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Abstract 
 

Congenital heart disease (CHD) is the most common birth defect, causing an important rate 

of morbidity and mortality. Treatment of CHD requires surgical correction in a significant 

percentage of cases which exposes patients to cardiac and end organ injury. Cardiac surgica l 

procedures often require the utilisation of cardiopulmonary bypass (CPB), a system that 

replaces heart and lungs function by diverting circulation into an external circuit. The use of 

CPB can initiate potent inflammatory responses, in addition a proportion of procedures 

require a period of aortic cross clamp during which the heart is rendered ischaemic and is 

exposed to injury. High O2 concentrations are used during cardiac procedures and when 

circulation is re-established to the heart which had adjusted metabolically to ischaemia, 

further injury is caused in a process known as ischaemic reperfusion injury (IRI). 

Several strategies are in place in order to protect the heart during surgery; however injury is 

still caused, having detrimental effects in patients at short and long term.  

Remote ischaemic preconditioning (RIPC) is a technique proposed as a potential 

cardioprotective measure. It consists of exposing a remote tissue bed to brief episodes of 

ischaemia prior to surgery in order to activate protective pathways that would act during 

CPB, ischaemia and reperfusion.  

This study aimed to assess RIPC in paediatric patients requiring CHD surgical correction 

with a translational approach, integrating clinical outcome, marker analysis, cardiac functio n 

parameters and molecular mechanisms within the cardiac tissue.  

A prospective, single blinded, randomised, controlled trial was conducted applying a RIPC 

protocol to randomised patients through episodes of limb ischaemia on the day before 

surgery which was repeated right before the surgery started, after anaesthesia induction.  

Blood samples were obtained before surgery and at three post-operative time points from 

venous lines, additional pre and post-bypass blood samples were obtained from the right 

atrium. Myocardial tissue was resected during the ischaemic period of surgery. 

Echocardiographic images were obtained before the surgery started after anaesthetic 

induction and the day after surgery, images were stored for later off line analysis.  

PICU surveillance data was collected including ventilation parameters, inotrope use, 

standard laboratory analysis and six hourly blood gas analyses. 
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Pre and post-operative quantitation of markers in blood specimens included cardiac troponin 

I (cTnI) and B-type natriuretic peptide (BNP), inflammatory mediators includ ing 

interleukins IL-6, IL-8, IL-10, tumour necrosis factor (TNF-α), and the adhesion molecules 

ICAM-1 and VCAM-1; the renal marker Cystatin C and the cardiovascular markers 

asymmetric dymethylarginine (ADMA) and symmetric dymethylarginine (SDMA).  

Nitric oxide (NO) metabolites and cyclic guanosine monophosphate (cGMP) were measured 

before and after bypass. 

Myocardial tissue was processed at baseline and after incubation at hyperoxic concentration 

during four hours in order to mimic surgical conditions. Expression of genes involved in IRI 

and RIPC pathways were analysed including heat shock proteins (HSPs), toll like receptors 

(TLRs), the transcription factors nuclear factor κ-B (NF- κ-B) and hypoxia inducible factor 

1 (HIF-1). The participation of hydrogen sulfide enzymatic genes, apelin and its receptor 

were explored.    

There was no significant difference according to group allocation in any of the 

echocardiographic parameters. There was a tendency for higher cTnI values and inotropic 

score in control patients post-operatively; however this was not statistically significant. BNP 

presented no significant difference according to group allocation.   

Inflammatory parameters tended to be higher in the control group, however only TNF- α 

was significantly higher. There was no difference in levels of Cystatin C, NO metabolites, 

cGMP, ADMA or SDMA. 

RIPC patients required shorter PICU stay; all other clinical and laboratory analysis presented 

no difference related to the intervention. 

Gene expression analysis revealed interesting patterns before and after incubation. No 

differences were found according to RIPC or control allocation. 

This study provided with valuable descriptive information on previously known and newly 

explored parameters in the study population. Demographic characteristics and the presence 

of cyanosis before surgery influenced patterns of activity in several parameters; numerous 

indicators were linked to the degree of injury suffered by the myocardium.   

RIPC did not reduce markers of cardiac injury or improved echocardiographic parameters 

and it did not have an effect on end organ function; some effects were seen in inflammatory 
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responses and gene expression analysis. Nevertheless, an important clinical outcome 

indicator, PICU length of stay was reduced suggesting benefit from the intervention. 

Larger studies with more statistical power could determine if the tendency of lower injury 

and inflammatory markers linked to RIPC is real. The present results mostly support findings 

of larger multicentre trials which have reported no cardiac benefit from RIPC in paediatric 

cardiac surgery. 
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Chapter 1. Introduction 

1.1 Heart – Basic concepts on anatomy and function 

The heart is the centre of the circulatory system, responsible for maintaining pulmonary and 

systemic circulation; it is located in the mediastinum between the lungs and is enclosed by 

the three pericardium layers, an external fibrous layer, and two serous parietal and visceral 

layers, the parietal layer is in contact with the myocardium and is also called epicardium.  

Myocardium makes up the walls of the four chambers constituting the heart, it has a similar 

structure to skeletal muscle, with sarcomeres acting as a contraction unit with myosin, actin 

and troponin playing an important role involving the generation of action potential through 

the flow of sodium and potassium ions. 

The internal structures of the heart are lined by endocardium, a smooth thin layer structura lly 

similar to endothelium in order to prevent abnormal blood clotting. 

The heart is divided into four chambers, two upper relatively thin walled chambers called 

left and right atria and two lower, thicker chambers, left and right ventricles. The base of the  

heart is composed by atria and vessels while ventricles form the apex.   

As seen on Figure 1.1 the left and right sides of the heart are separated by the septum and 

atria and ventricles are separated by valves, the right atrium and ventricle are separated by 

the tricuspid valve, consisting of three cusps of endocardium strengthened by connective 

tissue, while the left atrium is separated from the left ventricle by the bicuspid or mitral 

valve, made of two cusps. Papillary muscles originate in both ventricles and attach to their 

respective valvular cusps through chordae tendineae, strands of fibrous connective tissue, in 

order to prevent valvular prolapse. The atria receive blood into the heart which passes to the 

ventricles in a motion controlled by the bicuspid and mitral valves, when the ventric les 

contract the pressure is higher within the ventricles and the valves close in order to prevent 

backflow.   

The cardiovascular system includes the heart acting as a pump and vasculature involving 

two circulatory networks: the systemic and pulmonary circulation. Physiologically the heart 

is divided into two synchronised pumps; the left heart pumps blood through the systemic 

circulation and the right heart propels the pulmonary circulation. 
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The right atrium (RA) receives unoxygenated blood returning from the general circulat ion 

through the superior vena cava from the upper body and the inferior vena cava from the 

lower body. From the RA blood flows through the tricuspid valve into the right ventric le 

(RV). When the RV contracts, the pressure is higher within the ventricle and the tricuspid 

valve closes in order to prevent backflow; the blood is pumped through the pulmonary artery, 

passing through the semilunar pulmonary valve consisting of three flaps and located at the 

junction between RV and pulmonary artery; it is forced open by contraction of the RV to 

then prevent backflow when the ventricle relaxes to start the pulmonary circulation where 

blood will be oxygenated.  

