chain (βMHC), Alpha Skeletal Muscle Actin (α-ACT) and Myocyte Stress 1 

(MS-1). BNP is a small peptide hormone released by the cardiac ventricle in response to 

stretch as well as ET-1 in adults, often in the context of heart failure.432 In this setting it 

acts to increase natriuresis and decrease systemic vascular resistance and venous 

pressure to decrease the afterload and preload on the heart. It also act to initially 

prevent cardiac hypertrophy via various pathways including cGMP,433 however, its 

continually activation has been shown to lead to a pro-hypertrophic phenotype via 

downstream up-regulation of pro-hypertrophic transcription factors.434 βMHC is a sub-

unit of myosin filaments which has a lower level of contractility compared to αMHC.435 

ET-1 can trigger an increased ratio of βMHC to αMHC expression and is associated with 

cardiac hypertrophy.436, 437 ET-1 also increases the expression of α-ACT438, another 

cytoskeletal protein which is highly expressed in the foetal heart but not the adult heart 

in health. Up-regulation in adulthood is associated with cardiac hypertrophy and 
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dysfunction.439 Finally MS-1 is a striated muscle-specific actin-binding protein that has 

been implicated in foetal development of the heart, although it is not classically 

considered part of the foetal gene programme. It acts to activate SRF-dependent 

transcription to bring about hypertrophy and cardiac dysfunction in adult rat and mouse 

models.364, 440-442 

H9c2 cells were pre-treated with unconditioned rat perfusate or rIC rat perfusate 

for 30 minutes and then either trypsinized immediately or after 48 hours of ET-1 

treatment as described in section 3.2.2.1. H9c2 cells were also pre-treated with 

unconditioned human serum or rIC human serum for 30 minutes and then either 

trypisinized immediately or after 48 hours of ET-1 treatment as described. Real-time 

quantitative PCR was performed as described in section 2.2. The results of the rat 

perfusate treated cells are shown in Figure 4.8. The results of the human serum treated 

cells are shown in Figure 4.9.  

 A significant relative increase in gene expression of βMHC, α-ACT and MS-1 was 

seen in ET-1 treated cells after 48 hours compared to untreated cells at baseline in the 

rat perfusate group of experiments (fold-change = 7.1 ± 0.4, 7.7 ± 0.4 and 36.1 ± 3.5 

respectively, p < 0.001 in all 3 genes). A trend towards significance was seen in BNP 

expression in ET-1 treated cells after 48 hours (fold-change = 2.0 ± 0.1, p = 0.062). 

Expression levels of ET-1 induced BNP was attenuated by rIC perfusate (fold-change = 

0.4 ± 0.1 versus 2.0 ± 0.1, p < 0.01) but not unconditioned perfusate (fold-change = 1.27 

± 0.3 versus 2.0 ± 0.1, p = 0.19). Expression levels of ET-1 induced βMHC was attenuated 

by rIC perfusate (fold-change = 2.5 ± 0.3 versus 7.1 ± 0.4, p < 0.001) but not 

unconditioned perfusate (fold-change = 6.5 ± 0.5 versus 7.1 ± 0.4, p = 0.64). Similarly 



159 
 
 

expression levels of ET-1 induced α-ACT was attenuated by rIC perfusate (fold-change = 

1.7 ± 0.1 versus 7.7 ± 0.4, p < 0.001) but not unconditioned perfusate (fold-change = 8.0 

± 0.4 versus 7.7 ± 0.4, p = 0.95) and expression levels of ET-1 induced MS-1 was 

attenuated by rIC perfusate (fold-change = 13.0 ± 1.4 versus 36.1 ± 3.5, p < 0.001) but 

not unconditioned perfusate (fold-change = 31.6 ± 2.7 versus 36.1 ± 3.5, p = 0.57). 

 In the human serum group, a significant relative increase in gene expression of 

all four genes was seen after 48 hours compared to untreated cells at  (BNP fold-change 

= 1.9 ± 0.1,  βMHC fold-change = 10.7 ± 0.7, α-ACT fold-change = 7.7 ± 0.5 and MS-1 fold-

change = 26.6 ± 2.4, p < 0.001 in all 4 genes). Increased expression levels induced by 48 

hours ET-1 was significantly attenuated by both rIC and unconditioned-serum pre-

treatment (p at least < 0.01 for groups). There was no significant difference in this 

attenuation between rIC and unconditioned-serum in BNP expression (fold-change of 

0.4 ± 0.1 for rIC-serum versus 0.5 ± 0.1 in unconditioned-serum, p = 0.94). For βMHC a 

significantly greater attenuation was seen in rIC-serum than unconditioned-serum (fold-

change of 3.8 ± 0.4 for rIC-serum versus 7.5 ± 0.7 in unconditioned-serum, p < 0.001). 

Interestingly unconditioned-serum led to a greater attenuation of ET-1 induced 

expression of α-ACT after 48 hours than rIC-serum (fold-change of 2.2 ± 0.2 for rIC-serum 

versus 0.9 ± 0.1 in unconditioned-serum, p < 0.05). Finally there was no significant 

difference in this attenuation between rIC and unconditioned-serum in MS-1 expression 

(fold-change of 7.0 ± 0.7 for rIC-serum versus 9.2 ± 1.7 in unconditioned-serum, p = 0.8). 
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Figure 4.8 Bar charts of the effect of unconditioned and rIC rat perfusate on relative 

fold-expression of 4 genes expressed as part of the ‘foetal panel’ of gene expression 

in remodelling, taken at baseline and 48 hours: a.) BNP b.) c.) α-ACT d.) MS-1. 

Normalized to the housekeeper probe ACTB. Statistical significance above bars = 

comparison to media only column. Means with S.E.M, n=8/3, ns = non-significant, 

*p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.9 Bar charts of the effect of unconditioned and rIC human serum on relative 

fold-expression of 4 genes expressed as part of the ‘foetal panel’ of gene expression 

in remodelling, taken at baseline and 48 hours: a.) BNP b.) βMHC c.) α-ACT d.) MS-1. 
Normalized to the housekeeper probe ACTB. Statistical significance above bars = 
comparison to media only column. Means with S.E.M, n=8/3, ns = non-significant, 
*p<0.05, **p<0.01, ***p<0.001. 
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4.6 Summary 

The results from this chapter demonstrate the ability of perfusate from isolated rat 

hearts that have undergone cycles of I/R and serum from healthy volunteers undergoing 

cycles of rIC to attenuate the hypertrophic effects of ET-1 in an H9c2 rat cardiomyoblast 

model. Furthermore, matched unconditioned-serum from healthy volunteers has a 

much less marked effect on blocking hypertrophy. This adds weight to the theory that 

rIC exerts many of its effect via a blood borne humoral agent, or more likely a panel of 

agent. Furthermore the technique of immunofluorescence staining and measuring cell 

surface area using computer software, was validated using protein: DNA ratios, which 

proved it to be an accurate measure of assessing real cellular hypertrophy, rather than 

a measure for intra-cellular swelling or cellular adhesion to the growing surface.   

 The effects of age and physical activity levels were also tested on this model. Age 

proved to have no significant effect on the degree of attenuation of hypertrophy from 

rIC-serum, however the innate, lower level protection afforded by unconditioned-serum 

in the younger group was lost in the older group. Interestingly, a greater degree of rIC-

serum induced hypertrophic attenuation was seen in the low activity group, although all 

groups still induced significant ant-hypertrophic effects. This may be due to the high 

levels of circulating protective agents in the higher physical activity groups with a small 

spike seen with a rIC stimuli than is seen in the lower activity groups.  

The results also showed that rIC-serum led to a down regulation of a number of 

pro-hypertrophic genes (part of the so-called ‘foetal gene panel’) including BNP, βMHC, 

α-ACT and MS-1. The next chapter deals with some of the potential mechanisms by 

which rIC-serum attenuates ET-1 induced hypertrophy in this model.  
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5. Mechanisms of RIC in ET-1 induced hypertrophy 

5.1 Chapter Introduction 

Chapter 4 has demonstrated the functional effects of rIC-serum on an H9c2 

cardiomyoblast model of hypertrophy and remodelling. Following on from this, this 

chapter will attempt to elucidate some of the cellular mechanisms responsible for this 

anti-hypertrophic action of rIC-serum. This includes assessing the role of the signalling 

molecules AMPK, the activation of the endothelial NO synthase/soluble guanylate-

cyclase (cGC) signalling pathway and the role of PKCε translocation. Furthermore this 

chapter will assess the effect of rIC-serum on the expression miR-1 and 133a, which are 

heavily implicated in cardiomyocyte hypertrophy. 

 

5.2 The Role of PKCε Signalling as a Mechanism for RIC-serum 

Attenuation of ET-1 Induced Hypertrophy 

5.2.1 The Effect of Endothelin-1 on PKCε Translocation in H9c2 

Cardiomyoblasts 

ET-1 has been shown to induce hypertrophy via a number of mechanisms, including 

rapid PKCε translocation (see section 3.3.1 and Figure 3.3 for more details).443, 444 We 

tested the effects of ET-1 on PKCε in our H9c2 model of hypertrophy using western blot 

techniques as described in section 2.3. PMA was used as a positive control. PMA is a 

potent activator of PKC with an analogous structure to DAG and acts by binding to the 

C1 domain inducing membrane translocation.445 In the PMA groups, cells were pre-

treated for 30 minutes in serum-free media with 1μM PMA co-incubation. The results 

of this experiment are shown in Figure 5.1.  



164 
 
 

 

Figure 5.1 Line graph showing the level of the cytosolic component of PKCε over time 

after continuous treatment with ET-1. Levels of PMA treated cells at 1 minute shown 

as reference. Means with S.E.M, n=4/3/3.  

 

 

In the context of IPC, Ping et al., (1997) were the first group to show in a rabbit model 

that PKCε translocation from the cytosol to the membrane, rather than overall PKCε 

activation, is the key mechanism by which IPC acts.446 Cytosolic PKCε levels therefore, 

act as a surrogate for activity in an inverse manner i.e. lower the levels of cytosolic PKCε 

and higher the membrane levels, are indicative of an increase in the overall PKCε 

activity. ET-1 incubation in this model caused a large degree of translocation by 5 

minutes, reaching a peak at around 10 minutes. By 20 minutes most of the PKCε had 

relocated back to the cytosol therefore become inactive again. This implies that ET-1 has 
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a role in an acute phase response mechanism via PKCε which activated downstream 

pathways but does not sustain PKCε despite ongoing incubation for 48 hours. 

 

5.2.2 The Effect of RIC Pre-treatment on Endothelin-1 Treated H9c2 

Cardiomyoblast Levels of PKCε Translocation 

The degree of PKCε translocation was next tested in cells pre-treated with either 

unconditioned or rIC human serum for 30 minutes followed by ET-1 incubation for either 

30 minutes or 48 hours. Samples were lysed for protein analysis after the 30 minutes 

pre-treatment and 48 hours of ET-1 incubation. The results are shown in Figures 5.2 and 

5.3. ET-1 caused activation of PKCε with a greatly decreased cytosolic fraction after 30 

minutes from 0.44 ± 0.02 arb. units in the media only group to 0.30 ± 0.01 arb. units in 

the ET-1 treated group, indicating an increased membrane fraction. Pre-treatment with 

rIC-serum for 30 minutes followed by ET-1 incubation sustained the membrane fraction 

of PKCε at 30 minutes of ET-1 incubation compared to ET-1 incubation only, 0.09 ± 0.02 

arb. units versus 0.30 ± 0.01 arb. units respectively (p < 0.001). This increased 

augmentation of cytosolic to membrane translocation was seen only with rIC-serum pre-

treatment and not unconditioned-serum pre-treatment. However, this effect is lost by 

48 hours where there is no significant difference between all treatment groups. This 

may suggest that any effects ET-1 or serum pre-treatment prior to ET-1 incubation occur 

acutely and these effects have dissipated when testing at 48 hours.   A PKCε inhibitor 

was not used in the experiments due to concerns over non selectivity of available 

inhibitors of PKCε over other PKC isoforms. 
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Figure 5.2.a.) Bar chart of the effect of rIC-serum pre-treatment 

prior to ET-1 incubation for 30 minutes on the level of the cytosolic 

component of PKCε. b.) Representative western blot images with 

control. Means with S.E.M, n=6/3/12, ***p<0.001. 

 

Figure 5.3.a.) Bar chart of the effect of rIC-serum pre-treatment 

prior to ET-1 incubation for 48 hours on the level of the cytosolic 

component of PKCε. b.) Representative western blot images with 

control. Means with S.E.M, n=6/3/12, ns = non-significant. 
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5.3 The Role of AMPK Signalling as a Mechanism for RIC-serum 

Attenuation of ET-1 Induced Hypertrophy 

We investigated the role of AMPK in the anti-hypertrophic action of rIC-serum in the 

model of ET-1 induced hypertrophy of H9c2 cardiomyoblasts. The AMPK inhibitor 

compound C (dorsomorphin) was used to assess the role of AMPK in this model. 

Compound-C is a cell permeable, selective ATP-competitive inhibitor of AMPK.447 10µM 

of compound-C was dissolved in rIC-serum during H9c2 pre-treatment with rIC-serum 

prior to 48 hours of ET-1 incubation to assess levels of hypertrophy using 

immunofluorescence. H9c2 cells were also treated for 30 minutes with rIC-serum, 

unconditioned-serum or rIC-serum + 10µM compound-C. The results are shown in 

Figure 5.4 and 5.5. The anti-hypertrophic action of rIC-serum pre-treatment was 

significantly reduced in the presence of compound-C with a mean cell surface area 

measurement of 1.82 ± 0.19x104 µm2 in the ET-1 only group compared to 1.31 ± 0.33x104 

µm2 in the rIC-serum pre-treatment groups versus a mean cell surface measurement of 

1.64 ± 0.47x104 µm2 in rIC-serum + compound-c group (p < 0.001). 