Oxygenated blood returns from the lungs through four pulmonary veins to the left atrium 

(LA), passes through the mitral valve to the left ventricle (LV) with thicker walls than the 

RV, the RV pumps blood through the aorta to the general circulation after passing through 

the aortic semilunar valve.  

Anatomical information obtained from Weinhaus and Roberts, 2009; Thiriet, 2014. 

 

Figure 1.1. Heart anatomy. The image shows a frontal section of the heart, representing 
internal structures. Major vessels and their branches are shown. Image obtained at 
https://commons.wikimedia.org/wiki/File:Relations_of_the_aorta,_trachea,_esophagus_and_other_

heart_structures.png, attribution: ZooFar; reproduced under creative commons license. 

https://commons.wikimedia.org/wiki/File:Relations_of_the_aorta,_trachea,_esophagus_and_other_heart_structures.png
https://commons.wikimedia.org/wiki/File:Relations_of_the_aorta,_trachea,_esophagus_and_other_heart_structures.png
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1.2 Congenital Heart Disease 

Congenital heart disease (CHD) is defined as the presence of heart disease at birth as a 

consequence of abnormal intrauterine development; the types of possible structural and 

functional alterations are wide and the adaptive mechanisms resulting from them may cause 

complications of their own (reviewed by Adelman, 2011).   

1.2.1 Incidence 

CHD is the most common birth anomaly presenting with an incidence of 9 in 1000 live 

births. Incidence worldwide has increased over recent decades, probably due to better 

diagnostic resources. Geographical variability is marked presenting the highest incidence in 

Asia, followed by European countries (van der Linde et al, 2011). 

Data collected from 16 European countries through the population based European 

Surveillance of Congenital Anomalies system (EUROCAT) revealed that 36000 children 

present with CHD at birth and 3000 further cases are diagnosed and terminated during 

pregnancy, suffer late foetal death or early neonatal death within the European Union every 

year with an overall incidence of 8 per 1000 births regardless of the aetiology (Dolk et al, 

2011). 

Incidence figures vary significantly depending on the account of different CHD diagnosis 

and the degree of the defect identified reaching a much larger incidence when smaller 

defects, which may never require medical treatment, are taken into account (Hoffman and 

Kaplan, 2002).  

The United Kingdom (UK) presents a congenital defect incidence of 20.8 per 1000 live 

births; cardiovascular anomalies account for 30% of these cases (Tennant et al, 2010), 

representing a significant cause of childhood morbidity and mortality with an incidence of 

5.6 per 1000 live births (Townsend et al, 2013).  

Although the incidence of CHD has dropped over a 30 year period in the UK, the number of 

cardiac surgical procedures had a 60% increase during the last decade due to significant 

improvement in surgical techniques, bypass utilization and cardiac protective measures 

during surgery. Paediatric mortality caused by CHD dramatically dropped by 83% from 

1979 to 2008 (Townsend et al, 2013), leading to a survival rate of 89.5% after 20 years in 

http://www.ncbi.nlm.nih.gov/pubmed?term=van%20der%20Linde%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22078432
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representative areas (Tennant et al, 2010). For the first time a majority of adult patients are 

living with CHD presenting nevertheless with a lower quality of life even after having the 

defects surgically corrected (Townsend et al, 2013).  

The majority of serious CHDs manifest in the early life of the child and can be identified 

promptly when adequate medical services are accessible thus allowing early treatment. The 

National Health Service (NHS) in the United Kingdom provides prenatal and paediatric 

cardiac assessment. After establishing the diagnosis, CHD management varies according to 

the type and severity of the defect comprising observation, pharmacologic treatment, non-

surgical interventionism and corrective surgery. The choice of management is determined 

according to cardiac centres and medical criteria. 

The latest data available corresponds to the financial year 2014/2015 during which 5532 

cardiac surgical procedures were performed in children in the United Kingdom. From these, 

4546 surgeries used cardiopulmonary bypass (CPB). During the same year 190 CPB 

interventions were performed at the Royal Hospital for Sick Children (RHSC), the national 

paediatric cardiac centre for Scotland (The National Institute for Cardiovascular Outcomes 

Research – NICOR).  

1.2.2 Aetiology of Congenital Heart Disease  

Cardiac development starts approximately 15 days after fecundation; the process involves 

several pathways and detailed processes which could be disrupted and result in CHD not 

only while the foetal heart is formed, but until circulation is established after birth.    

A multifactorial aetiology of CHD, where genetic and environmental factors interact was 

hypothesised (Nora, 1968) and remained as a mainstream theory for a long time along with 

the concept that most CHD cases were isolated. While only around 20% of cases are related 

to genetic syndromes (Eskedal et al, 2004), an increased incidence of non-syndromic cases 

in subsequent pregnancies of 2 – 10% suggests a genetic component is relevant in the 

pathogenesis of CHD as well (reviewed by Wessels and Willems, 2010). New technology 

allowed powerful analysis identifying genetic causes and inheritance patterns linked to 

cardiovascular malformation whereas epidemiological studies have identified separate 

modifiable risk factors that could potentially lead to cardiac teratogenicity. Table 1.1 shows 

genetic factors related to CHD aetiology. 



43 
 

 

Genetic cause Mechanism/Outcome 

Chromosome disorders  Down Syndrome, DiGeorge Syndrome 

Gene deletions Williams Beurer Syndrome 

Single gene disorders Alagille Syndrome, Marfan Syndrome, 
Noonan Syndrome 

Non-syndromic single gene disorders NKX2.5 gene: ASD, tricuspid valve    

abnormalities                                               
GATA4 gene: ASD, VSD                                         

Copy number variation Isolated CHD or associated to 

developmental delay 

Single nucleotide polymorphisms VEGF gene link to certain isolated cases of 
TOF 

RNA abnormalities: micro RNA 

dysfunction 

VSD link 

Epigenetics: remodelling complexes and 
growth regulators dysfunction 

Altered morphogenesis, hypertrophy  

Table 1.1. Genetic aetiology of CHD. Abbreviations: ASD: atrial septal defect; CHD: 
congenital heart disease; GATA4: GATA binding protein 4; NKX2.5: NK2 homeobox 5; 

RNA: ribonucleic acid; TOF: Tetralogy of Fallot; VEGF: vascular endothelial growth factor; 
VSD: ventricular septal defect. Original table based on information by Pierpont et al, 2007; 

Huang et al, 2010; Richards and Garg, 2010; Gelb and Chung, 2014. 

 

Identification of genes and pathways involved in anomalous heart development has been 

possible in syndromic and familial CHD cases; however the small percentage of monogenic 

genotypes as well as the large amount of susceptibility genes involved presenting low 

penetrance mutations make it a challenge to reveal clear pathogenesis pathways (reviewed 

by Wessels and Willems, 2010). In addition to this, investigation of single nucleotide 

mutations through high throughput sequencing techniques in sporadic CHD cases has 

produced data suggesting that several different pathways can produce a single specific defect 

(Smith et al, 2009).    