Furthermore levels of AMPK activation were assessed by measuring the levels of 

phosphorylated AMPKα and total AMPKα using western blotting, the results of which 

are shown in Figure 5.5b. RIC-serum caused a significant increase in phosphorylated 

AMPK levels of 2.5 ± 0.3 fold over unconditioned-serum (p < 0.001). This activation was 

completely blocked by compound-C (p < 0.001).  
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Figure 5.4 Bar chart showing the effect of AMPK inhibition by 

compound-c on rIC-serum attenuation of ET-1 induced hypertrophy 

of H9c2 cells. CC = compound-c. Means with S.E.M, n=8/3/500, 

***p<0.001. 

 

Figure 5.5.a.) Bar chart showing the effect of rIC-serum treatment 

for 30 minutes on the level of phosphorylated and total AMPK 

shown as a ratio. b.) Representative western blot images with 

control. CC = compound-c. Means with S.E.M, n=8/3/500, 

***p<0.001. 
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5.4 The Role of eNOS/NO/SGC/CGMP Signalling as a Mechanism 

for RIC-serum Attenuation of ET-1 Induced Hypertrophy 

5.4.1 The Role of eNOS as Mechanisms for RIC Attenuation of ET-1 

Induced Hypertrophy 

The non-specific NOS inhibitor L-NAME was used to determine the role of NOS (in 

particular eNOS) in the model of anti-hypertrophic actions of rIC-serum. 100µM of L-

NAME was dissolved in rIC-serum during H9c2 pre-treatment prior to 48 hours of ET-1 

incubation to assess levels of hypertrophy. Final cell size was assessed via 

immunofluorescence. H9c2 cells were also treated for 30 minutes with either ET-1, rIC-

serum, unconditioned-serum or rIC-serum + L-NAME. The results, shown in Figure 5.6, 

demonstrate that the anti-hypertrophic actions of  rIC-serum was completely blocked 

by L-NAME with a mean cell surface area measurement of 1.3 ± 0.3x104 µm2 in the rIC-

serum pre-treatment groups versus a mean cell surface measurement of 1.8 ± 0.6x104 

µm2 in rIC-serum + L-NAME group (p < 0.001), compared to 1.86 ± 0.14x104 µm2 in the 

ET-1 only group.  

In order to further show the involvement of eNOS in particular (as opposed to 

overall NOS involvement), levels of phosphorylated eNOS were assessed by western 

blotting. Cells were pre-treated with either ET-1, rIC-serum, unconditioned-serum or rIC-

serum + 10µM compound-C for 30 minutes. The results of which are shown in figure 5.7. 

RIC-serum caused a significant increase in phosphorylated eNOS levels of 2.0 ± 0.05 fold 

over unconditioned-serum which caused a modest 1.0 ± 0.05 fold (p < 0.001). This 

activation was completely blocked by compound-C (p < 0.001).  
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Figure 5.6 Bar chart showing the effect of eNOS inhibition by L-

NAME on rIC-serum attenuation of ET-1 induced hypertrophy of 

H9c2 cells. Means with S.E.M, n=8/3/500, ***p<0.001. 

238  

Figure 5.7.a.) Bar chart showing the effect of rIC-serum treatment 

for 30 minutes on the level of phosphorylated and total eNOS 

shown as a ratio. b.) Representative western blot images with 

controls. CC = compound-c. Means with S.E.M, n=8/3/500, 

***p<0.001. 
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5.4.2 The Role of NO as Mechanisms for RIC-serum Attenuation of ET-1 

Induced Hypertrophy 

We used DAF-FM fluorescence to detect levels of NO production from H9c2 cells 

subjected to rIC-serum. DAF-FM is a fluorescent benzotriazole which only fluoresces in 

the presence of NO and gives a direct indication of intracellular NO levels.  The NO donor 

(S)-Nitroso-N-acetylpenicillamine (SNAP) was used as a positive control. SNAP is a 

synthetic S-nitrosothiol that under physiological conditions decays to release NO and a 

disulfide at a steady rate.448, 449 H9c2 cells were treated for 10 minutes in DAF-FM alone 

to allow adequate cell entry. The cells were then left for 30 minutes to allow for de-

esterification of the DAF to its benzotriazole derivative which is more fluorescent than 

DAF-FM. The cells were then treated for 20 minutes with either media only, 

unconditioned serum, rIC-serum, rIC-serum + compound-C (10μM) or media + SNAP 

(1mM) and levels of fluorescence were measured every minute. No groups with 

subsequent 48 hours of ET-1 treatment were tested as it was felt that this pathway was 

likely to be affected only for short period time, if at all, by rIC-serum and as such 

experiments were only performed out to 20 minutes. The results are shown in Figure 

5.8a-c.  

 There was no significant difference in fluorescence between any of the groups at 

5 minutes. SNAP induced a rise in fluorescence levels (and hence detectable NO) which 

was not seen at 5 minutes but clearly demonstrated at 20 minutes. There was no 

significant difference at 20 minutes between the fluorescence levels demonstrated in 

the SNAP treated cells at 1.07 ± 0.002 adjusted units, and the rIC-serum treated cells at 

0.96 ± 0.01 adjusted units, p = 0.13. Although visually there appeared to be a greater 
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release of NO in the rIC treated cells compared to both the unconditioned-serum treated 

cells and the rIC + compound C treated cells at 20 minutes, these differences were non-

significant, p = 0.47 and 0.21 respectively. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Increase in DAF fluorescence as a measure of NO production from H9c2 

cardiomyoblasts adjusted to baseline levels. a). Plot of DAF fluorescence intensity 

recorded from H9c2 cardiomyoblasts in response to 30 minutes of treatment with 

either serum free media (grey), 1mM SNAP diluted in serum-free media (orange), 

unconditioned human serum (blue), rIC-serum (red) or rIC-serum with 10μM 

compound C added (purple). b). Data at 5 and 20 minutes after treatment. CC = 

Compound C. Means with S.E.M, n=12 subjects/3 experimental runs/3 wells. 

Statistical significance above bars = comparison to SNAP column. Ns = non-significant, 

*p<0.05, **p<0.01, ***p<0.001. 
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5.4.3 The Role of SGC and cGMP as Mechanisms for RIC-serum 

Attenuation of ET-1 Induced Hypertrophy 

To determine the influence sGC/cGMP pathway in particular plays in the anti-

hypertrophic actions of rIC in the ET-1 induced hypertrophy model, we incubated H9c2 

cardiomyoblasts with 10μM of the inhibitor of sGC ODQ, present for 10 minutes prior to 

and during treatment with rIC-serum, followed by ET-1 medium for 48 hours to induce 

hypertrophy. The results are shown in Figure 5.9. The inhibition of sGC with ODQ 

reduced the anti-hypertrophic action of rIC-serum from 1.3 ± 0.3x104 µm2 in the rIC-

serum group to 1.7 ± 0.6x104 µm2 in the rIC-serum + ODQ group (p < 0.001). There was 

no significant difference between the unconditioned-serum treated cells measuring at  

1.74 ± 0.40x104 µm2 and the ET-1 only treated cells measuring at  1.87 ± 0.39x104 µm2 

(p = 0.077).  

Furthermore, we used a competitive ELISA cGMP assay kit to assess levels of 

intracellular cGMP in H9c2 cells after 30 minutes treatment with either rIC-serum, 

unconditioned serum, rIC-serum with 10μM ODQ or rIC-serum with 100µM of L-NAME. 

We also treated the cells for 30 minutes as described and then incubated them for 48 

hours in serum free media. After each time period, samples were lysed from the cell 

culture flasks using 0.1M HCl and reconstituted in a pre-made ELISA buffer. Cell 

underwent an acetylation step to increase the sensitivity of the assay and downstream 

process took place as per the manufacturer’s instructions. The results are shown in 

Figure 5.10. Both rIC and unconditioned-serum increased relative levels of cGMP 

compared to baseline. This appeared greater in the rIC-serum group but was not 

statistically significant (relative increased levels of 1.6 ± 0.2, p < 0.001 in the rIC-serum 
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group and 1.5 ± 0.1, p < 0.01 in the unconditioned-serum group, p = 0.57 between 

groups). The increased level caused by rIC-serum was significantly attenuated by the co-

treatment with ODQ (1.1 ± 0.1, p < 0.05) but not with L-NAME (1.4 ± 0.1, p = 0.56). There 

was no significant difference between any of the treatment groups after 48 hours of ET-

1 incubation. 
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Figure 5.9 Bar chart of the effect of sGC inhibition by ODQ on rIC-

serum attenuation of ET-1 induced hypertrophy of H9c2 cells. 

Statistical significance above bars = comparison to ET-1 only (black). 

Means with S.E.M, n=8/3/500, ns = non-significant, *p<0.05, 

***p<0.001. 

 

 

Figure 5.10 Bar chart of the effect of rIC-serum on cGMP levels after 

30 minutes treatment and 30 minutes treatment followed by 48 

hours ET-1 incubation. Statistical significance above bars = 

comparison to media only at baseline. Means with S.E.M, n=6/3, ns 

= non-significant, *p<0.05, **p<0.01, ***p<0.001. 
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5.5 The Role of Micro RNA 1 and 133a as a Mechanism for RIC-

serum Attenuation of ET-1 Induced Hypertrophy 

A number of miRs have been shown to attenuate cardiac hypertrophy and maladaptive 

remodelling, including the so called myo-miR (striated muscle-specific miRs), of which 

miR 1 and 133 are members (see section 1.1.3.7). However, as yet there have been no 

reports of a role for miRs in regulation of hypertrophy in the context of ischemic 

conditioning. We analysed the expression of miR-1 and miR-133a in H9c2 cells pre-

treated with unconditioned human serum or rIC human serum and then subjected to 48 

hours of ET-1 as previously described. In addition, to determine whether the AMPK 

and/or the eNOS-cGMP pathway, which was shown to be involved in the 

antihypertrophic action of rIC-serum, was involved in any changes in miR-1 and/or 133a, 

rIC-serum pre-treatment of cells was also performed in the presence of compound-C 

(10µmol/L), L-NAME (100µmol/L) or ODQ (10μmol/L). The results are shown in Figure 

5.11.  

ET-1 treatment alone did not significantly increase the expression of either miR. 

However 30 minutes of rIC-serum pre-treatment did significantly up-regulate miR-1 and 

133a after 48 hours of ET-1 treatment (fold-change = 5.9 ± 2.0 for miR-1 and 4.3 ± 0.6 

for miR-133a compared to untreated cells at baseline, both p < 0.001). This up-

regulation by rIC-serum was completely inhibited by compound-C, L-NAME and ODQ co-

treatment for both miR-1 and miR-133a (p at least < 0.01 for all). There was a significant 

difference between the effects of unconditioned-serum compared to rIC-serum. 

Unconditioned-serum pre-treatment only led a mild increase in miR-1 which was small 

but non-significant (fold-change = 1.3 ± 0.2, p = 0.95). A larger relative fold-change was 
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seen in miR-133a in unconditioned pre-treated cells (fold-change = 3.1 ± 0.7, p < 0.05). 

In both miR, this increased fold-change by unconditioned-serum pre-treatment was 

significantly smaller than that seen by rIC pre-treatment (p < 0.001 for both).  

 

5.6 Summary 

The results from this chapter demonstrate for the first time that a humoral agent 

present in the blood of healthy human volunteers, generated after 4 cycles of rIC, has 

strong anti-hypertrophic properties. The mechanism appears to involve short-term 

translocation of PKCε from the cytosolic to the membrane component, associated with 

increased activation of PKCε. Furthermore, activation of the 

AMPK/eNOS/NO/cGMP/PKG axis was implicated in this process as well as the up-

regulation of the anti-hypertrophic miR-1 and 133a. Interestingly, unconditioned human 

serum collected before rIC of an arm appeared to have a mild anti-hypertrophic action, 

although this was not seen with unconditioned rat perfusate.  
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Figure 5.11a&b Bar charts of MiR-1 and miR-133a up-regulation by rIC-serum. Mean fold-change in a.) miR-1 and b.) miR-133a at 48 hours in 
response to ET-1 and after treatment with either unconditioned-serum or rIC-serum prior to exposure to ET-1, in the absence and presence of 
compound-C (10µmol/L), L-NAME (100µmol/L) and ODQ (10μmol/L), normalized to the housekeeper probe U6. CC = compound C. Statistical 
significance above bars = comparison to media only column. Means with S.E.M, n=4-8/3, ns = non-significant, *p<0.05, **p<0.01, ***p<0.001. 
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6. FUNCTIONAL EFFECTS OF REMOTE ISCHAEMIC CONDITIONING 

IN ET-1 INDUCED FIBROSIS IN A RAT FIBROBLAST MODEL 

6.1 Chapter Introduction 

Chapters 4 and 5 focused on a cellular model of ventricular hypertrophy, an important 

element of the initial remodelling process post-MI. Another component of remodelling, 

which differentiates physiological remodelling versus pathological remodelling seen 

post-MI, is the degree of fibrosis that takes place. In this chapter we assessed the 

response of neonatal rat cardiac fibroblasts in cell culture to ET-1 with regards to a 

number of markers of fibrosis including the production of the enzymes MMP-2, MMP-9 

and TIMP-1, the expression of α-SMA gene and the degree of fibroblast to myofibroblast 

differentiation. ET-1 is a well-recognised trigger of cardiac fibroblast induced fibrosis450, 

451 and in preliminary experiments was shown to increase fibroblast proliferation and 

differentiation to myofibroblasts.  In addition we analysed the effect rIC-serum had on 

the ET-1 triggered effects on cardiac fibroblasts.  

 

6.2 The Effect of RIC on Fibroblast Proliferation 

It was our intention to test the effect of rIC-serum on ET-1 induced fibroblast 

proliferation. As described in section 3.6.1 and shown in Figure3.8, ET-1 increased 

fibroblast proliferation significantly from baseline both after 2 and 4 days. 

 Unfortunately due to bacterial contamination of the fibroblast grown in cell 

culture for this set of experiments, all results were abandoned as it is likely that the 

bacterial contamination will have significantly affected interpretation of these results.  
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6.3 The Effect of RIC on Fibroblast Differentiation 

ET-1 induced marked differentiation from a fibroblast to a myofibroblast phenotype at 

day 2 compared to media only treated cells (81.3 ± 18.7% versus 6.5 ± 3.8% respectively, 

p < 0.005), as assessed by immunofluorescence staining of α-SMA, a cellular marker 

expressed only by myofibroblasts. This level of differentiation increased only slightly 

after a further 2 days of ET-1 treatment (88.3 ± 10.6% for ET-1 treatment versus 13.5 ± 

5.6% for media only treatment, p < 0.005). 30 minutes of pre-treatment with rIC-serum 

prior to exposure to ET-1 significantly attenuated the degree of differentiation seen at 

day 2 compared to ET-1 treatment alone (29.9 ± 8.0% versus 81.3 ± 18.7% respectively, 

p < 0.05), however by day 4, differentiation levels were comparable in the rIC-serum 

pre-treated cells to the ET-1 only treated cells (79.3 ± 13.5% versus 88.3 ± 10.6% 

respectively, p = 0.94). 30 minutes of pre-treatment with unconditioned-serum had no 

effect on the degree of differentiation induced by ET-1 compared to ET-1 treatment 

alone at either day 2 (75.6 ± 15.2% versus 81.3 ± 18.7% respectively, p = 0.99) or day 4 

(85.3 ± 13.4% versus 88.3 ± 10.6% respectively, p = 0.99). These results are shown in 

Figure 6.1. 
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Figure 6.1. Bar chart of the effect of rIC-serum on ET-1 induced cardiac fibroblast 

differentiation. Percentage of myofibroblast seen in culture is shown after 2 and 4 days 

of ET-1 treatment. Statistical significance above bars = comparison to media only column 

for that day. Means with S.E.M, n=4/3/400, ns = non-significant, *p<0.05, ***p<0.001. 