Well known environmental risk factors during cardiac development in pregnancy include 

maternal illness, exposure to environmental agents and therapeutic use of certain drugs 

(Jenkins et al, 2007; Sibiude et al, 2014); while others such as alcohol consumption are 

believed to affect heart formation, however a clear correlation has failed to be established 

(Sun et al, 2015). Factors which can be modified in order to prevent CHD are shown in Table 

1.2. 
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Environmental factor Example 

Maternal illness and conditions Phenylketonuria, diabetes, rubella, febrile 
illnesses, influenza, epilepsy 

Maternal therapeutic drug exposure Thalidomide, vitamin A cogeners/retinoids, 

antibiotics, antiviral/antiretroviral agents: 
zidovudine, anticonvulsants, 
sedatives/hypnotics 

Maternal non-therapeutic drug exposure Heavy alcohol consumption? 

Maternal environmental exposure Organic solvents, herbicides, pesticides, 

and rodenticides, groundwater 
contamination 

Table 1.2. Environmental factors contributing to the aetiology of CHD. Original table 

based on information by Jenkins et al, 2007; Huang et al, 2010. 

 

 1.2.3 Types of Congenital Heart Disease  

Congenital heart disease can be classified into cyanotic or acyanotic taking into account their 

pathophysiologic basis and clinical presentation where right to left shunts cause decreased 

pulmonary blood flow and passing of non-oxygenated blood into the left ventricle which 

pumps mixed blood with low oxygen levels into the general circulation (reviewed by 

Adelman, 2011). Cyanotic status however may not always follow this classifica t ion 

parameters, the direction of shunting may gradually change as pulmonary vascular resistance 

varies causing acyanotic lesions such as ventricular septal defects (VSD) to evolve into 

cyanosis in certain cases. In addition to this, tetralogy of Fallot (TOF) cases can be defined 

as cyanotic or acyanotic referring only to the patient’s condition at one specific point in time 

rather than the defect itself (reviewed by Jacobs, 2013).   

Table 1.3 presents the classification and relative incidence of CHD according to cyanotic 

and acyanotic presentation.  
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Acyanotic Cyanotic 

Left-to-right shunts 

Ventricular septal defect (VSD)            
(20%) 

Atrial septal defect (ASD)                     
(10%) 
Patent ductus arteriosus (PDA)              

(10%) 
Atrioventricular septal defect (AVSD)  

(2–5%) 
Aortopulmonary window                       
(rare) 

 
Left-sided obstructive lesions 

Coarctation of the aorta (CoA)              
(10%) 
Congenital aortic stenosis                      

(10%) 
Interrupted aortic arch                            

(1%) 
Mitral stenosis                                        
(rare) 

Right-to-left shunts 

TOF 
(10%) 

Pulmonary stenosis                                      
(10%) 
Pulmonary atresia:                                       

(5%) 
               with intact ventricular septum 

               with ventricular septal defect 
Tricuspid atresia                                          
(3%) 

Ebstein anomaly                                          
(0.5%) 

 
Complex mixing defects 

Transposition of the great arteries (TGA)  

(5–8%) 
Total anomalous pulmonary venous   

connection                                                   
(2%) 
Truncus arteriosus                                       

(3%) 
Hypoplastic left heart syndrome                 
(2%) 

 

Table 1.3. Pathophysiological classification of lesions in congenital heart disease and 

approximate incidence. Table modified from Jacobs, 2013, with permission from John 

Wiley and Sons. 

 

Classification according to segmental division of the cardiac anatomy provides an alternative 

comprehensive tool for practice. Table 1.4 summarizes the segmental system of CHD 

classification including significant lesions in each category. 
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I. Great veins IV. Ventricles 

Systemic veins Systemic venous 
anomaly, 
superior or 

inferior vena 
cava 

Right ventricle TOF 
Double-chamber 
right ventricle 

Pulmonary veins Anomalous 

pulmonary 
venous 

connection 

Ventricular septum VSD 

II. Atria Left ventricle Single ventricle, 
Hypoplastic left 
heart syndrome 

Right atrium ASD V. Ventriculoarterial junction 

Atrial septum  Right 
ventriculoarterial 
valve 

Pulmonary stenosis,  
insufficiency, atresia 

Left atrium  Common 

ventriculoarterial 
valve 

Truncus arteriosus 

III. Atrioventricular junction Left 

ventriculoarterial 
valve 

Aortic stenosis, 

insufficiency, atresia 

Right atrioventricular 
valve 

Tricuspid 
stenosis or 

regurgitation  
Ebstein anomaly 

Both 
ventriculoarterial 

valves 

Transposition of the 
great arteries  

Double-outlet right 
or left ventricles 

Common 

atrioventricular valve 

AVSD VI. Great arteries 

Left atrioventricular 
valve 

Mitral stenosis or 
regurgitation 

Pulmonary artery Pulmonary arterial 
stenosis, sling 

  Aorta Subaortic 

stenosis,AoC 
Interrupted aortic 
arch 

  Both great arteries PDA 

  Coronary arteries Anomalous origin of 
coronary artery 

Table 1.4. Segmental Classification of CHD. Abbreviations: AoC: aortic coarctation; 
ASD: atrial septal defect; AVSD: atrial-ventricular septal defect; PDA: patent ductus 

arteriosus; TOF: Tetralogy of Fallot; VSD: ventricular septal defect.  Table modified from 
Jacobs, 2013, with permission from John Wiley and Sons. 
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Septal Defects 

Septal defects occur as a communication between the right and left heart and may be present 

between the atria (ASD), the ventricles (VSD) or both (AVSD) occurring as a result of failure 

to close these communications during foetal life and birth (reviewed by Backer and 

Mavroudis, 2013; Mavroudis et al, 2013).  

VSDs are the most common CHD with a prevalence of 2.64 per 1000 live births (van der 

Linde et al, 2011), representing one fifth of CHD when isolated and over half of all CHD 

cases when associated with other major defects. VSD manifestations depend on the size of 

the defect, ranging from asymptomatic undiagnosed cases to severe presentations, in 

addition pulmonary vascular resistance determines the degree of left to right shunt where 

oxygenated blood from the LV passes to the RV, if shunting is excessive clinica l 

manifestations involving congestive heart failure will take place (reviewed by Mavroudis et 

al, 2013). 

Management of septal defects depends on the size and manifestations of the defect, if 

surgical repair is required cardiac internal anatomy is usually accessed through RA 

sectioning and the defect is corrected placing a patch (Backer and Mavroudis, 2013; 

Mavroudis et al, 2013). 

 

Tetralogy of Fallot 

The pathological foundation of TOF was described as early as 1671 by Niels Stenson, 

however it was not until 1888 that Arthur Louis Etienne Fallot described the tetralogy that 

is still the basis to the contemporary description of TOF characterised by narrowing or atresia 

of the pulmonary outflow, VSD, overriding aorta and right ventricular hypertrophy 

(reviewed by Stewart et al, 2013).  