 

6.4 The Effect of RIC on MMP and TIMP Production by Fibroblasts 

As discussed in section 1.1.3.3, the coordination and turnover of ECM after MI is a key 

component in modulating the remodelling response and the degree to which this 

becomes maladaptive. In this experiment we specifically focussed on 3 key enzymes that 

have been shown to play a significant role in this process: MMP-2 and MMP-9 whose 

up-regulation has been shown to positively correlate with increased levels of fibrosis100, 

101 and maladaptive remodelling and TIMP-1 whose up-regulation is known to negatively 

correlate with levels of fibrosis.103 
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In this experiment we analysed the effect of either ET-1 treatment alone for 4, 24 and 

48 hours, 30 minutes of rIC-serum pre-treatment followed by ET-1 treatment for 4, 24 

and 48 hours and 30 minutes of unconditioned-serum followed by ET-1 treatment for 4, 

24 and 48 hours on the expression of MMP-2, MMP-9 and TIMP-1 by cardiac fibroblasts 

in culture. With regards to MMP-2 expression, there was no significant difference 

between the groups except between the ET-1 only treated cells and the rIC-serum pre-

treated cells at 24 hours (0.9 ± 0.2ng/ml versus 2.3 ± 0.3ng/ml respectively, p < 0.05). 

With regards to MMP-9 expression, there was no significant difference between the 

groups at any time-points. RIC-serum pre-treatment increased MMP-9 levels at 48 hours 

compared to untreated cells (0.10 ± 0.04ng/ml versus 0.03 ± 0.01ng/ml respectively, p 

< 0.05) but this was not significant when compared to other treatment groups at that 

time-point. TIMP-1 expression was increased by rIC-serum pre-treatment when 

compared to ET-1 treatment alone at both 24 hours (4.1 ± 1.0ng/ml versus 1.4 ± 

0.1ng/ml respectively, p < 0.05) and 48 hours (2.8 ± 0.4ng/ml versus 1.2 ± 0.2ng/ml 

respectively, p < 0.05). This increased level of TIMP-1 expression was mirrored by 

unconditioned-serum pre-treatment for both time-points. Bar charts of these results are 

shown in Figure 6.2a-c. 
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Figure 6.2.a-c. Bar charts of the effect of rIC-serum pre-treatment on concentrations of a.) MMP-2 b.) MMP-9 and c.) TIMP-1 in ET-1 treated 

H9c2 cells at 4, 24 and 48 hours. Statistical significance above bars = comparison to untreated cells. Means with S.E.M, n=4/3, ns = non-significant, 

*p<0.05, **p<0.01, ***p<0.001. 
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6.5 The Effect of RIC on Alpha Smooth Muscle Antibody Gene 

Expression  

Differentiation of fibroblast to myofibroblasts can also be measured by the expression 

of α-SMA, expression of which is increased in myofibroblasts.452, 453 In this experiment 

we assessed the effect of rIC-serum pre-treatment on ET-1 induced α-SMA expression 

by cardiac fibroblasts in culture. 48 hours of ET-1 treatment significantly increased α-

ACT expression compared to media only treated cells (fold-change of 2.8 ± 0.4 for ET-1 

treatment compared to media only treated cells, p < 0.05). Neither 30 minutes of rIC-

serum nor unconditioned-serum pre-treatment attenuated the expression of α-SMA 

after 48 hours of ET-1 treatment. These results is shown in Figure 6.3.  

 

Figure 6.3 Bar chart of the effect of unconditioned and rIC-serum on relative fold-

expression of α-SMA. Results are shown at baseline and after 48 hours ET-1 treatment 
in rat neonatal fibroblasts, normalized to the housekeeper probe ACTB. Statistical 
significance above bars = comparison to media only (30mins) column. Means with S.E.M, 
n=6/3, ns = non-significant, *p<0.05. 
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6.6 Summary 

In preliminary experiments we showed that exposure of neonatal rat cardiac fibroblast 

in culture with ET-1 (100nM) significantly increased cellular proliferation after 2 and 4 

days of treatment (see Figure 3.8). Furthermore in this chapter we have demonstrated 

that ET-1 induces phenotype differentiation from fibroblast to myofibroblast when 

assessed by levels of α-SMA cellular expression. This differentiation is partially 

attenuated by pre-treatment with rIC-serum followed by 24 hours of ET-1 treatment but 

not 48 hours of ET-1 treatment. ET-1 also increases the levels of α-SMA mRNA 

expression, also associated by fibroblast differentiation, however rIC-serum pre-

treatment did not attenuate this effect. Furthermore both untreated and rIC-serum pre-

treatment significantly increased the expression of MMP-2 compared to ET-1 treatment 

alone for 24 hours. Similarly both untreated and rIC-serum pre-treatment significantly 

increased the expression of TIMP-1 compared to ET-1 treatment alone for both 24 hours 

and 48 hours. Untreated and rIC-serum pre-treatment had no effect on ET-1 induced 

MMP-9 expression in this model. 
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7. DREAM – PHASE II RANDOMISED CONTROL TRIAL 

7.1 Chapter Introduction 

In conjunction with the basic science research set out in this thesis in the previous 

chapters, this chapter outlines the clinical research trial designed and coordinated in 

conjunction with the basic science work as already set out. The DREAM study (Daily 

REmote Ischaemic Conditioning Following Acute Myocardial Infarction) is a multi-

centre, first-in-man, phase II, double-blinded randomised control trial which at the time 

of writing is nearing the end of the active recruitment phase. The trial is a 4 centre NIHR 

portfolio adopted UK trial which is centrally coordinated from the Leicester Glenfield 

Hospital and is sponsored by the University of Leicester. 

 

7.2 Hypothesis 

Daily serial remote ischaemic conditioning applied for 4 weeks following STEMI treated 

with PPCI, reduces the incidence and progression of heart failure by positively 

influencing cardiac remodelling, independent of its effect on initial infarct sparing.  

 

7.3 Endpoints 

7.3.1 Primary Endpoint 

The main primary endpoint of the DREAM study is: 

 

The mean change in LVEF as assessed by cMRI immediately post-MI and at 4 months 

post-MI.  

 



187 
 
 

LVEF remains one the most commonly used measures of cardiac systolic function in both 

clinical and research scenarios. It is relatively easy to measure and has been shown to 

provide a surrogate of cardiac output.454, 455 However care must be taken in situations 

that significantly raise cardiac afterload, such as arterial hypertension or aortic stenosis, 

as this can depress the LVEF. Furthermore caution is advised in the context of severe 

mitral regurgitation  and other causes of raised preload where despite a normal LVEF, 

overall cardiac output is reduced due to increases in EDV.456 In the context of MI, a 

reduced LVEF as assessed by echocardiography is associated with a poor outcome.457  

In the DREAM study, screening echocardiography was used in the assessment of 

LVEF. Participants were only recruited if LVEF measured below 45% (at least moderately 

impaired systolic function). Echocardiographic assessment of LVEF was performed by 

measuring EDV and ESV in the apical 4 chamber and apical 2 chamber views to obtain 

the modified Simpson’s Biplane LVEF.458 Figure 7.1 shows an anonymised example 2D 

echo to illustrate this. Simpson’s Biplane LVEF is calculated by the following formula: 

 

Simpson’s Biplane LVEF (%) = (Apical 4 chamber [(EDV - ESV) / EDV] x 100) + (Apical 2 

chamber [(EDV - ESV) / EDV] x 100) / 2 

  

For the primary endpoint measures the cMRI measurements of LVEF were made by 

QMass 7.1 (Medis, Leiden, Netherlands) software platform. Measurements of the LV 

endocardial and epicardial borders were made using a series of short axis cuts 10mm 

apart along the length of LV from the basal/mitral level to the apical level performed in 

diastole and systole to assess EDV and ESV.459-461 Figure 7.2 shows an anonymised 

example short axis series of the LV. The same calculation as used for echocardiography  
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Figure 7.1 2D echocardiographic measurement to obtain LVEF by Simpson’s Biplane 

technique. The endocardial border of LV is traced manually and computer software 
generates a series of parallel discs which are collated to assess 3D volume and allow 
calculation of LVEF. Views: a.) Apical 4 chamber EDV b.) Apical 4 chamber ESV c.) Apical 
2 chamber EDV d.) Apical 2 chamber ESV. Adapted from Wharton et al., (2015).462 

 
 
was used for cMRI to calculate LVEF from EDV and ESV across all short axis slices. 

Compared to conventional 2D echocardiography, cMRI has been shown to have much 

greater specificity, less intra and inter-observer variability and higher inter-study 

reproducibility for the accurate assessment of LVEF and therefore this was chosen as 

the modality for analysis of the primary endpoint.463-465 In addition, cMRI allows for the 

assessment of a more accurate assessment of infarct size, MVO and fibrosis, indices that 

were measured as secondary outcome endpoints.466 
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Figure 7.2 Cardiac MRI short axis LVEF assessment. 12 short-axis slices along the LV in 

a.) diastole and b.) systole. The images are read horizontally from LV base in the top left 
corner down to LV apex in the bottom right corner in each image. The epicardial 
delineation is shown in yellow and the endocardial delineation is shown in blue.  
Adapted from Schulz-Menger et al., (2013).467 
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7.3.2 Secondary Endpoints 

7.3.2.1 CMRI Secondary Endpoints 

As well as assessing LVEF at baseline and 4 months, a number of other cMRI endpoints 

are used. The first of these are standard LV chamber dimensions and volumes including 

LVEDV, LVESV, LVEDD and LVESD, both raw and indexed to body surface area. These 

dimensions and volumes are obtained as described in section 7.3.1 as they are used to 

calculate LVEF. In addition, T1 mapping techniques (see section 7.6.1) were used in 

combination with gadolinium contrast to assess levels of fibrosis, MVO and ascertain 

overall infarct size.  

 

7.3.2.2 Blood Biomarker Secondary Endpoints 

Blood biomarkers associated with heart failure and ventricular remodelling were 

measured from samples taken at baseline and 4 months. The first of these biomarker 

was N-terminal pro-hormone of brain natriuretic peptide (NT-proBNP). This is a well-

established biomarker of heart failure in current clinical use typically used to evaluate 

treatment efficacy in patients with established heart failure. It has also shown to provide 

prognostic information in patients undergoing acute remodelling post-MI and hence 

was chosen for this study.468 In addition, MMP-9 and TIMP-1 levels were also analysed 

from samples collected at baseline and 4 month follow-up. Both these enzymes are well-

established biomarkers of fibrosis and inflammation in the context of cardiac 

remodelling and acute heart failure and are discussed in more detail in section 

1.1.3.3.469, 470  
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7.3.2.3 Health Questionnaire Secondary Endpoint 

The Kansas City Cardiomyopathy Questionnaire (KCCQ) score was used as a qualitatively 

assessment of the effects of heart failure on the participant. It was administered by a 

member of the research team at 1 month (after 28 days of conditioning) and 4 months. 

It is a well validated and commonly used 23 point questionnaire which has been shown 

to be valid both in the context of HF-REF and HF-PEF.471, 472 It sets out to quantify 

participants’ physical capabilities, the frequency, severity and onset of symptoms, how 

these symptoms impact on social interactions as well as addressing the participants’ 

understanding of their condition and giving an overall measure of their quality of life. 

The full KCCQ is detailed in the appendix. 

 

7.4 Study design 

This first in man study aims to recruit a total of 72 STEMI patients who have had 

successful PPCI who have an ejection fraction of less than 45% on their screening 

echocardiogram at 48-72 hours post infarct. To incorporate a drop-out rate of 20%, the 

total recruitment number will be 90. Participants are recruited from one of 4 sites; the 

Leicester Glenfield Hospital, Kettering General Hospital, the Royal Free Hospital London 

and the Royal Derby Hospital. Once a patient is identified and deemed to pass the 

inclusion/exclusion criteria, they are approached by a member of the research team 

who explains the study to them, provides them with a participation information sheet 

and allows them adequate time to read the information sheet, ask questions and discuss 

with family members and/or friends. A full list of the inclusion and exclusion criteria are 

detailed in Table 7.3. After signing the trial consent form agreeing to participate in the 
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trial, participants are randomised into the treatment or control arms (see section 7.5 for 

more details). Participants randomised to the treatment arm receive daily rIC for 28 days 

following MI and participants randomised to the control arm will receive sham 

conditioning for 28 days following MI, starting at day 3 post-MI. Conditioning is applied 

with the use of the ‘autoRIC™ device’, a CE marked licenced product developed by 

CellAegis Devices Inc. (see Figure 2.3)  to administer an rIC stimulus or a placebo stimulus 

in the first instance with the option of using a standard electronic sphygmomanometer 

as a back-up manual device if required (see Figure 2.2). The cuff with the machine pod 

in situ is applied to the non-dominant arm of the participant. The rIC stimulus involves 

4 cycles of 200mmHg systolic cuff inflation and deflation lasting a total of 40 minutes i.e. 

each period of inflation/deflation lasts 5 minutes as previously described in chapter 2 

and shown in Figure 2.1. The placebo stimulus involves 4 cycles of ~10mmHg total cuff 

inflation and deflation for 40 minutes. After 28 days conditioning ceases and the 

participant returns the device to the study investigators. The participant returns at 4 

months for a repeat cMRI, further blood tests (including FBC, U+E and heart failure 

biomarker NT-proBNP, MMP9 and TIMP1) and completion of the quality of life 

questionnaire (KCCQ). After this 4 month visit their involvement in the study ends. An 

overview of the participant journey in the study is given in Figure 7.1. Active participant 

recruitment started in November 2012 with an expected completion date for 

recruitment of October 2016 and estimated closure of the study with dissemination of 

findings by early 2017.  
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Inclusion criteria 

LVEF < 45% on baseline echocardiogram 

First STEMI 

Successful revascularisation by PPCI (improved TIMI flow in culprit vessel) 

Able to attend research centre for baseline and 4 month follow-up appointment 

Competent to consent 

Exclusion criteria 

<18 years of age 

ICD or CRTP/D in-situ 

Prior history of heart failure (HF-REF or HF-PEF) 

Haemoglobin < 11.5 g/dl 

Creatinine > 200µmol/L and/or eGFR<30ml/min/m2 

Known malignancy or other comorbid condition which in the opinion of the 
investigator is likely to have significant negative influence on life expectancy 

Significant complications or illness following MI including: 

• Severe cardiogenic shock 

• Ischaemic mitral regurgitation 

• Ventricular wall rupture 

• Severe pericarditis 
Recurrent malignant arrhythmias e.g. as VT/VF 

cMRI contraindicated. Reasons include: 

• Permanent pacemaker or ICD  

• Brain Aneurysm Clip  

• Implanted neural stimulator  

• Cochlear implant (specific implant must be checked that it is MR safe) 

• Ocular foreign body (e.g. metal shavings) unless removed 

• Other implanted medical devices: (e.g. Swan Ganz catheter)  

• Insulin pump  

• Metal shrapnel or bullet 

• Renal dysfunction (eGFR <30ml/min/m2)  
cMRI unobtainable due to claustrophobia or significantly raised BMI 

Further planned coronary interventions 

Enrolment in another clinical trial 

Table 7.1. Inclusion and Exclusion criteria of the DREAM study.  
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 Figure 7.3. Flow diagram of participant journey within the DREAM study. 
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7.5 Randomisation 

The participants are randomised to either the treatment or control arm using block 

randomisation to control for age (<45 or ≥45), gender (male or female) and infarct 

location (anterior infarct versus all other infarct locations). This is done using the online 

randomisation service ‘Sealed Envelope’ (http://www.sealedenvelope.com). The study 

is double-blinded in that the participants will not be aware which group they are in and 

the research team members tasked with analysing the primary outcome cMRI data will 

similarly be blinded to arm the participant whose cMRI they are analysing belongs to. 

However members of the research team involved in recruiting participants and 

overseeing the use of the autoRIC™ device will not be blinded to which arm the 

participant is receiving, because of the serial numbers on the machines and easy 

assessment of whether a device is inflating to 200mmHg or 10mmHg. 

 

7.6 Assessment and Follow-up 

The timelines for the study procedures are shown in the Table 7.2. Baseline denotes the 

first day of conditioning which is day 3 post-MI. Follow-up is at 4 months (± 2 weeks). 

Participants recruited at Glenfield Hospital, Kettering General Hospital and the Royal 

Derby Hospital attend the Glenfield Hospital for baseline and 4 month venepuncture 

and cMRI. All participant require a 20 guage cannula or larger for the cMRI. Participants 

recruited at the Royal Free Hospital have all procedures performed locally. Blood 

samples obtained at the Royal Free are processed locally and the serum and plasma is 

shipped on dry-ice to the Glenfield Hospital for storage and experimentation. CMRI 

scans performed at the Royal Free Hospital are anonymised and sent via secure post on 
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a compact-disc to Glenfield Hospital for analysis centrally. After undergoing the 4 month 

follow-up investigations, participants have completed the trial. However consent has 

been gained by all participants to retain their contact details in a secure and linked-

anonymised fashion so that they may be contacted in the future if further studies are 

planned or follow-up data is required such as 5 or 10 year Major Adverse Cardiac and 

Cerebral Event (MACCE) outcome data. 

 

 

Activity 

Time-point and Location 

Day 0+ 

Baseline 

(Inpatient) 

Day 3-31 

(Participant’s 

home) 

Day 31 

(Participant’s 

home) 

4 months ±±±± 2 

weeks 

(Research 

facility) 

Randomisation +    

rIC 

+ 

(if still an 

inpatient on 

day 3) 

+   

Collection of rIC 

device from 

participant 

  +  

Blood tests +   + 

Screening Echo +    

Cardiac MRI +   + 

KCCQ questionnaire   + + 

Table 7.2. Timeline and location of study procedures. Clock starts at day 0 = day of MI, 
specifically at time of PPCI. RIC starts on day 3, which may be in hospital or in the 
participant’s own home depending on the speed of discharge following the participant’s 
MI. Baseline cMRI should ideally take place on day 2 or 3 but can take place anytime 
between day 1 to day 5 (from 24 up to 120 hours post PPCI). 
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7.6.1 Cardiac Magnetic Resonance Imaging 

CMRI is performed at baseline following PPCI ideally 48-72 hours post procedure (usually 

on the day of discharge for uncomplicated cases) although where there is an anticipated 

delayed to obtain cMRI e.g. at the weekend or bank holidays or where the participant 

cannot have a cMRI e.g. if they have an intra-aortic balloon pump or temporary wire 

insitu, the participant are scanned at any time between 24 to 120 hours of PPCI. Any 

delay past this time leads to the participant being withdrawn from the study.  We have 

ensured that no systematic bias between the treatment and placebo group exists as to 

the day post PPCI they undergo their baseline cMRI scan as this could influence the 

calculated infarct size. 

The cMRIs performed at Leicester Glenfield hospital are performed on 3-Tesla 

platforms (4 Siemens Avanto, Erlangen, Germany, and 1 Philips Intera, Best, the 

Netherlands) and the cMRIs performed at the Royal Free hospital are performed on the 

1.5-Tesla equivalent machine. Both machines utilise a 6-channel phased-array cardiac 

receiver coil and were supervised at the time of the scan by Cardiologists with a 

specialist interest in cMRI allowing for optimisation of image acquisition.  An identical 

protocol is used for the baseline and follow-up cMRI scans as shown in Table 7.3. The 

participants are required to take breath holds during image acquisition. Retrospective 

ECG gating is used to time acquisitions and cine imaging to obtain functional information 

pertaining to LV and RV dimensions and function. Longitudinal relaxation time (T1) 

mapping is used and is defined as the time taken for longitudinal proton magnetization 

to recover approximately 63% of its equilibrium value.473 T1 mapping utilising late 

gadolinium enhancement (LGE) allows for an assessment of myocardial fibrosis, oedema 
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and infarct size.474 The Modified Look Locker Inversion Recovery (MOLLI) technique is 

used to reduce issues with participant movement and the prolonged acquisition time.475 

The gadolinium contrast agent Dotarem® (gadoterate meglumine) is used at a dose of 

0.15mmol/kg and LGE images are obtained 10 minutes after contrast injection. Each 

scan takes approximately 50 minutes. 

 

cMRI Acquisition Procedure Time (mins) 

Localisers and Pre-scan 

 
3 plane, low resolution slices to plot scan slices and align participant 
in the magnet iso-centre. Calibration involving shimming, coil tuning 
and matching, centre frequency calibration, transmitter and receiver 
gain adjustment and dummy cycle stimulation 

Cine imaging (4, 2 & 3 chamber long axis) 

 

8mm ST, 25mm gap, matrix 208x256, FOV optimized for participant 

Assesses LV and RV function 

Pre contrast T1 mapping (short and long axes) 
        

8mm ST, 2mm slice gap, MOLLI utilised 

0.15 mmol/kg Gadolinium  (Dotarem) injection 
 

Cine imaging (short axis stacks) 

 

8mm ST, 25mm gap, matrix 208x256, FOV optimized for participant 

Assesses LV dimension and function 

Post contrast T1 mapping with LGE (4, 2 & 3 chamber long axis and 

short axis)  

 

 

 10mm ST, 0mm slice gap, matrix 208x256, FOV optimized for 
participant, TR = R wave to R wave interval -100ms  

Assesses Infarct Size and degree of MVO 

Table 7.3. DREAM study cMRI Protocol. FOV = field of view, LGE = late gadolinium-
enhanced, LV = left ventricular, MOLLI = modified look locker inversion recovery, MVO 
= microvascular obstruction, RV = right ventricular, ST = slice thickness, TR = repetition 
time. 

0 

5 

10 

20 

30 

50 



199 
 
 

7.7 Potential Risks, Benefits and Inconveniences 

7.7.1 Potential Risks and Inconveniences 

Possible risks of rIC include discomfort, paraesthesia and a mild rash on the arm on 

which the device is inflated. The protocol proposed may cause low-grade discomfort but 

is not considered dangerous. We have applied this manoeuvre locally in a previous study 

with no significant complications (REC reference 10/H0405/52). Other groups report no 

complications of note.272, 273 To date there have been no reported adverse events (AEs) 

related directly to the inflation of the blood pressure cuff itself. There is minor 

discomfort associated with taking blood and a small risk of bruising. Bloods are taken by 

appropriately trained and experienced health practitioners, according to local policy. Up 

to 30ml of blood is taken on 2 separate occasions.  

 

7.7.2 Potential Benefits 

Although there is no human trial that indicates a direct clinical benefit to the participant 

of repeated rPostC, there may be a positive effect on the severity of heart failure as 

suggested by prior cellular and animal research as discussed in this thesis. Participants 

benefit from an echocardiogram and two cMRIs which are not routinely performed as 

part of clinical care. 

 

7.8 Participant Withdrawal  

Participants may leave the study at any time for any reason. The investigators can decide 

to withdraw a participant from the study if the participant is re-hospitalized with a 

further MI or serious condition that requires a protracted inpatient admission. 
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7.9 Safety Reporting 

7.9.1 Adverse Events 

An AE is defined as any undesirable experience occurring to a participant during a clinical 

trial. An adverse device event (ADE) is defined as any untoward and unintended 

response to a medical device. A serious adverse event (SAE) is an untoward medical 

event or effect that: 

1. results in death (at the time of the event) 

2. is life-threatening (at the time of the event) 

3. requires inpatient hospitalization or prolongation of existing hospitalization  

4. results in persistent or significant disability/incapacity  

5. is a congenital anomaly/birth defect 

6. requires intervention to prevent permanent impairment or damage 

Medical judgement is exercised by the trial coordinators in deciding whether an AE is 

serious in other situations. Important AEs that are not immediately life-threatening or 

do not result in death or hospitalisation but may jeopardise the subject or may require 

intervention to prevent one of the other outcomes listed in the definition above are also 

considered serious and reported as such. 

 

7.9.2 Reporting Procedures 

Participants are given contact details for the research team should any unforeseen 

events occur. Monitoring is performed in accordance with local guidance. All AEs are 

reported to the designated representative at the Leicester Cardiovascular BRU as well 

as to CellAegis Devices Inc. Any questions concerning AE reporting are directed to the 
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Chief Investigator in the first instance. Non serious AEs, whether expected or not, are 

not recorded. For SAEs, an SAE form is completed within 24 hours. However, relapse and 

death due to MI or its related sequelae and hospitalisations for elective treatment of a 

pre-existing condition are not reported as unexpected SAEs but are reported as 

expected SAEs. 

SAEs are reported to the accredited ethics committee and sponsor (University of 

Leicester) according to the requirements of the ethics committee as well as to CellAegis 

Devices Inc. Reports of related and unexpected AEs are submitted within 2 days (if there 

is a risk of death or serious harm to the patient) or 7 days of the Chief Investigator 

becoming aware of the event. The Chief Investigator also notifies the Sponsor of all SAEs.  

 

7.10 Statistics and Data Analysis 

7.10.1 Sample size 

Previous researchers from our group have charted the change in LVEF after MI using 

cMRI in 85 patients. Patients with a LVEF < 45% had an average LVEF of 36.5 ± 6.7% 

immediately after MI which increased to 44.8 ± 8.6% after 4 months (unpublished data). 

This data was comparable to previously published recovery rates of LVEF after MI and 

may in part reflect recovery from stunning in the immediate post-MI period.476 This 

informed the power calculation to estimate the sample sizes needed to detect a 5% 

absolute difference in LVEF between treatment and control group for this study. 

We based our power calculation on requiring an additional 5% absolute 

improvement in LVEF above what is to be expected by natural recovery. We assumed 

LVEF to be normally distributed. Power calculations were calculated using the 
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biomath.info online calculator with an alpha value of 0.05 and a power level of 0.8 using 

a one-sided test. The power calculation were checked by departmental statistician Dr 

Chris Nelson. We estimated a sample size of 36 in each group to achieve adequate 

power, giving a total study sample size of 72. To allow for a dropout rate of up to 20%, 

an estimated 90 participants will need to be recruited in total. 

 

7.10.2 Data analysis 

Data will be analysed to assess the effect of daily rIC both within groups and between 

groups for primary and secondary outcome data as well analysis of subgroups of cMRI, 

blood and questionnaire data. Data will be assessed to see if it is normally distributed 

using histogram analysis and the Kolmogorov-Smirnov test and if so, the principal 

statistical test used will be a one-way ANOVA to analyse both primary and secondary 

outcome data. Where ANOVA is used and is significant, subsequent p values will be 

corrected with Tukey correction for repeated measures.338 Where data is not normally 

distributed, the data will be analysed using the Mann–Whitney U-test and expressed as 

medians (25%-75% interquartile range). 

 

7.11 Roles and Responsibilities 

Professor Sir Nilesh Samani is the Principle Investigator and head of the Cardiovascular 

BRU. I act as the research team coordinator and investigator and I am involved in 

participant recruitment and enrolment, monitoring and post recruitment analysis and 

dissemination of data. For a full list of all other individuals involved in the DREAM study 

including their defined roles and responsibilities, please refer to the appendix.  
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7.12 Regulatory Issues 

7.12.1 Conduct and Confidentiality 

The study is conducted according to Good Clinical Practice and the Declaration of 

Helsinki 1964. All protocol amendments have been approved by the research ethics 

committee (REC). Confidentiality is maintained at all times by labelling all paper and 

electronic records and laboratory specimens with a participant specific code. However 

each participant’s name, study number, randomisation status, date of birth, address, 

contact telephone number and GP details is collected on the case report form to allow 

contact of participants during the course of the trial. This is done on the Redcap 

computer system (http://project-redcap.org/) which is a secure system kept on the 

University of Leicester central server with restricted access. Paper documents are stored 

in a locked filing cabinet in the Biomedical Research Unit, Clinical Research Facility 

offices in Glenfield Hospital, which require both swipe and keycode access to gain entry. 

Study data is also stored on University of Leicester computers in a drive accessible by 

the investigators in linked anonymous form. University computers are password 

protected. Clinical information is not released without written permission of the 

participant, except as necessary for monitoring by designated research regulatory 

authorities or the sponsor of the trial. Copies of the data are sent to the GP with the 

participants consent by post. 

 

7.12.2 Sponsorship and Ethical Approval  

The University of Leicester acts as the Sponsor for this study. The study has full approval 

from the local NHS Research Ethics Committee and Trust R&D approval (see appendix).  
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7.12.3 Consent 

Consent to enter the study is sought from each participant only after a full explanation 

has been given, a patient information leaflet provided and time allowed for 

consideration. Signed participant consent is obtained (see appendix for participant 

information sheet and consent form templates). The right of the participant to refuse to 

participate without giving reasons is always respected. After the participant has entered 

the study the clinician remains free to give alternative treatment to that specified in the 

protocol at any stage if he/she feels it is in the participant’s best interest, but the reasons 

for doing so is recorded. In these cases the participants remain within the study for the 

purposes of follow-up and data analysis. All participants are free to withdraw at any time 

from the protocol treatment without giving reasons and without prejudicing further 

treatment. 