TOF is the most common cyanotic CHD presenting a worldwide incidence of 0.34 per 1000 

livebirths showing a higher prevalence in Asia (van der Linde et al, 2011). Variants of TOF 

may include pulmonary stenosis, absent pulmonary valve, atrio-ventricular canal (AVSD), 

double outlet right ventricle (DORV), pulmonary atresia-VSD and pulmonary atresia-VSD 

with multiple aortopulmonary collateral arteries (MAPCAs) (Jacobs, 2000). 
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The restricted outflow of the pulmonary artery causes inadequate blood oxygenation, in 

addition to this the communication between ventricles is large and non-restrictive in most 

cases causing the pressure to be equal in both ventricles; the flow direction through the VSD 

depends on the severity of the pulmonary outflow restriction, if the obstruction is severe a 

large right to left shunt would occur causing deoxygenated blood from the RV to enter the 

LV, resulting in poorly oxygenated blood reaching the systemic circulation causing patients 

to be exposed to hypoxia in a chronic manner (Apitz et al, 2009). RV hypertrophy is 

attributed to the high pressure resulting from pulmonary stenosis. 

TOF is frequently diagnosed prenatally; however most affected children present the 

condition after birth and are diagnosed after clinical suspicion is confirmed with 

transthoracic echocardiography (reviewed by Apitz et al, 2009). Management for the 

condition is based on surgical correction of the defect which involves accessing the interna l 

cardiac anatomy through an incision in the right atrium, excision of myocardial tissue 

obstructing the right ventricle outflow tract and VSD closure (Stewart et al, 2013).   

 

Hypoplastic Left Heart Syndrome 

Hypoplastic left heart syndrome (HLHS) is a term used to describe a group of CHDs 

presenting with severely underdeveloped left heart structures, including hypoplasia of the 

ascending aorta and the left ventricle which is unable to sustain systemic circulat ion 

becoming dependant on the right ventricle through a patent ductus arteriosus involving 

mixing of oxygenated and un-oxygenated blood (reviewed by Hirsch et al, 2013).  

HLHS has a prevalence of 0.26 per 1000 livebirths (Ferencz et al, 1985) and 28% of HLHS 

cases are diagnosed through prenatal ultrasounds which are highly sensitive for major CHD 

(Montaña et al, 1996).  

Surgical correction of HLHS aims to create separate systemic and pulmonary circulat ions 

supported by a single right ventricle; it is performed in a staged approach starting with a first 

stage or Norwood procedure which is usually performed during the first 30 days of the 

patient’s life and must obtain systemic blood flow from the right ventricle to the aorta and 

coronary arteries without obstruction, relieve any obstruction to pulmonary venous return 

and limit pulmonary blood flow through an appropriate systemic to pulmonary artery shunt 

(reviewed by Hirsch et al, 2013; Shillingford et al, 2013).  
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Stage two involves a bidirectional Glenn or hemi-Fontan procedure, it is usually performed 

between 4 to 6 months of age (Lamberti et al, 1990) and aims to preserve right ventricular 

function providing adequate pulmonary blood flow while decreasing volume overload at the 

right ventricle until the patient can go through Fontan completion. The bidirectional Glenn 

procedure consists of performing an anastomosis between the superior vena cava and the 

pulmonary artery (reviewed by Shillingford et al, 2013) while the hemi-Fontan involves a 

connection of the superior vena cava and the right atrial junction to the pulmonary arteries, 

augmentation of the branch pulmonary arteries, and placement of a temporary patch betwee n 

the pulmonary arteries and the right atrium (reviewed by Hirsch et al, 2013). 

Finally, stage three or completion Fontan is done from 18 to 24 months of age and involves 

connecting the inferior vena cava to the pulmonary arteries using a lateral tunnel or extra 

cardiac method. In the lateral tunnel method, a tunnel shaped patch is placed inside the 

atrium and connects it to the pulmonary artery directing blood from the inferior vena cava 

straight to the pulmonary artery while the extra cardiac method deviates blood from the 

inferior vena cava outside the heart through a synthetic tube leading to the pulmonary artery 

(reviewed by Hirsch et al, 2013). 
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1.3 Cardiac Surgery and Cardiopulmonary Bypass 

Children presenting with CHD have different degrees of complexity and the treatment for 

patients requiring surgical correction according to the diagnosis and individua l 

circumstances entails a multidisciplinary effort that involves cardiologists, surgeons, 

anaesthetists and intensive care among other subspecialties. During a proportion of 

interventions, the work of haemodynamists is crucial as the use of a bypass system makes 

these procedures possible.   

1.3.1 Cardiopulmonary Bypass 

CPB is a system designed to replace the functions of heart and lungs by diverting circulat ion 

to monitored devices in order to support the patient during cardiac procedures. The 

development of this technique drastically broadened the spectrum of corrective procedures 

that are possible to perform nowadays.  

Numerous attempts of devices managing the concept of extracorporeal circulation were 

made before the 1950s (Dale and Schuster, 1928; DeBakey, 1934), however it was John 

Gibbon who developed and applied CPB successfully to an animal, and later used CPB 

managing to complete the repair of an atrial septal defect with a surviving patient (Gibbon, 

1954). During following decades CPB methods were refined to efficaciously reproduce 

circulatory processes occurring in normal physiology in an effective and secure way to the 

patient. 

The CPB circuit starts with a cannula usually inserted on the right atrium or in the superior 

and inferior vena cava from where blood is drained into an extracorporeal system and 

directed to a venous reservoir; blood is then pumped through a heat exchanger and an 

oxygenator where gas interchange takes place. Oxygenated blood goes through a filter and 

bubble trap which removes micro-aggregates and air particles and finally returns to the 

ascending aorta through a cannula from where oxygenated blood circulates to tissues, gas 

exchange takes place and the blood returns to the right atrium starting the process once again. 

Blood obtained from suction and vents during surgery is stored in a separate cardiotomy 

reservoir and is microfiltered before reaching the venous reservoir (reviewed by Hessel and 

Edmunds, 2003; Kouchoukos et al, 2003; Lawson et al, 2013).  
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Clamps on arterial and venous lines can be used to control flow; the system additiona lly 

includes safety devices, sensors for pressure, temperature, blood gases, pH and oxygen 

saturation as well as sites for obtaining blood samples; cardioplaegic solutions are 

administered and controlled through a separate circuit within the system while on occasions 

a haemoconcentrator is added in order to remove water and small molecules (reviewed by 

Hessel and Edmunds, 2003) (Figure 1.2). 

 

Figure 1.2. Schematic representation of the CPB circuit. Image from Machin and 
Allsager, 2006, reproduced with permission from Oxford University Press. 

 
The bypass process has several stages of high technical complexity, Table 1.5 shows a 

simplified account of the main events taking place during CPB. Heparin is administered for 

anticoagulation before the system is established, initially the heart is cannulated and 

connected to the bypass machine which reduces the work load of the heart while pumping 

highly oxygenated blood (100% O2). In a second stage the aorta is clamped stopping blood 

flow to the heart, starting a period of ischaemia protected cardioplegia; in the next phase the 

heart is reperfused with 100% O2 blood in order to protect the brain, and beating is re-
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established; finally the bypass system is removed and the heart workload is restored. 