 

7.12.5 Indemnity 

The University of Leicester holds negligent harm insurance policies which apply to the 

design and management of this study and the University Hospitals of Leicester NHS Trust 

holds standard NHS Hospital Indemnity and insurance cover with NHS Litigation 

Authority for NHS Trusts in England, which apply to the conduct of this study. 

 

7.12.7 Funding  

Part funding has been secured from the Masonic Samaritan Fund to support the work 

of the research nurse. The Leicester Cardiovascular Biomedical Research Unit meets all 
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additional costs that are required under the Cardiovascular Investment theme. 

Participants receive no incentive payment for taking part. 

 

7.12.8 Audits 

The study has been subjected to an inspection and audit process by the University of 

Leicester under their remit as sponsor on August 26th 2015 to ensure adherence to good 

clinical practice.  

 

7.13 Study Management 

Study data is entered on the Leicester Cardiovascular BRU administered RedCap 

database service. Participant communication data e.g. NHS number, address, telephone 

number, next of kin and GP details are kept on the Leicester Cardiovascular BRU CiviCRM  

system. Participant communication data collected from Kettering General Hospital, the 

Royal Free Hospital and the Royal Derby Hospital are paper-based and secure scans of 

these paper documents are relayed to the study team at Glenfield via nhs.net email 

accounts.  Those sites without access to RedCap also send study data to Glenfield 

hospital via nhs.net email accounts. Tissue samples are processed using the CaTissue 

software477 administered by the Leicester Cardiovascular BRU and tissue samples are 

stored in barcoded tubes in specially tracked and designated -80°C freezers. Data 

belongs to the University of Leicester and will be kept in accordance with GCP for 5 years 

once the trial is complete and 15 years with regards to data documented in the 

participant’s medical records. The chief investigator will notify the ethics committee and 

sponsor at the end of the study within a period of 8 weeks. The end of the study is 
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defined as the last patient’s last visit.  

 

7.14 Publication Policy 

The results of the trial will be published in the scientific literature. All active members of 

the study will co-author any publications. In addition an end of study report will be 

submitted to the accredited EC and sponsor within a year of the end of the study.  

 

7.15 Demographic, Clinical Screening and Preliminary Secondary 

Outcome Data of DREAM Study Participants 

At the time of writing, a total of 1159 participants have been screened across the four 

hospital sites, 87 of which have been recruited, of which 8 have been withdrawn or 

dropped out before completion of the study. A total of 64 participants have completed 

the study with a further 15 currently taking part. The estimated final completion date of 

active participant involvement is 31st August 2016. Table 7.4 outlines the demographic, 

screening, KCCQ and 4 month MACCE outcome data of the 79 participants that have 

completed their participation in the study or are currently taking part. The full results of 

the study including primary outcome cMRI and secondary outcome cMRI and blood data 

will not be analysed until the final participant has completed the study to avoid bias and 

therefore are not discussed in this thesis.  

 Participants in each treatment arm were well matched by demographic data and 

clinical history. Furthermore there was no significant differences in factors that may 

influence infarct size and acute remodelling such as pain to balloon time (median of 150 

minutes in the treatment arm and 180 minutes in the placebo arm, p = 0.11), culprit 
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lesion (the majority of which were LAD lesions; 65.9% in the treatment arm and 78.9 in 

the placebo arm, p = 0.22) and LVEF on baseline screening echocardiogram (mean of 

38.1 ± 5.3% in the treatment arm and 38.9 ± 5.3% in the placebo arm, p = 0.47). The only 

significant difference between groups was seen in the maximal high sensitivity troponin 

T level recorded which was significantly higher in the placebo group with a mean of 39.9 

± 2.7µg/l versus 26.8 ± 3.3µg/l, p = 0.011. However the level of Troponin T in both groups 

was significantly raised compared to the threshold common used for aiding in the 

diagnosis of ACS which is around 0.01-0.015µg/l.478, 479 Furthermore the degree to which 

the absolute level of Troponin T correlates with infarct size or the degree of myocardial 

damage remains contentious.480 It must also be noted that although the aim was for 

Troponin T to be recorded at 3 hours after pain, on many occasions the levels were often 

taken at any point before, during or post PPCI and hence significant sampling error 

exists. With regards to qualitative improvement in patient’s symptoms and quality of 

life, there was no difference in the change in overall KCCQ score from 1 month to 4 

months between the two groups with both groups showing a modest improvement 

rising by a mean of 3.5 ± 2.4 points in the treatment arm and 3.2 ± 1.9 points in the 

placebo arm, p = 0.55. Furthermore there was no difference in recorded MACCE 

outcomes at 4 months between the groups although the overall event numbers were 

low likely due to the short follow-up time. 
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Table 7.4. Table of the demographic, screening and preliminary secondary outcome 

data of the participants enrolled in the DREAM study to date. Ns = non-significant, 

*p<0.05, **p<0.01, ***p<0.001. 

Total Treatment arm Placebo arm

(n = 79) (n = 41) (n = 38)

Age* 64.0 ± 13.2 63.8 ± 13.2 64.2 ± 13.6 0.87 (ns)

Gender (%)

   Male 86.1 87.8 84.2

   Female 13.9 12.2 15.8

Ethnicity (%)

   White British 89.5 85 91.9

   South Asian Origin 7.9 10 8.1

   Other White Origin 1.3 2.5 0

   Other Mixed Origin 1.3 2.5 0

BMI

   Median 28 28 28.1

   Interquartile range 25.8-31 26-31.7 25.5-29.9

Smoking status (%)

   Current / Ex 77.2 75.6 78.9

   Never 22.8 24.4 21.1

Medical History (%)

   Hypertension 27.8 34.1 21.1 0.13 (ns)

   Hyperlipidaemia 15.2 19.5 10.5 0.35 (ns)

   NSTEMI/Unstable Angina 0 0 0 -

   Stable Angina 1.3 0 2.6 0.48 (ns)

   Stroke/TIA 2.5 4.9 0 0.49 (ns)

   Diabete Mellitus 15.2 9.8 21.1 0.22 (ns)

   Peripheral Vacsular Disease 2.5 4.9 0 0.49 (ns)

   COPD 5.1 2.4 7.9 0.35 (ns)

Maximal Troponin T (μg/l)* 32.1 ± 2.0 26.8 ± 3.3 37.9 ± 2.7 0.011 (*)

Pain to Balloon Time (mins)

   Median 162 150 180

   Interquartile range 112.5-295 116-254 109.8-418.8

Culprit Vessel (%)

   LAD 72.2 65.9 78.9

   Other 27.8 34.1 21.1

LVEF on baseline echo (%)* 38.5 ± 5.3 38.1 ± 5.3 38.9 ± 5.3 0.47 (ns)

Inpatient stay duration (days)* 3.6 ± 2.7 3.9 ± 3.6 3.4 ± 1.0 0.35 (ns)

∆ KCCQ score (1 to 4 months)
§ 

3.4 ± 2.5 3.5 ± 2.4 3.2 ± 1.9 0.55 (ns)

MACCE event at 4 months
§

   ACS 2 1 1 1 (ns)

   Stroke/TIA 1 1 0 1 (ns)

   Cardiovascular Mortality 0 0 0 -

   Heart failure hospitalisation 1 1 0 1 (ns)

   Other cause hospitalisation 7 5 2 0.43 (ns)

* Mean ± SD, § n = 62 (completed study)

0.11 (ns)

0.22 (ns)

Participant Characteristics P Value

0.54 (ns)

0.49 (ns)

0.64 (ns)

0.79 (ns)
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7.16 DREAM Study Summary 

RIC, in the form of 4 five minutes cycles of ischaemia and reperfusion administered on 

the forearm, now has proven benefits in reducing the final infract size associated with 

STEMI when used at or around the time of PPCI.273, 274, 276, 318, 481-483 The DREAM study 

has been specifically designed to assess the effects of rIC, independent of its established 

protection afforded against infract size, by initiating 4 weeks of daily rIC starting 3 days 

after the ischaemic insult thereby specifically targeting acute remodelling and not infract 

size per se. The trial is nearing completion and will hopefully shed light on whether rIC 

is a clinically relevant tool in targeting acute remodelling post-MI. 
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8. DISCUSSION 

8.1 Summary of Findings 

The role of rIC in attenuating I/R both in preclinical and clinical studies is well 

established. However, the ability of rIC to attenuate acute cardiac remodelling that 

occurs post-MI has garnered little attention to date. Wei et al., (2011) showed, for the 

first time, that adult rats undergoing repeated bouts of rIC around the time of MI had 

increased survival with reduced infarct size, attenuated LV dimensions and reduced 

markers of inflammation and fibrosis with a dose-dependent effect that altered 

remodelling and survival over and above the attenuation of reperfusion injury.313 

The aims of the work set out in this thesis was to examine whether rIC-serum 

taken from human volunteers could attenuate the response of humoral agents known 

to be up-regulated and involved in acute cardiac remodelling post-MI using two cell 

culture models of remodelling. We specifically focused on two key processes that can 

tip the balance of acute remodelling in favour of a maladaptive process, namely 

cardiomyocyte hypertrophy and fibroblast induced fibrosis. Hypertrophy is the first 

herald of maladaptive remodelling and subsequent myocardial thinning and myocyte 

slippage. Post-MI the main triggers of hypertrophy are stretch, brought about by the 

changing haemodynamics in the heart and neurohormonal processes including 

activation of Ang II, adrenaline and endothelin receptors. Fibrosis is the process by which 

viable myocardium is replaced with scar tissues, which is stiff and has less compliance 

than normal myocardium and also predisposes individuals to the development of heart 

failure. In addition to demonstrating the functional effects of human rIC-serum on 

hypertrophy and fibrosis, we also investigated the role of some of the intracellular 
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signalling pathways known either to play a role in myocyte hypertrophy or rIC protection 

against I/R. 

This study is the first to demonstrate that a humoral agent present in the blood 

of healthy human volunteers after 4 cycles of rIC, has strong anti-hypertrophic and anti-

fibrotic properties. We have shown that rIC-serum taken from healthy human 

volunteers and perfusate collected from explanted rat hearts undergoing IPC, can 

attenuate ET-1 induced hypertrophy in a cell culture model. Unconditioned-serum from 

humans had some innate anti-hypertrophic properties but this was boosted by rIC. 

Increasing age was shown to diminish the innate protection afforded by unconditioned-

serum to hypertrophy however older individuals were afforded the same protection to 

hypertrophy after undergoing rIC compared to their younger counterparts. 

Furthermore, we showed that increased levels of physical activity was able to mirror the 

protection against ET-1 induced hypertrophy as afforded by rIC, with individuals with 

high levels of activity reaching a threshold of protection in their serum that was not 

further augmented by rIC. In contrast individuals with lower levels of physical activity 

did not show this innate protection and required rIC for this protection to be seen. We 

have also demonstrated a number of intracellular signalling pathways to be involved in 

attenuating hypertrophy in this model including PKCε, AMPK, eNOS, NO, SGC/CGMP as 

well as showing that rIC-serum can attenuate gene expression associated with 

hypertrophy including the foetal gene panel genes of BNP, βMHC, α-ACT and MS-1 and 

up-regulate the anti-hypertrophic microRNAs miR-1 and miR-133. We have also shown 

that human rIC-serum can attenuate indices of ET-1 induced fibrosis in a cell culture 

model by limiting the differentiation of fibroblasts to pathological myofibroblasts 
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assessed by immunofluorescence and assessing expression of expression of α-SMA, as 

well as increasing MMP-2 and TIMP-1. Finally, we have described the design, and 

implementation of the DREAM study, a phase 2 randomised control trial aiming to 

evaluate the role of repeated rIC post-MI to attenuated maladaptive cardiac remodelling 

and report some preliminary secondary outcome data. 

   

8.2 Is an In-vitro Tissue Culture Model an Appropriate Surrogate 

Model for In-vivo Clinical Studies?  

We utilised a cell culture based system in which various aspects of remodelling reflected 

to allow for a reasonably hi-throughout of experiments as well as allow for the utilisation 

of human serum in experiments. 

 

8.2.1 Cardiac Hypertrophy In-vitro Tissue Culture Model 

We have developed a model of ET-1 induced hypertrophy in H9c2 cardiomyoblasts 

derived from ventricular tissue. Utilising this model we have shown that rIC-serum 

collected after rIC in healthy human volunteers and rat perfusate from explanted rat 

hearts that have undergone IPC on a Langendorff circuit can attenuate the hypertrophic 

response of ET-1 in H9c2 cardiomyoblasts. This attenuation of hypertrophy supports the 

hypothesis of a blood-borne humoral mechanism of rIC protection. However, there was 

a detectable anti-hypertrophic action of unconditioned-serum as well as rIC, although 

the protective effects of unconditioned-serum were augmented by rIC. RIC has been 

implicated with the release of a number of humoral agent484 and these agent are likely 

to be present in serum at rest albeit at lower levels than those seen in rIC. The modest 
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depression of ET-1 induced hypertrophy by unconditioned-serum may therefore reflect 

basal levels of these agents.  

The use of H9c2 cardiomyoblast cells as a model for ventricular hypertrophy 

remains controversial. As described in chapter 3, we were unable to culture ARVMs for 

any length of time to allow meaningful experimentation therefore H9c2 cells were used 

as the main model of hypertrophy. Watkins et al., (2011) addressed the concerns of 

using H9c2 in the context of hypertrophy in an elegant series of experiments. Using cell 

culture techniques she compared H9c2 cells to primary rat neonatal cardiomyocytes in 

their response to the hypertrophic triggers ET-1 and angiotensin 2 (Ang2). Hypertrophy 

was determined by overall changes in cell size as well as rearrangement of cytoskeleton 

and induction of the foetal gene panel. Interestingly in almost every measure of 

hypertrophy, H9c2 cells showed very similar responses to those observed in primary 

cardiomyocytes.378 

The use of ET-1 is described in detail in section 3.3.1. As outlined, ET-1 is a key 

trigger of cardiomyocyte hypertrophy as part of the neurohormal activation of 

hypertrophy post-MI. The use of ET-1 in H9c2 cell culture provoked a strong 

hypertrophic response in terms of overall visual cell size, protein synthesis and the 

increased expression of the foetal gene panel. Furthermore the addition of fenofibrate, 

which has been shown to be an inhibitor of LV hypertrophy in a rat model and ET-1 

induced hypertrophy in ARVMs via activation of PPARα, also completely blocked ET-1 

induced hypertrophy in H9c2 cells in this study.421, 485 This alludes to the involvement of 

the calcineurin-dependent dephosphorylation of NFATc in hypertrophy of H9c2, a 

pathway central to the hypertrophy described in vivo in the post-MI setting.423 However 
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this work requires confirmation in an animal model of either LAD-ligation486 or 

transverse aorta constriction of hypertrophy.487 

It is clear that cell culture modelling of hypertrophy has a number of limitations. 