Protamine is administered in order to reverse the anticoagulation effects of heparin once the 

surgical results are satisfactory and the need for restarting CPB is extremely unlike ly  

(reviewed by Lawson et al, 2013; Whiting et al, 2015).  

Stage  Procedure  Heart 

I Heart is cannulated and connected to 

the bypass machine 

Reduced work load  

High O2  

II Aortic cross-clamp No myocardial blood flow 
Ischaemia protected cardioplegia 

III Aortic cross clamp removal Reperfusion 
High PO2 

Heart beating 
Reduced work load 

IV Bypass system removal Re-establishment of circulation and 

work load 

Table 1.5 Cardiopulmonary bypass stages. Original table. 

 

1.3.2 Preventive measures 

From the implementation of CPB, improvement of the system, technology and materia ls 

used have been a constant priority, however the unavoidable insults involving cardiac 

surgery and CPB have required the utilisation of additional protective measures aimed to 

minimise the risks to the patient. 

Hypothermia 

Reduction of the patient´s temperature is one of the main protective strategies used during 

cardiac surgery for myocardial and systemic protection. It reduces the metabolic rate and 

hence oxygen consumption; at a temperature of 32°C oxygen consumption in the whole body 

is reduced by 45% (reviewed by Chai, 2013). Hypothermia has been proven to lower the 

occurrence of brain ischaemia (Bernard et al, 2002). Metabolic rate in the brain is reduced 

exponentially as the temperature drops causing minimal psychomotor adverse effects with 

circulatory arrest for up to 41 minutes at 18°C (Wypij et al, 2003). Deep (˂20°C) and 

moderate (˃25°C) hypothermia have been showed to inhibit inflammatory responses and to 

delay the onset of inflammation after cardiac surgery (Kimura et al, 2002; Drapalova et al, 

2014).  
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Cardioplegia 

Cardioplegia is achieved through the use of solutions causing depolarization or 

hyperpolarization of the membrane and mechanical arrest of the heart in order to stop all 

electrical and contractile activity. The composition of solutions varies according to 

institutions as there is no consensus regarding the most appropriate method, likewise there 

is no clear conclusion on the use of hypothermia in favour of cardioplegia or both (reviewed 

by Chai, 2013). 

Cardioplegia can be induced by using blood or crystalloid solutions; blood cardiople gia 

would present certain advantages such as the ability to transport oxygen, a similar osmotic 

and electrolyte composition and the capacity to reduce oxidative stress by scavenging free 

radicals with a relative benefit of blood over crystalloids (Zeng et al, 2014; reviewed by 

Chai, 2013).  

A paediatric study found that cold blood cardioplegia followed by warm blood reperfusion 

preserved adenosine triphosphate (ATP) in cyanotic patients (Modi et al, 2004), however 

there is no definite conclusion on the advantages of one approach and the decision is made 

by particular institutions and surgical teams.  

High O2 administration 

High concentration of oxygen reaching 100% is routinely delivered during and after CPB in 

order to prevent cellular hypoxia as oxygen delivery may be altered by several factors 

including changes in microcirculation, hypothermia, fluid shift, blood loss and myocardia l 

dysfunction. This preventive measure, although necessary, is not harmless as it can increase 

systemic oxidative stress and has an impact in the metabolic processes taking place within 

the heart after hypoxia and reperfusion (reviewed by Spoelstra-de Man et al, 2015).   

Further preventive measures involve adequate management during and after CPB includ ing 

haemofiltration, leukocyte filtration, the use of heparin coated circuits, use of steroids, filters 

to avoid air and emboli, and maintainance of pressures, antigoagulation, pH levels, 

haematocrit and glycaemia control (reviewed by Berkowitz and Gaynor, 2013). 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Spoelstra-de%20Man%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=26348878
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1.4 Ischaemic Reperfusion Injury 

Organs can be safely exposed to ischaemia for an established period of time which can be 

extended by reducing metabolic needs; cardioplegia and hypothermia are routinely used as 

protective measures during cardiac surgeries in order to allow the exposure of the heart to 

ischaemia while limiting irreversible damage (Hearse et al, 1976; Dapralova et al, 2014).  

Early reperfusion has the potential to limit the injury and improve postoperative outcome, 

nevertheless reperfusion itself triggers processes including oxidative stress that result in a 

further insult to the susceptible cardiac tissue increasing the injury already caused by 

ischaemia in a process known as ischaemic reperfusion injury (IRI) first described in a dog 

model more than fifty years ago (Jennings et al, 1960); therefore the final injury area results 

of multiple events taking place during ischaemia and reperfusion including microvascular 

and contractile dysfunction, arrhythmia and myocyte death (reviewed by Hausenloy and 

Yellon, 2013). 

After the myocyte membrane loses integrity, enzymes  such as lactate dehydrogenase, 

creatine-kinase (CK), creatine-kinase cardiac isoenzyme (CK-MB) and cardiac troponin 

(cTn) are released; these enzymes are used as markers for the diagnosis and establishment 

of the extent of the final cardiac injury (reviewed by Halestrap and Pasdois, 2009; Fathil et 

al, 2015). 

In addition to this, systemic reactions take place in response to extracorporeal circulat ion; 

the contact of blood with foreign surfaces triggers inflammatory and immunologic responses 

throughout the body which may cause a systemic inflammatory response syndrome (SIRS) 

that could result in severe end organ damage, leading to neurological injury, lung and renal 

dysfunction (reviewed by McGuinness et al, 2008; Pągowska-Klimek et al, 2015).  

1.4.1 Ischaemia 

After the aorta is clamped during the second stage of CPB, the heart is rendered ischaemic. 

Low levels of oxygen and ATP are received by the myocardium forcing it to go into an 

anaerobic metabolism through glycolisis causing lactic acid to accumulate and the potential 

of hydrogen (pH) to drop (reviewed by Tapuria et al, 2008; Kharbanda et al, 2010). Most of 

the ATP is obtained by glycolysis and is consumed by the mitochondria in order to mainta in 

its membrane potential (reviewed by Murphy and Steenbergen, 2008). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=P%C4%85gowska-Klimek%20I%5BAuthor%5D&cauthor=true&cauthor_uid=26703090
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Compensatory mechanisms are triggered; excessive positively charged protons activate the 

sodium/hydrogen (Na+/H+) pump exchanger (NHE), introducing an overload of Na+.  As 

there is a lack of ATP the sodium/potassium (Na+/K+) ATPase, usual compensatory 

mechanism and ATP dependant, is not able to compensate for the excess of Na+ trigger ing 

the NA+/Ca2+ pump which balances Na levels at the cost of mitochondrial and cytosolic Ca2+ 

surplus leading to a state of cardiomyocite hypercontractility (Tani and Neely, 1989; 

reviewed by Hausenloy and Yellon, 2013). Ca2+ overload is further enhanced due to low 

transport of cytosolic Ca2+ into the sarcoplasmic reticulum (Krause and Hess, 1984; Kaplan 

et al, 1992).  

As a response to low ATP, adenylate kinase acts  rising adenosine monophosphate (AMP) 

levels, some AMP is converted into adenosine which enters a purine degradation pathway; 

these nucleosides drip out of the cell, producing vasodilation and an eventual depletion of 

adenine nucleotides (reviewed by Halestrap and Pasdois, 2009). 

1.4.2 Reperfusion 

After the circulation is restored once the aorta is de-clamped, the heart receives a sudden 

supply of blood containing high oxygen concentration (100%) which is used in order to 

protect the brain during surgery. The oxygen received is excessive for the adapted cardiac 

tissue resulting in significant harm (Hearse et al, 1973) whilst starting the production of 

reactive oxygen species (ROS) along with macrophage activation while the pH levels go 

rapidly back to normal (reviewed by Tapuria et al, 2008). Restored pH levels lead to a loss 

of cellular viability in a ‘pH paradox’ (Bond et al, 1991); this in combination with the very 

specific conditions resulting from ischaemia: oxidative stress, adenine nucleotide depletion 

and high Ca2+ levels which are not compensated fast enough, results in the opening of the 

mitochondrial permeability transition pore (MPTP), a protein complex which acts as a 

nonselective channel of the inner mitochondrial membrane (reviewed by Halestrap and 

Pasdois, 2009). This causes the mitochondrial membrane potential to collapse resulting in 

ATP exhaustion, leakage of apoptotic factors and further rise of ROS leading to cell death 

by apoptosis and necrosis (reviewed by Murphy and Steenbergen, 2008). Intercellular 

junctions disseminate these effects to neighbouring cells increasing the final cardiac injury 

(reviewed by Kharbanda, 2010).  
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1.4.3 Mechanisms 

Hypercontrature of cardiomyocites / Ca2+ overload 

High Ca2+ concentration results after cellular transporters attempt to balance conditions of 

reperfusion and ischaemia; in addition sarcolemmal L-type Ca2+ channels and a poor import 

of cytosolic Ca2+ into the sarcoplasmic reticulum contribute to excessive concentration of 

Ca2+ (reviewed by Turer and Hill, 2010).  

Excessive cytosolic Ca2+ induces contraction in an uncontrolled manner once ATP 

production recovers causing hypercontractility (reviewed by Rodríguez-Sinovas et al, 2007); 

in addition to this, rigor-induced cellular shortening takes place as a response to a slow 

metabolic recovery while cytosolic ATP is sustained at minimal levels as would occur in 

severely harmed mitochondria after reperfusion (Ventura-Clapier and Veksler, 1994). 

Electrical coupling between cells is an important process that links cardiomyocytes through 

gap junctions in specialised areas allowing coordinated contraction, Ca2+ overload disrupts 

this process leading to arrhythmias (reviewed by Ruiz-Meana et al, 2008). Connexin 43, a 

gap junction protein, has been linked to the spread of IRI as prolonged ischaemia causes the 

protein to dephosphorylate increasing permeability between cells (Schulz et al, 2003).  

Animal studies have shown that avoiding Ca2+ overload by the use of intracoronary Ca2+ 

channel antagonists or by inhibiting the Na+/H+ pump exchanger limits the resulting injury 

(Klein et al, 1989; Gumina et al, 1999). Large clinical trials however have not reproduced 

these positive results in humans where reducing Ca2+ overload by using eniporide, the same 

inhibitor of the Na+/H+ antiporter used in the mentioned animal study, did not have a 

beneficial effect over the final injury in the clinical setting (Zeymer et al, 2001). Simila r ly, 

the use of caldaret, a compound that inhibits Na+/Ca2+  exchange and potentiates Ca2+ intake 

to the sarcoplasmic reticulum, failed to show benefit (Bär et al, 2006). It has been suggested 

that different timing of drug administration between animal and human studies which due to 

clinical circumstances in myocardial infarct patients was later than animal protocols, could 

be linked to the conflicting results as Ca2+ overload would be expected to have happened 

already (reviewed by Ibanez et al, 2011).  

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ventura-Clapier%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8156639
http://www.ncbi.nlm.nih.gov/pubmed?term=Ventura-Clapier%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8156639
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pH restoration 

The rapid normalization of pH to physiologic levels plays an important role in the 

mechanisms of injury; the effect of acidosis in myocardial viability after exposure to 

ischaemia has been assessed in rat culture models showing that a normal pH with or without 

re-oxygenation was linked to a 90% loss of viability while maintaining acidosis resulted in 

survival of all cultured cells, linking a fast return to a normal pH to cardiac injury 

independently of other factors that may contribute to the injury as well (Bond et al, 1991).  

Controlled acidotic media proved to prevent hyper-contractility and spiking of cytosolic Ca2+ 

(Ladilov et al, 1995); in addition low pH re-oxygenation prevented MPTP opening and 

depolarization (Kim et al, 2006). It has also been suggested that bicarbonate (HCO3-) 

transport plays an important role in pH recovery during reperfusion, hence inhibiting the 

Na+/HCO3- symporter (NBS) along with the NHE prevent hypercontracture (Schäfer et al, 

2000). 

 

Mitochondrial permeability transition pore (MPTP) 

The mitochondrial membrane is formed by an outer membrane (OM) and an interna l 

membrane (IM) which during physiologic conditions is extremely selective or virtua lly 

impermeable, however permeability may occur under specific circumstances leading to 

apoptosis and necrosis; permeability is the consequence of the organization of the proteins  

adenine nucleotide translocator from the IM and voltage-dependent anion channel from the 

OM into the MPTP which is formed between the two membranes (reviewed by Kroemer and 

Reed, 2000; Bernardi et al, 2015). 

MPTP opens in response to Ca2+ overload, a reaction further promoted by the presence of 

ROS, inorganic phosphate and a low IM potential, as this happens the IM is depolarised and 

the matrix swells causing the OM to breach, as a consequence proteins from the 

intermembrane space reach the cytosol triggering caspases leading to cellular death 

(reviewed by Heusch et al, 2010; Bernardi et al, 2015).  

Preventing MPTP opening has been shown to reduce IRI in vivo and ex vivo models (Ong et 

al, 2014); inhibition of MPTP opening using cyclosporine-A, an immunosuppressive drug 
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that acts blocking the action of cyclophiline-D with a pore component, has been proven to 

prevent IRI in several ex-vivo studies and is linked to Ca2+ control (Nazareth et al, 1991; 

Griffiths et al, 2000). Similar findings were obtained after a pilot clinical trial showed that 

administration of cyclosporine-A in patients during reperfusion treatment of myocardia l 

infarction resulted in a smaller infarct when compared to placebo (Piot et al, 2008).  

 

Oxidative stress and endothelial dysfunction 

Endothelial dysfunction was first shown in coronary arteries of dogs exposed to ischaemia 

and reperfusion which failed to relax in response to vasodilators such as thrombin (Ku, 1982) 

and acetylcholine (VanBenthuysen et al, 1987); this effect was strongly present after 

reperfusion, not so following ishcaemia only, and persisted in a chronic manner due to 

abnormally regenerated endothelial cells (Kaeffer et al, 1996), it has been suggested that it 

is established before necrosis takes place (Tsao et al, 1990).   