One of the main limitations is the growth of these cells in isolation from other cell types, 

thereby denying them of the usual paracrine communication between cell types. 

Furthermore, a cell culture model of this type utilising rigid flask and slides, does not 

allow the application of stretch to the cells which is known to be important as a trigger 

for hypertrophy post-MI. Not-withstanding the use of animal modelling and clinical 

testing, 3D cell culture modelling techniques remain in their infancy but may provide an 

avenue for accurately replicating post-MI remodelling in the future that represent a 

reasonable surrogate.488 However current 2D cell culture techniques remain a useful 

tool for early hypothesis generating and we felt in this case was powerful enough make 

inferences to the real-life clinical picture.  

 

8.2.2 Cardiac Fibrosis In-vitro Tissue Culture Model 

One common measure of assessing fibrosis in cell culture is the use of a collagen gel 

contraction assay which measures the degree of constriction, a process mediated 

exclusively by myofibroblasts.489 Other common techniques include the use of gelatin 

zymography to assess the enzymatic activity of MMPs and TIMPs and the use of 

migration assays, as chemotactic pull is altered depending on the phenotype of the 

cell.490 In this study we focussed on some of the more traditional and well established 

markers of fibrosis in vitro, namely the degree to which various conditions effect 

proliferation of cardiac fibroblasts as well as their differentiation to myofibroblasts 
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responsible for downstream fibrosis using immunofluorescence techniques, the 

production of pro-enzymatic factors MMP-2 and MMP-9 and anti-enzymatic factor 

TIMP-1 detected by western blot analysis and the expression of α-SMA by RT-PCR as a 

marker for phenotype change to myofibroblasts. 

 Neonatal rat cardiac fibroblasts were used for the reasons outlined in section 

3.2.3. In summary they are a well-established in vitro model of cardiac fibrosis, are 

obtained at an earlier passage than their adult counterpart allowing more passage cycles 

before spontaneous differentiation to myofibroblasts occur, and are more resistant than 

their adult counterparts to oxidative stress.491 However, similar issues remain as seen 

with the use of H9c2 cells for modelling hypertrophy including issues with growing 

fibroblasts in isolation from other cells devoid of paracrine communication and the 2D 

nature of current standard cell culture practices, which do not allow for the inclusion of 

ECM modelling as it is becoming more and more apparent that the ECM plays a crucial 

role in chemical as well as mechanical signalling.492 

 Again ET-1 was used as the triggering molecule in this model as it is well 

established that in the post-MI phase, increased levels of ET-1 lead to cardiac fibrosis via 

a number of mechanisms including PKC activation and synergistic effects with Ang-II, 

TGF-β and platelet-derived growth factor (PDGF).394, 493 ET-1 proved to increase markers 

associated with fibrosis including levels of cardiac fibroblast proliferation, differentiation 

and α-SMA RNA expression and as such was thought to provide a good model in which 

to test the effects of human rIC-serum. 
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8.3 RIC-serum from humans and IPC rat perfusate attenuates ET-

1 induced hypertrophy in H9c2 cells 

We have clearly shown in this study that the application of human rIC-serum or rat IPC 

perfusate for 30 minutes prior to treatment with ET-1, significantly attenuates ET-1 

induced hypertrophy in H9c2 cardiomyoblasts after 48 hours. The inhibition of ET-1 

hypertrophy was more marked in the human rIC-serum pre-treated cells that rat IPC 

perfusate pre-treated cells. We validated the results obtained by immunofluorescence 

by using protein:DNA ratio measurements and showed similar outcomes in rIC-serum 

treated cells compared to ET-1 treated cells only, confirming that the changes seen were 

not due to a change in shape or stretch of the H9c2 cells in culture, but reflected true 

changes in cell volume. 

 

8.3.1 What are the mechanisms for the anti-hypertrophic actions of rIC-

serum?  

8.3.1.1 PKCε Signalling  

PKCε is one of a number of structurally similar serine-threonine protein kinases. PKC 

can be broadly divided into 3 separate groups: 

1. The conventional PKC isoforms (α, βI, βII and γ) which are calcium and DAG 

sensitive. 

2. The novel PKC isoforms (δ, ε, θ and η) which are insensitive to calcium but 

sensitive to DAG. 

3. The atypical PKC isoforms (λ,μ,ι and ζ) which are insensitive to both calcium and 

DAG.494 
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Studies in the early to mid-1990s implicated PKC translocation from the cytosol to the 

membrane of cardiac sarcomeres as well as the membranes of various other cellular 

structures to a lesser extent (such as the nucleus, mitochondria and cytoskeletal 

structures) as a mechanism of protection against ischaemia. In particular isoforms α, ε 

and ι were most heavily implicated.495-497 As described in section 1.2.4.2, the isoform 

PKCε (the most abundant of the novel PKC isoforms in rats498) has been shown to play a 

role in the protection afforded by ischaemic conditioning against ischaemia. However, 

the role PKCε plays in cardiac hypertrophy is complex and the intricacies of its role in 

particular to hypertrophy in the context of heart failure following myocardial infarction 

in particular remains controversial.  

 A number of studies have suggested a pro-hypertrophic role for PKCε. In a rat 

cell culture model of hypertrophy, treatment with PKCε antisense reduced myotrophin-

induced stimulation of protein synthesis.499 Takeishi et al., (2000) showed in a transgenic 

mouse model of PKCε overexpression, that although this phenotype led to concentric 

hypertrophy compared to non-trangenic controls, there was no associated heart failure 

suggesting that this isoform of PKC, unlike other isoforms such as PKCβ, may play a role 

in compensatory hypertrophy but not hypertrophy associated with maladaptive 

remodelling and heart failure.500 

Conversely some studies have failed to demonstrate the pro-hypertrophic 

effects of PKCε and indeed some have shown it to be anti-hypertrophic in certain 

situations. In a knock-out mouse model, mice expressing an inhibitor to PKCε (εV1) were 

more likely to develop a spontaneous dilated cardiomyopathy compared to wild-type 

controls.501 Furthermore, Mochly-Rosen et al., (2000) used a transgenic mouse model 
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which expressed the PKCε stabiliser pseudo Receptors for Activated C Kinase epsilon 

(ψεRACK) and showed, that although this mouse displayed greater concentric 

hypertrophy compared to the wild-type mouse, this was due predominantly to 

cardiomyocyte proliferation and not hypertrophy. In fact mean cardiomyocyte size was 

10% smaller in the transgenic group compared to control. The authors suggest that PKCε 

is part of a compensatory signalling pathway that is pro-proliferative and not 

hypertrophic and that this may be an early post-natal feature.501 This hypothesis is 

supported by work from Wu et al., (2000) who used a double transgenic mouse of both 

PKCε and Gαq (a pro-hypertrophic signalling pathway linked to PKC) overexpression. 

This mouse showed a reduction in cardiac hypertrophy with improved cardiac function 

compared to single transgenic mice over-expression Gαq alone.502 Furthermore 

Hamasaki et al., (2000) showed that in a thyroid hormone-induced live in vivo rat model 

of cardiac hypertrophy, there was decreased mRNA expression of PKCε as well as 

decreased PKCε immunoreactivity in both the cytosolic and membrane fractions.503 

Mochly-Rosen’ group showed that specific regulatory components of PKCε interact with 

RACKs to facilitate translocation.504 PKCε translocation within cardiac myocytes occurs 

via binding to the cardiac Z-lines in a slow process with an approximate half-life of 8 

minutes and the receptor binding site eV1 domain of PKCε in association with RACK2 

plays a key role translocation kinetics.505, 506 

  In this study, our aim was to try and integrate our current understanding of PKCε 

in the context of ischaemic conditioning against direct ischaemic injury, and that of 

hypertrophy, using the ET-1 hypertrophic H9c2 model as described. In the experiments 

described in section 5.2 we have demonstrated a link between a more sustained PKCε 
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activation (via its translocation to the membrane component of predominantly cardiac 

sarcomeres) with rIC-serum pre-treatment prior to ET-1 exposure compared to ET-1 

exposure alone. Coupled with the anti-hypertrophic properties of rIC in this model, this 

suggests a link between this sustained translocation of PKCε and the attenuation of ET-

1 induced hypertrophy. 

It may be that in our cellular model of hypertrophy, a component of rIC-serum is 

inducing sustained DAG activation which is maintaining a prolonged PKCε translocation 

to the membrane component. This may occur via disruption of RACK and ψRACK PKC-

binding sites which are responsible for the stabilisation of PKC in its membrane form.504, 

507 Alternatively, there may be a component of rIC-serum not seen in conditioned serum 

which acts like PMA i.e. is structurally analogous to DAG in its binding of C1 binding sites 

on PKCε but does not activate the DAG pathway directly. For a sustained effect, this 

component of rIC must remain in the intracellular space for at least 30 minutes and is 

presumably washed out, excreted or degraded by 48 hours where the effect is lost. If 

PKCε translocation is not sustained for 48 hours as suggested by the results, it may be 

that PKCε translocation acts as an upstream trigger of downstream pathways that lead 

to more sustained anti-hypertrophic effects. Finally as the experiments did not 

demonstrate translocation directly but rather inferred translocation by the decrease in 

the cytosolic fraction, it may be possible that rIC-serum is either changing the 

distribution of translocation from cardiac sarcomeres to other intracellular organelles or 

cytosolic PKCε degradation without any meaningful translocation to the membrane. 

In the acute setting post I/R, sustained PKCε may be one mechanism by which 

ischaemic conditioning infers cardioprotection. In our model we failed to show a 
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sustained membrane population of PKCε at 48 hours, implying that any anti-

hypertrophic effects seen in this model may be triggered by initially sustained PKCε 

membrane levels in the acute setting which then act on downstream pathways to 

attenuate hypertrophy. The most well documented of these downstream pathways in 

the context of ischaemic conditioning is AMPK signalling225, 508, 509 and this is discussed 

in the next section.  

 

8.3.1.2 AMPK Signalling 

AMPK is a highly conserved group of kinases with 3 subunits: α, β and γ. In mammalian 

species it is a key regulator of intracellular fatty acid and glycogen homeostasis.510 It is 

activated in scenarios where ATP levels are depleted such as ischaemia in relation to 

MI.511 In addition to its key role in energy haemostasis within the heart, AMPK is known 

to regulate cardiomyocyte growth. Tian et al., (2001) showed that AMPK levels increased 

in a chronic overload model of hypertrophy in rats as a compensatory mechanism to 

increase glycogen homeostasis.512 

AMPK can be activated either allosterically to induce around a 10-fold activation 

or via phosphorylation of the α-subunit at Thr172 to induce up to a 1000-fold 

activation.513, 514 As well as its role in energy homeostasis, AMPK has been shown to be 

involved in classical IPC225 as well as in rIC via adenosine and opioid humoral signalling227, 

515 which act to increase phosphorylation of AMPK at Thr172.516-518 Furthermore, 

activation of AMPK pathways by metformin or the AMPK activator AICAR has been 

shown to decrease levels of protein synthesis associated with hypertrophy in 

phenylephrine-induced cardiac myocyte hypertrophy as well pressure-overload induced 
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hypertrophy.519, 520 Implicated downstream targets of AMPK activation include 

mechanistic target of rapamycin (mTOR), PPARα, p70S6 kinase, glucose transporter type 

4 (GLUT4) and ERK1/2.521-523 However the direct role rIC plays in modulating AMPK 

activation to attenuate hypertrophy remains unclear.  

The data as outlined in section 5.3 suggests that human rIC-serum attenuation 

of ET-1 induced hypertrophy in our model involves AMPK signalling by increasing the 

degree of AMPKα phosphorylation at threonine-172. A number of authors have shown 

AMPK activation by phosphorylation in the context of protection from I/R by IPC to be 

downstream of PKCε,524-526 however there is a scarcity of data with regards to the role 

of PKCε activation of AMPK in the context of rIC or IPC protection against hypertrophy. 

Downstream to AMPK signalling is the eNOS/NO/SGC/CGMP axis and its role in this 

model of hypertrophy is discussed in the next section.  

 

8.3.1.3 eNOS/NO/SGC/CGMP Signalling 

AMPK activation has been shown to activate eNOS by phosphorylation of Ser-1177 in 

the presence of Ca2+-calmodulin (CaM)527, which leads to increased levels of NO and 

triggering of the soluble guanylate cyclase (SGC) and protein kinase G (PKG) pathways.  

The data as outlined in section 5.4 showed that rIC-serum increases eNOS 

phosphorylation and that inhibition with the non-selective NOS blocker L-NAME blocked 

the anti-hypertrophic action of ET-1. Taken together this data suggests that ET-1 induced 

hypertrophy involves eNOS signalling by increasing the degree of eNOS phosphorylation. 

Furthermore, the effect of compound-C on blocking e-NOS phosphorylation in this 

model places eNOS signalling downstream from AMPK signalling in rIC induced anti-
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hypertrophic pathway. This is in agreement with Chen et al., (1999) who in a rat model 

of ischaemia showed that AMPK phosphorylation phosphorylates Ser-1177 in the 

presence calmodulin to activate eNOS.527 Phosphorylation of eNOS by AMPK in 

endothelial cells and myocytes provides a further regulatory link between metabolic 

stress and cardiovascular function. Work by our group has confirmed the work of others 

to place PKCε upstream of NOS.528, 529 Specifically using IPC perfusate from rats 

(obtained as described in this study), NOS inhibition blocked the induced IPC protection 

against I/R but did not affect the IPC induced translocation of PKCε, placing PKCε 

upstream of NOS.336 

 With regards to the effects of rIC on the detectable intracellular levels of NO in 

the cells, we were unable to detect a significant difference in NO levels in the rIC treated 

cells compared to the controls at either 5 or 20 minutes, although there was a non-

significant increase of NO levels associated with rIC-serum pre-treatment at 20 minutes. 

This is at odds with what we expected to see as we expected NO levels to rise in the rIC 

treated groups due to the increased levels of eNOS phosphorylation. It may be the 

absolute levels of NO change are so small that we were unable to detect using DAF-FM 

testing. Another possibility is that the DAF-FM method to detect changes in NO levels in 

this setting was unable to detect intracellular NO changes due to large background 

detections in the fluorescence, which may have affected the sensitivity of this assay. 

DAF-FM also binds to nitrites and nitrates and may therefore give falsely high readings 

in the context of purely NO detection. 

Finally we analysed the role of the sGC/cGMP pathway in attenuating 

hypertrophy. The results of these two experiments suggest an important role for the 
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sGC/cGMP pathway in attenuating hypertrophy in this setting. RIC-serum pre-treatment 

attenuated H9c2 cell surface area after 48 hours of ET-1 incubation. This attenuation 

was negated by the co-treatment with the sGC inhibitor ODQ, implicating the sGC 

pathway in the anti-hypertrophic properties of rIC in this model. However, ODQ does 

not fully inhibit rIC inhibition of hypertrophy, suggesting alternative pathways at work 

that bypass the sGC, possibly by the S-nitroslyation of the pro-hypertrophic NF-κB and 

IκB. Furthermore, both unconditioned and rIC-serum increased the initial levels of cGMP 

in H9c2 cells, an effect again blocked by ODQ suggesting that human serum temporarily 

increases levels of cGMP via NO/sGC activation and that rIC-serum in particular 

augments the increased level of cGMP seen.  

 

8.3.1.4 Foetal Gene Panel 

The data as outlined in section 4.5 suggest that in this model, rIC rat perfusate but not 

unconditioned perfusate attenuated ET-1 induced expression of 4 selected genes that 

make up part of the foetal gene panel. In contrast both unconditioned and rIC-human 

serum attenuated ET-1 induced gene expression to similar degrees (except in the case 

of βMHC) suggesting an innate ability of unconditioned human serum to inhibit the pro-

hypertrophic foetal gene panel that is not significantly augmented by rIC. This would 

suggest that the anti-hypertrophic properties of human rIC-serum over unconditioned-

serum seen in our model is not significantly regulated by an attenuation of the 

expression of BNP, α-ACT and MS-1, however βMHC may have a role to play. However 

IPC rat perfusate did significant attenuate the expression of all 4 genes compared to 

unconditioned rat perfusate. The differences between the 2 conditioning media in this 
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context may be related to species variation, differing conditioning techniques used for 

rIC in humans and IPC in isolated rat hearts or an innate conditioning response in our 

human volunteers meaning no significant difference in attenuation in gene expression 

was seen between the pre-treatment with unconditioned or rIC-serum.  

 A further difficulty in interpreting the significance of the effect of human serum, 

both unconditioned and rIC, on the foetal gene panel is understanding the role these 

genes playing in cardiac hypertrophy post-MI. Debate still exists as to whether these 

genes are the drivers of hypertrophy or just are downstream effectors of other 

hypertrophic triggers. BNP, βMHC and α-ACT have been commonly shown to be up 

regulated as part of the foetal gene programme but MS-1 is not classically grouped with 

these genes in this context, although it is thought to be activated by similar stressors 

and triggers hypertrophy in a similar way to the more traditional foetal genes. The more 

widely held view is that up-regulation of these genes are an adaptation to MI in the 

remodelling phase caused by metabolic variations within the cells of the heart such as 

increased levels of glycogenolysis and glucose transport as well as biomechanical stress 

caused by both pressure and volume overload that can occur post-MI.431, 530 A number 

of transcription factors have linked to up-regulating the foetal genes that ultimately lead 

to hypertrophy including GATA4, NFAT, SRF, MEF2. Some of these transcription factors 

are regulated by HDACs class I and II. There are also a number of epigenetic influences 

and finally post-translational factors play a role, chief amongst them being the 

microRNAs (discussed in the following section).431, 531 Clearly in this context examining 

foetal gene expression in isolation may be misleading. Instead assessing the activity and 

expression of a number of these influencing factors in tandem may be more revealing. 
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It is for this reason we examined the expression of key regulators of hypertrophy post-

MI, miR-1 and 133a, discussed in the following section.  

 

8.3.1.5 Micro RNA-1 and 133a 

In a rat model of pressure-overload hypertrophy, up-regulation of miR-1 by adenoviral 

delivery has been shown to regress cardiac hypertrophic response and blunt adverse 

cardiac remodelling. This was linked to reduced activity of the pro-hypertrophic 

pathways that are induced by ET-1 including the MAPK phospho-p38 and phospho-ERK 

1/2 pathways.532 In a neonatal mouse cardiomyoblast model, overexpression of miR-1 

and 133 reduced ET-1 and phenylephrine induced markers of hypertrophy.533 MiR-1 and 

133 have also been shown to play a major role in IPC.534, 535  In rat hearts exposed to 4 

cycles of rIC, miR-1 was significantly up-regulated from 6 hours onwards.536 He et al., 

(2011) in a rodent model of I/R demonstrated that miR-1 and miR-133a were up-

regulated by IPostC compared to I/R alone. They showed a link between increased miR-

133a levels and decreased protein expression levels of the pro-apoptoic capsase-9.537 

MiR-1 and 133 has also been showed to modulate hypertrophy via their effects on a 

number of key transcription factors including calmodullin, MEF2a and GATA4.431 Some 

studies have also shown that over-expression of both miR-1 and 133 in murine models 

can inhibit expression of foetal genes associated with hypertrophy including ANP, α-ACT 

1 and βMHC, as discussed in the previous section.533, 538      

The data as outlined in section 5.5 showed that rIC-serum pre-treatment 

significantly up-regulated miR-1 and 133a after 48 hours of ET-1 treatment and was 

completely inhibited by compound-C, L-NAME and ODQ co-treatment for both miR-1 
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and miR-133a. Unconditioned-serum did not up-regulate either miR to the same effect. 

These result point towards a mechanism by which rIC up-regulates the anti-hypertrophic 

miR-1 and 133a via activation of the AMPK/eNOS/NO/sGC pathway. Although there 

have been no reports of a role for miRs in regulation of hypertrophy in the context of 

ischemic conditioning to date, up-regulation of miR expression via the pathway 

described have been described by other groups in the past, including Yuhas et al., (2014) 

who demonstrated increased expression on miR-155 via cGMP/PKG pathways in human 

epithelial cells and Hur et al., (2015) who demonstrated decreased regulation of miR-

451 in fatty acid-induced inflammation via AMPK pathways in mouse hepatocytes.539, 540 

Caution must be taken as inferences as to the role of rIC in miR-1 and miR-133a via these 

pathways remain speculative in nature. Further confirmation would be gained by 

developing molecular knock-down strategies of the identified miRs with antagomirs, to 

establish any causal effect as well as analyse the effects antagomirs have on foetal gene 

expression. 

 

8.3.1.6 Summary 

Based on the finding as laid out in chapter 5, we propose a mechanism of rIC-serum 

induced anti-hypertrophic signalling via PKCε and AMPK/eNOS/NO/cGMP/PKG 

signalling converging on the calcineurin-dependent dephosphorylation of NFATc 

activated by ET-1253 as well as a number of other downstream targets that lead to a 

hypertrophic phenotype. Although a link is known to exist between miRs 1/133a and 

suppression of the foetal gene panel, we did not explicitly show this in this study. A 

schematic of this proposed pathway is shown in Figure 8.1. 
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Figure 8.1 Proposed mechanism of rIC-serum induced anti-hypertrophic signalling 

converging on the ET-1 activated calcineurin-dependent de-phosphorylation of NFATc 

plus a number of other downstream targets that lead to a hypertrophic phenotype. ℗ 
= phosphorylation. For a full explanations of the abbreviations see the Abbreviations 
section at this beginning of the text. 
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8.3.2 What effects does age play on rIC attenuation of hypertrophy in 

this model?  

The data suggests the capacity to infer protection against hypertrophy from rIC in the 

serum is not reduced with age. This is in contrast to a number of animal and clinical 

studies in the context of I/R that demonstrate decreasing protection from ischaemic 

condition with age.541-544 However, work performed in our lab on a murine cellular 

model of rIC using healthy ARVMs affording protection against I/R, demonstrated no 

effect of age (i.e. the age of the human serum donor) on the degree of protection 

afforded.545 The author did however present data from his model that reinforced the 

well-recognised phenomenon of reduced protection afforded from rIC in individuals 

with certain cardiovascular co-morbidities, in particular diabetes mellitus, and that it is 

these co-morbidities and not age per-se that dampens the benefits seen by rIC.546  

One must be careful when analysing the effects of age as demonstrated in our 

study as two elements must be borne into consideration. First is the signal generated by 

rIC in the ischaemic arm which is an interplay of skeletal muscle, vascular smooth muscle 

and endothelium, the responses of which are influenced by the individuals’ age. Second 

is the response to these signalling molecules in H9c2 cells which are an immortalised cell 

line and hence their lack normal cellular senescence makes interpretation of such data 

difficult. However keeping these limitations in mind, our data also suggests that the 

body’s natural protection against hypertrophy, as evidence by the protection afforded 

by unconditioned-serum, diminishes slightly with age. The reason for this is unclear but 

one can speculate this is due in part to changes in the balance in circulating humoral 

factors that are anti-hypertrophic as one ages. Furthermore as both groups were made 
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up of non-diabetics with little cardiovascular co-morbidities, one reason for the 

observed difference may lie in the level of physical activity seen between the 2 groups. 

Out of the 8 individual in the younger group, none fell into the low activity group, 5 into 

the moderate activity group and 3 into the high activity group. This is compared to the 

old group where 5 fell into the lower activity group, 3 into the moderate group and 0 

into the high activity group. This suggests that individuals with higher levels of activity 

have a degree of innate self-conditioning and is discussed in more detail in the next 

section.   

 

8.3.3 What effects do levels of physical activity play on rIC attenuation of 

hypertrophy in this model?  

It is well established that ischaemic conditioning can be induced by exercise. Separate 

animal models have shown episodes of brief exercise prior to I/R reduces final infarct 

size.547, 548 Exercise has also been shown to mimic both early and late IPC.548 This effect 

has also been demonstrated in humans in a number of clinical studies including Abete 

et al., (2000) who showed that increased levels of physical activity in elderly patients 

protected against in-hospital mortality for myocardial infarction.549 The same author has 

also previously shown that exercise boosts the protective benefits of ischaemic 

conditioning against I/R in the elderly.550 Indeed the mechanistic nature by which 

exercise induced cardioprotection was discussed by Michelsen et al., (2012) who 

demonstrated that vigorous exercise shared many of the mechanistic properties of rIC 

and that like rIC, humoral factors are likely to play a major role.551 
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A number of pathways have been implicated in so called ‘exercise IPC’ including heat 

shock protein 72 (HSP72), Ca2+ handling proteins such as SERCA, KATP channels 

(particularly sarcolemmal channels) and circulating antioxidants such as superoxide 

dismutase (SOD) and these share a number of the components described in the down-

stream signalling of rIC.225, 552 The close relationship between exercise and rIC may partly 

explain the importance of cardiac rehabilitation programmes after ischaemic events. 

Rock-Willoughby et al., (2013) have recently shown that individuals with cardiac disease 

undergoing vigorous exercise (measured by VO2max and METS) during cardiac 

rehabilitation programmes displayed improved LVEF, a reduction in their requirement 

for CABG surgery and overall fewer cardiovascular risk factors.553 This study alluded to 

the protection afforded by exercise on cardiac remodelling as assessed by LVEF. Indeed, 

exercise training has also been shown to prevent hypertrophy caused by pathological 

sympathetic hyperactivity, an important pathway of post-MI hypertrophy. The 

mechanisms highlighted to be invoked in this anti-hypertrophic action included many 

associated with rIC such as modulation of pro-inflammatory cytokines, a reduction in 

foetal gene expression such as ANP and β-MHC and increased levels/activation of intra-

cellular eNOS or AMPK.554-556 This may in part explain the anti-hypertrophic properties 

of unconditioned-serum of the higher physical activity level group in this study. 

The results in the experiments in section 4.3.5 demonstrates unconditioned-

serum contains a basal level of conditioning molecules which are additive as level of 

activity increases and reaches a threshold in the high activity group so that the degree 

of attenuation from unconditioned-serum and rIC-serum in this group is approximately 

equal. This is akin to the threshold reached with IPC cardioprotection which also displays 
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such a threshold. Interestingly in the rIC-serum group, an increased degree of rIC 

hypertrophy attenuation is seen in the low activity group compared to the high activity 

group. One possibility is that individuals with higher levels of activity maintained a 

steady state of circulating protective factors such that when a rIC signal is generated, 

the triggered peak in circulating factors which was ultimately collected in this 

experiment was not a high as the peak seen in the low activity group, as shown in Figure 

4.7. This hypothesised higher level of circulating rIC like components in the higher 

activity groups may also explain the reason that as activity level increases, the effects of 

unconditioned-serum on attenuating ET-1 induced hypertrophy increases. It must be 

emphasised that this data is obtained from an entirely male subject group however 

there is also data to support the hypothesis of innate ischaemic conditioning in more 

active women as well as men.550, 553, 557 

Another possible reason that serum from individual with higher levels of activity 

appears to be naturally protective against hypertrophy but with less dramatics peaks in 

protection compared to the lower activity group may be the way they deal with 

oxidative stress. Individuals with higher levels of activity tend to have a higher density 

of anaerobic glycolytic fibres and in addition are better are reducing ATP demand by 

metabolic economisation and reduced overall muscle force.558 

Care must be taken in making sweeping analysis from this small cohort of quite 

heterogeneous individuals. One must also bear in mind that although levels of activity 

were assessed in broad terms, the intricacies of activity type were not ascertained 

including whether the activity can be classified as high intensity interval training (HIT) or 

not. This is pertinent as the mechanisms by which HIIT is thought infer cardioprotection 
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is somewhat different to that of conventional, low or medium level activity.559 

Furthermore high degrees of exercise can be detrimental in some case, associated with 

increased levels of ROS. This is thought to be especially true as the one gets older.560 

 

8.4 RIC-serum from humans attenuates ET-1 induced markers of 

early fibrosis in neonatal rat cardiac fibroblasts 

In chapter 6 we showed that the role rIC-serum plays in the modulating cardiac fibrosis 

in the post-MI setting is not straightforward. Whilst rIC-serum did reduce the degree of 

differentiation from fibroblast to myofibroblast at day 2, by day 4 the numbers of 

myofibroblasts was equal in all groups at day 4. Furthermore neither unconditioned-

serum nor rIC-serum had any significant effect on attenuating ET-1 induced expression 

of α-SMA mRNA, also associated with fibroblast differentiation. Both untreated and rIC-

serum pre-treatment did however significantly increase the expression of MMP-2 and 

TIMP-1 but neither had any effect on ET-1 induced MMP-9 release in this model.  