Free radical increase has shown to be involved in this process as relaxation was preserved 

when superoxide scavengers such as SOD were used (Mehta et al, 1989); free radicals act 

through an inhibitory effect in the production of NO which would fail to inhibit neutrophil 

activation while free radicals potentiate neutrophil adhesion to the endothelium making it 

possible for an amplified endothelial injury to take place (reviewed by Laude et al, 2001). 

Endothelial injury leads to a rise in vascular permeability and signalling for inflammatory 

cells (reviewed by Turer et al, 2010). Furthermore, NO has a well-known role inhibit ing 

platelet aggregation (Radomski et al, 1987), hence the lack of NO activity could lead to 

vasospasm as well as thrombosis. 

During reperfusion significant oxidative stress is generated starting with a rise in free 

radicals, which are highly reactive, unstable and have a short life; free radicals and oxidants 

such as ROS are part of physiologic metabolism and signalling while kept under control by 

homeostatic scavenging systems, however their increase in stress situations can cause 

significant damage to cellular components through membrane lipid peroxidation, protein 

denaturation and deoxyribonucleic acid (DNA) breakage (reviewed by Zweier and Talukder, 

2006; Zhou et al, 2015).  

http://www.ncbi.nlm.nih.gov/pubmed?term=Zweier%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=16580655
http://www.ncbi.nlm.nih.gov/pubmed?term=Talukder%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=16580655
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Myocardial injury has been linked to oxidative stress in animal and human studies (Zweier  

et al, 1989; Ferrari et al, 1990). ROS production and build up, in addition to antioxidant 

consumption have been associated to injury and cardiac contractile dysfunction (reviewed 

by Ibanez et al, 2011). Evidence suggests a cardioprotective effect of free radical scavengers 

such as antioxidants, superoxide dismutase (SOD) and glutathione peroxidase (GSHpx) 

including influence of the expression of genes linked to antioxidant processes to the outcome 

after ischaemia (reviewed by Marczin et al, 2003).  

NO is a relatively stable free radical and a gaseous signalling molecule with particular 

physiologic and pathologic functions; according to its concentration and external conditions 

it can provide protection or additional damage. It is typically accepted that low 

concentrations of NO have a protective effect involving cyclic guanosine monophosphate 

(cGMP) signalling and an inhibition of mitochondrial Ca2+ accumulation while having the 

opposed ability to increase superoxide production and its detrimental consequences 

(reviewed by Halestrap and Pasdois, 2009; Zhao et al, 2015).  

NO is synthesised from L-arginine by the enzyme nitric oxide synthase (NOS) (Moncada et 

al, 1989); two of its isoforms are constitutive: endothelial NOS (eNOS) and neuronal 

(nNOS), while inducible NOS (iNOS) is expressed as a response to inflammatory signal l ing 

and can produce higher levels of NO (reviewed by Ibanez et al, 2011; Zhao et al, 2015). 

Low NO availability has been recognised as a possible IRI mechanism, therefore 

investigation of NO donors as potential preventive measures has attracted interest. 

Nicorandil, a mitochondrial ATP sensitive potassium (mitoKATP) channel opener and NO 

donor proved beneficial when administered as a single dose to infarct patients before 

reperfusion in an initial considerably large clinical trial (Ishii et al, 2005), however 

conflicting results were obtained in an even larger clinical trial which found no difference 

on infarct size after administering nicorandil in a continuous dose, it should be noted that 

further oral nicorandil was linked to higher ejection fraction during patient recovery 

(Kitakaze et al, 2007). 

Hydrogen sulfide (H2S) is a different gas messenger involved in vascular relaxation, 

angiogenesis and IRI; it has been linked to cardioprotection, NO activity, mitoKATP channels, 

kinase pathways and inhibition of oxidative stress; it has been shown that neonatal rat 

cardiomyocytes treated with a H2S donor stimulated enzymatic activity reducing levels of 
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ROS (Sun et al, 2012). IRI studies have shown H2S cardiac protection effects includ ing 

apoptosis reduction and smaller infarct size (Li et al, 2015).  

Enzymatic activity of super oxide dismutase (SOD) has a role controlling the levels of ROS, 

there are three active forms in humans including soluble, copper-zinc SOD (CuZnSOD, 

SOD1), Mitochondrial manganese SOD (MnSOD, SOD2) and extracellular SOD (ecSOD, 

SOD3) (reviewed by Bresciani et al, 2015). 

Stimulation of SOD has proven protective in several animal models of IRI (Chen et al, 1998; 

Wang et al, 1998). These results were not always reproduced and two small initial clinica l 

trials failed to show a protective benefit from the administration of human recombinant SOD 

during post-ischaemic procedures (Murohara et al, 1991; Flaherty et al, 1994).  

Since then further investigation has shown that increased activity of CuZn SOD and MnSOD 

has a protective effect during IRI circumstances (Sun et al, 2012); a study performed in 

transgenic (Tg) mice presenting with overexpression of cardiomyocyte specific extracellular 

SOD (ecSOD) resulted in increased availability of NO and a directly measured attenuation 

of ROS related to a smaller injury implying a possible therapeutic pathway (Obal et al, 

2012); ecSOD was also assessed in an intra-myocardial transplantation model of gene 

modified bone marrow cells obtaining smaller infarct size after ischaemia and reperfusion 

involving the control of apoptotic factors (Pan et al, 2014). 

 

Apoptosis 

Evidence suggests that during ischaemia necrosis accounts for cardiomyocyte death while 

apoptosis is initiated during ischaemia but does not take place until reperfusion (Gottlieb et 

al, 1994; Freude et al, 2000); an acceleration of apoptosis has also been observed during 

reperfusion in animal models and a human trial (Fliss et al, 1996; Veinot et al, 1997).  

Apoptosis is one of the consequences of several processes taking place during ischaemia and 

reperfusion including gene activation, stimulation of caspases, mitochondrial activity 

including MPTP opening, loss of membrane potential and cytochrome C release, nuclear 

and cellular shrinkage and fragmentation, selective modification of the cellular membrane 

and DNA fragmentation by the activation of endonucleases (reviewed by Buja, 2005). 
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Preventing apoptosis mechanisms using caspase-3 inhibitors has successfully reduced injury 

size with the protective effect taking place only when accurately timing the intervention 

before reperfusion (Mocanu et al, 2000; Zhao et al, 2003; Lee et al, 2011). 

 

Autophagy  

Autophagy is a physiologic intracellular process that degrades and recycles long lived 

organelles and proteins, this process can be further triggered by stress and it has been 

recognised that autophagy activity is raised in the myocardium after ischaemia (Yan et al, 

2005).  

Reduction of autophagy by the use of the inhibitor urocortin during IRI in a neonate and 

adult rat in vitro model resulted in the inhibition of cellular death (Valentim et al, 2006); 

conversely a second study performed in atrial derived cultured cells proved that enhanced 

autophagic activity had protective properties against IRI (Hamacher-Brady et al, 2006). An 

analysis of different pathways leading to autophagy has brought to light that its mechanisms 

during ischaemia are different to those during ischaemia/reperfusion along with evidence 

that autophagy would be protective during ischaemia while playing a damaging role during 

reperfusion (Matsui et al, 2007).  