 This model of fibrosis, whilst providing some insights into the early influences of 

rIC and unconditioned-serum on ET-1 induced changes in neonatal cardiac fibroblasts in 

culture, ultimately was not powerful enough to allow an assessment on the role rIC plays 

in fibrosis as this is a complex and evolving process that relies on a multitude on changes 

not only pertaining to fibroblast but also in relation to other cell types, infiltrating 

inflammatory cells and ECM turnover. To model fibrosis over time following an MI and 

better simulate the in vivo conditions, cell culture remains limited. Ultimately, the ideal 

models would involve temporary LAD artery ligation in an animal model to induce I/R 

with these animals subjected to rIC and fibrosis detected mainly by echocardiographic 
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assessment in life and post-mortem morphological assessment of ECM deposition and 

fibrosis using collagen staining, biochemical analysis of fibrosis as well as mRNA and 

protein expression of MMPs and TIMPs.561, 562  

 

8.5 The DREAM study 

The primary outcome data and hence conclusions of the DREAM study have yet to be 

revealed.  However some pertinent issues regarding the construction of the trial and 

overall methodology will be discussed in this section. 

 The basic hypothesis of the trial, namely that daily rIC from 4 weeks post-MI can 

modulate cardiac remodelling, is based mainly on the discoveries of one pre-clinical trial, 

Wei et al., (2011) showing the attenuation of maladaptive remodelling when applying 

daily rIC in a rat model of I/R.313 This concept of repeated rIC or more widely repeated 

IPC to infer cardioprotection has subsequently been repeated in more recent studies.317, 

563, 564 One criticism that may be levelled is the lack of animal data to corroborate these 

findings or phase 1 trial work to assess the effects of rIC in healthy volunteers before 

embarking on a phase 2 clinical trial. A counter argument is that for successful clinical 

translation, promising and breakthrough wet lab findings must be entered into the 

clinical forum at an early stage to maximise the possibilities of a potential new therapy. 

 In the study by Wei et al., (2011), daily conditioning was significantly more 

effective at modulating remodelling that conditioning on every 3rd day. This is likely due 

to a degradation in the humoral signals that are generated and release by rIC over time. 

Indeed work by our lab in a ARVM cell culture model exposed to human rIC-serum 

obtained in the same way as described in this study, showed that there was degradation 
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of the protective signal against I/R after an hour of the conditioning stimulus, with no 

protection seen at all after 4 hours.545 It is reasonable therefore to keep the interval 

period between conditioning cycles as short as practically possible to maintain as close 

to a steady state of circulating protective humoral mediators as possible. 

With regards to participant selection, DREAM aims to look at the effects of rIC 

on naïve myocardium i.e. not previously subjected to significant ischaemia hence 

participants with previous MIs were excluded. Furthermore any existing chronic 

remodelling process that has led to heart failure out with the context of ischaemia was 

deemed to make interpretation of any new acute remodelling process post-MI difficult. 

Hence any participants with LVEF < 45% were excluded, however participant with 

potential HF-PEF were not and this fact was an unquantifiable factor in the trial that was 

not addressed. Furthermore participants with certain comorbidities known to reduce 

the efficacy of rIC such as Diabetes Mellitus were not excluded.565, 566 To complicate 

matters a number of the diabetic participants were taking metformin or other diabetic 

medications at the time of their MI and subsequent rIC therapy. Metformin is thought 

to work via a number of pathways including the up-regulation of AMPK to augment IPC 

whereas other common diabetic agents such as sulphonyurea agents such as Glicazide 

attenuate IPC, partly via their action on KATP channels.567 

 Primary outcome data is to be revealed by cardiac MRI. LVEF was used as the 

index change by which to power the study i.e. to detect a 5% increase in LVEF above 

natural recovery over a 4 month period. The validity of this power equation is based on 

the assumptions that the natural recovery of LVEF seen in the small studies and local 

data analysed is representative of post-MI populations as a whole. Furthermore, LVEF 
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does not take into account changes such as overall volume change, pressure changes as 

seen in HF-PEF and actual cardiac output however it remains the gold standard for 

studies of this type for historical reasons and for the fact that it is an easy index to screen 

for on echo and measure by cMRI. 

 A potential criticism of the trial is the fact that rIC does not start until day 3 post-

MI. This was the intention of the trial designers as we wanted to see the effects of rIC 

on acute remodelling alone, independent of the effects of infarct size. This is in contrast 

to the ongoing CRIC-RIC trial which starts rIC around the time of PPCI and hence will 

influence infarct size as well as remodelling. 

 A further possible criticism of the trial is the implementation and oversight of rIC 

on a daily basis for 4 weeks by the participant. Whilst the automated devices are simple 

and easy to use even for the frailest participants, in their current form they have no 

function to allow for interrogation to assess concordance. As such we relied on 

participant diaries, similar to ones used in drug trials, to encourage and evaluate 

concordance. Current research from drug trials suggests general concordance rates are 

approximately 70%. With direct oversight or a way or monitoring concordance, this rises 

to above 90%.568 

 

8.6 Future Work 

The DREAM study is on course to complete active recruitment of all participants by the 

end of August 2016. Thereafter all data collected will be analysed and disseminated. One 

area of future work which may prove illuminating is the use of collected serum to assess 

levels of a number of circulating factors implicating in rIC. One of the main focuses in 
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the area of rIC over the last few years has been to identify the responsible circulating 

humoral factor(s) responsible for protection in the context of I/R both in the heart as 

well as other organ, a holy grail which has so far has remained relatively elusive. It may 

be that rather than the release of a few key molecules, rIC shifts the balance of a slew 

of circulating molecules with the net effect being one of protection. Efforts to detect 

such changes in experimental models using proteomics may continue to prove 

challenging, especially when using animal models or healthy volunteers. Serum 

collected from DREAM study participants may provide a better real world understanding 

of the changes that occur in the bloodstream at various time-points in relation to MI and 

rIC and ethical approval is in place to perform detailed follow-up proteomic experiments 

from this participant group in the future. 

Furthermore in our model we identified the anti-hypertrophic properties of rIC-

serum when cells were exposed to rIC-serum on a one-off basis. To expand upon the 

idea of chronic rIC augmenting and providing continual protection, a natural progression 

of this work be to subject cells in culture to rIC-serum on a regular basis over a series of 

days before exposure cells to ET-1 i.e. continuous rIC. Furthermore one could use both 

one-off and continuous rPostC in this model i.e. treat cells with rIC-serum after exposure 

to ET-1.  

Another key potential therapeutic target of remodelling post MI is the 

inflammatory process that occurs as described in section 1.1.3.2 and section 1.2.5.1.4. 

In particular the migration of neutrophils and macrophages to the infarcted area and 

the border zones play a key role in remodelling therefore it would be possible to develop 

assays by which rIC-serum is added to a population of these cells in culture and their 
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migration tracked over time following an appropriate trigger, compared to a control 

group. Furthermore we are beginning to understand that platelets may play a role in the 

protection afforded by rIC (in particular microparticles release by platelets)569, 570 and as 

such, all experiments described in this thesis could be repeated with serum or plasma 

containing platelets.  

 

8.7 Conclusions 

We present cellular models for both cardiac hypertrophy and fibrosis, important 

components of the acute remodelling process post-MI. We used these model to assess 

the effect of rIC-serum from healthy male volunteers and IPC perfusate from isolated 

rat hearts on both hypertrophy and fibrosis in these models. In addition we designed a 

phase 2 clinical trial to assess the effect of daily rIC post STEMI treated by PPCI on acute 

remodelling assessed by cMRI, blood biomarkers and participant qualitative indices.  

 We demonstrated that rIC-serum and IPC rat perfusate attenuated ET-1 induced 

hypertrophy. The attenuation afforded by rIC was not significantly diminished with age 

or physical activity, although individuals with higher levels of physical activity displayed 

innate conditioning properties as evidenced by hypertrophic attenuation by 

unconditioned serum. The attenuation caused by rIC-serum was shown to be mediated 

by a number of intracellular pathways. We demonstrated an increase in PKCε 

translocation to the membrane component leading to an increase in AMPK 

phosphorylation and the subsequent activation of the eNOS/sGC/cGMP/PKG signalling 

pathway. Furthermore we showed that rIC-serum and rat IPC perfusate attenuated the 

increase in a number of genes associated with the foetal gene programme (BNP, βMHC 
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and α-ACT) or cardiac hypertrophy (MS-1). In addition rIC-serum was shown in our 

model to increase the expression of the anti-hypertrophic miR-1 and miR-133a. We 

hypothesis that the anti-hypertrophic actions of rIC-serum and rat IPC perfusate are 

brought about by the activation or modulation of these various mechanism which act in 

large part via the calcineurin-dependant phosphorylation of NFATc. 

We also demonstrated that rIC-serum reduced one marker of cardiac fibrosis: 

the degree of differentiation of fibroblast to myofibroblast. However some data was 

conflicting as both unconditioned and rIC-serum increased both MMP-2 and TIMP-1 and 

rIC-serum increasing MMP-9 after a delay as well as no effect of rIC-serum on 

attenuating the expression of ET-1 induced α-ACT. 

Another interesting aspect of this work was the cross-species protection 

afforded by human rIC-serum in rat cell culture models. Such cross-species protection 

by rIC has been replicated by a number of other groups in the context of I/R280, 305, 571 

however to our knowledge this is the first time that this cross-species protective 

property of rIC has been shown in the context of hypertrophy and fibrosis. 

Finally the phase II DREAM study is nearing completion and will help elucidate 

the potential therapeutic benefit of repeated daily rIC post-MI via its action on acute 

remodelling. 
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9. APPENDICES 

9.1 Posters 

1. The PKCε/AMPK/eNOS is implicated as a mechanism by which remote ischaemic 

conditioning attenuates ET-1 mediated cardiomyocyte hypertrophy  (presented 

at the British Society of Cardiovascular Research Spring Meeting 2014) 

2. The role of PKCε and AMPK signalling in attenuation of ET-1 induced 

cardiomyocyte hypertrophy by remote ischaemic conditioning (presented at the 

British Society of Cardiovascular Research 2013) 

3. Remote ischaemic conditioning attenuates ET-1 induced hypertrophic response 

in rat cardiomyoblasts (presented at the Physiological Society’s Cardiac Meeting 

2012) 

4. Remote ischaemic conditioning attenuates adverse cardiac remodelling in rat 

cardiomyoblasts (presented at the Postgraduate Day, University of Leicester 

2012) 
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1. Poster presented at the British Society of Cardiovascular Research Spring Meeting 2014 

 



241 
 
 

2. Poster presented at the British Society of Cardiovascular Research 2013 
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3. Poster presented at the Physiological Society’s Cardiac Meeting 2012 
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4. Poster presented at the Postgraduate Day, University of Leicester 2012 
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9.2 Publications 

• Remote Ischaemic Conditioning and Remodelling Following Myocardial 

Infarction: Current Evidence and Future Perspectives - Accepted for publication 

by Heart Failure Reviews and awaiting publication (DOI: 10.1007/s10741-016-

9560-9) 

• rIC: Beyond traditional acute cardioprotection  - Published in Hospital 

Healthcare Europe Bulletin 2014 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



245 
 
 

‘Remote Ischaemic Conditioning and Remodelling Following Myocardial Infarction: 

Current Evidence and Future Perspectives’ - Heart Fail Rev DOI 10.1007/s10741-016-
9560-9.572 
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‘rIC: Beyond Traditional Acute Cardioprotection’ - Published in Hospital Healthcare 
Europe Bulletin 2014573 
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9.3 Awards 

• East Midlands Engineering and Science Professional Prize Winner 2012 – Press 

Release 
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East Midlands Engineering and Science Professional Prize Winner 2012 Press Release 
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9.4 Healthy Male Volunteer Recruitment Study Documents 

• NRES Ethical Approval Letter 

• UHL R&D Approval Letter 

• History and Blood Results template 

• Physical Activity Questionnaire (IPAQ-SF) 

• Advertisement for recruitment 

• Participant Information Sheet 

• Consent Form 
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NRES Ethical Approval Letter for Healthy Male Volunteer Recruitment Study Page 1 
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NRES Ethical Approval Letter for Healthy Male Volunteer Recruitment Study Page 2 
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NRES Ethical Approval Letter for Healthy Male Volunteer Recruitment Study Page 3 
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UHL R&D Approval Letter for Healthy Male Volunteer Recruitment Study Page 1 
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UHL R&D Approval Letter for Healthy Male Volunteer Recruitment Study Page 2 

 



263 
 
 

History and Blood Results Template Used in Healthy Male Volunteer Recruitment 

Study 
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Physical Activity Questionnaire (IPAQ-SF) in Healthy Male Volunteer Recruitment 

Study Page 1 

 

Physical Activity Questionnaire (IPAQ-SF) in Healthy Male Volunteer Recruitment 

Study Page 1 
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Physical Activity Questionnaire (IPAQ-SF) in Healthy Male Volunteer Recruitment 

Study Page 2 
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Advertisement Poster Used in Healthy Male Volunteer Recruitment Study 
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Participation Information Sheet Used in Healthy Male Volunteer Recruitment Study 

Page 1 
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Participation Information Sheet Used in Healthy Male Volunteer Recruitment Study 

Page 2 
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Participation Information Sheet Used in Healthy Male Volunteer Recruitment Study 

Page 3 
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Participation Information Sheet Used in Healthy Male Volunteer Recruitment Study 

Page 4 
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Participation Information Sheet Used in Healthy Male Volunteer Recruitment Study 

Page 5 
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Participation Information Sheet Used in Healthy Male Volunteer Recruitment Study 

Page 6 
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Consent Form Used in Healthy Male Volunteer Recruitment Study 
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9.5 DREAM Study Documents 

• NRES Ethical Approval Letter 

• UHL R&D Approval Letter 

• Participant Information Sheet 

• Consent Form 

• Kansas City Cardiomyopathy Questionnaire (KCCQ)  

• Roles and Responsibilities of Staff Within the Trial  
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NRES Ethical Approval Letter for DREAM Study Page 1 
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NRES Ethical Approval Letter for DREAM Study Page 2 
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NRES Ethical Approval Letter for DREAM Study Page 3 
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NRES Ethical Approval Letter for DREAM Study Page 4 
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UHL R&D Approval Letter for DREAM Study Page 1 
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UHL R&D Approval Letter for DREAM Study Page 2 
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Participation Information Sheet Used in DREAM Study Page 1 
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Participation Information Sheet Used in DREAM Study Page 2 
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Participation Information Sheet Used in DREAM Study Page 3 
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Consent Form Used in DREAM Study  
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KCCQ Used in DREAM Study page 1 
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KCCQ Used in DREAM Study page 2 
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KCCQ Used in DREAM Study page 3 
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KCCQ Used in DREAM Study page 4 
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Roles and Responsibilities of Staff within the DREAM study  

• Professor Sir Nilesh Samani: Principle Investigator, head of Leicester 

Cardiovascular BRU. PhD supervisor to AV. PhD supervisor to Dr Andrew 

Vanezis. 

• Dr Andrew Vanezis: Research team coordinator and investigator involved in 
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