 

Inflammation and Immunity 

Humoral Response 

Complement 

The complement cascade is part of the innate immune system consisting of more than 30 

proteins that interact in different pathways in order to act against bacteria, link innate to 

adaptive immunity, and remove immune complexes and products of inflammatory injury 

(reviewed by Walport, 2001).  

Complement can be triggered by ischaemia and is exacerbated during reperfusion; ischaemia 

triggers the complement cascade as during necrosis mitochondrial components includ ing 

cardiolipin are released and bind to early factors of the complement cascade such as C1, C2, 
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C3 and C4 and in addition remain as binding sites for later components including C5a and 

C5b (Rossen et al, 1994).  

It has been suggested that late complement mediators such as C5 have a clear role in the 

physiopathology of IRI while early components participation including C3a has not been 

elucidated but seems to be minor (Busche and Stahl, 2010). 

Active complement mediators such as C5b-9 alter the production of ROS and Ca2+ flux, 

contributing to IRI (Kim et al, 1987; Berger et al, 1993). Interaction between endothelia l 

cells and leukocytes altering vascular homeostasis is mediated by the complement; C5a 

stimulates vasodilation and promote neutrophil chemotaxis, aggregation and production of 

ROS but also stimulates vasoconstriction through the production of thromboxane from the 

interaction of platelets with polymorphonuclear cells. C5b-9 influences endothelial response 

modifying its interaction with neutrophils by an increase in the production of von Willebrand 

factor while leukocyte adhesion molecule is upregulated through the action of nuclear factor 

kappa B (NF-κB), it alters endothelium relaxation and stimulates leukocyte activation and 

migration while causing neutrophils to produce ROS, proteolytic enzymes and arachidonic 

acid metabolites (reviewed by Stahl et al, 2012). 

Inhibition of C5 has proven to protect against cardiac IRI in a rat model (Vakeva et al, 1998), 

clinical studies assessing the efficacy of the C5 inhibitor pexelizumab have shown 

inconclusive results with initial promising evidence showing cardioprotection during 

percutaneous interventions after myocardial infarction (Granger et al, 2003) and coronary 

artery bypass graft (CABG) procedures using CPB (Shernan et al, 2004; Verrier et al, 2004). 

However, larger trials showed only a non-significant positive effect when applied to similar 

groups of patients (APEX AMI investigators et al, 2007; Smith et al, 2006).  

Further investigation has been done on C5a receptors, whose lack has proven to be protective 

in a murine model involving a reduced recruitment of inflammatory cells to the injury site 

presenting a lower endothelial transmigration (Mueller et al, 2013). 

Paediatric surgeries using CPB have been proven to activate the complement lectin pathway 

which has a link to the development of SIRS (Pągowska-Klimek et al, 2015); furthermore 

patients presenting insufficiency of lectin binding factors had a lower risk of developing 

SIRS after cardiac surgery (Pągowska-Klimek et al, 2016).  

http://www.ncbi.nlm.nih.gov/pubmed?term=Busche%20MN%5BAuthor%5D&cauthor=true&cauthor_uid=20930931
http://www.ncbi.nlm.nih.gov/pubmed?term=Stahl%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=20930931
http://www.ncbi.nlm.nih.gov/pubmed/?term=P%C4%85gowska-Klimek%20I%5BAuthor%5D&cauthor=true&cauthor_uid=26703090
http://www.ncbi.nlm.nih.gov/pubmed/?term=P%C4%85gowska-Klimek%20I%5BAuthor%5D&cauthor=true&cauthor_uid=26703090
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ROS 

ROS are involved in the physiopathology of IRI as mentioned before, in addition to its 

oxidative stress effects they have a role as inflammatory triggers inducing the action of 

cytokines and leukocyte chemotaxis (reviewed by Frangogiannis et al, 2002).   

Cytokines 

Several cytokines play a role on the mediation and establishment of IRI, factors involved in 

the process include cellular adhesion molecules such as selectins as well as interleuk ins. 

Mast cells localised at the injury site degranulate and release tumour necrosis factor alpha 

(TNF-α) which starts a cytokine cascade by stimulating the activity of IL-6 in leukocytes 

leading to the induction of intercellular adhesion molecule-1 (ICAM-1) which is responsible 

for neutrophil response (Frangogiannis et al, 1998).  

TNF-α and IL-1 in combination with ROS are also responsible for triggering the activity of 

NF-ĸB which is an important transcription factor controlling the up and down regulation of 

several inflammatory, adhesion and growth mediators making it a key control point for stress 

response, immune function and oncogenesis (reviewed by Tornatore et al, 2012).   

 

Cellular Response 

Leukocyte activity and migration after injury follow an established model mediated by 

cellular adhesion molecules (CAMs) starting with thetering which is facilitated by selectins 

where transient adhesion induces cellular rolling; triggering follows through the mediation 

of chemokines causing integrin activation to then continue with strong adhesion, mediated 

by integrins, and migration as leukocytes travel into the tissue influenced by promigratory 

factors (Adams and Shaw, 1994; reviewed by Cook-Mills et al, 2011). 

After an ischaemic episode neutrophils are trapped in site and adhere to the capillary 

endothelium blocking reperfusion; chemotactic signalling changes the shape of neutrophils 

making them less malleable, they accumulate and initiate the action of adhesion molecules 

(reviewed by Frangogiannis et al, 2002).  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Cook-Mills%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=21050132
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Neutrophils rarely interact with the vessel wall, they roll instead in a process mediated by 

the CAM selectin family which include L-selectin (CD65L), E-selectin (CD26E), and P-

selectin (CD62P); L-selectin is constitutively expressed by leukocytes while E-selectin 

follows de novo synthesis only and P-selectin is constitutively found in platelets and 

endothelium, however all three molecules are involved in leukocyte migration into tissues 

(Hahne et al, 1993). Different patterns of P-selectin expression have been shown in a rat IRI 

model (Chukwuemeka et al, 2005), while blocking E and L-selectin resulted in attenuated 

neutrophil migration  in sheep (Carter et al, 2000).   

Strong adhesion of neutrophils to the endothelium requires the activity of CD11/CD18 (β2) 

integrins over ligands in the endothelium such as ICAM-1, activation of CD11/CD18 takes 

place after the neutrophil is exposed to chemotactic molecules including IL-8 and platelet 

activating factor (PAF); transmigration finally occurs as a result of chemotactic stimulus and 

activity of platelet-endothelial cell adhesion molecule-1 (PECAM-1) (reviewed by Albelda 

et al, 1994; Lyck and Enzmann, 2015).  

Interaction between ICAM-1 and the CD11b component may be crucial for trigger ing 

respiratory dysfunction in the neutrophil leading to oxidative injury in the myocyte (Entman 

et al, 1992). Blocking PECAM-1 has effectively limited IRI in rat and cat models through 

inhibiting transendothelial migration of neutrophils (Gumina et al, 1996; Murohara et al, 

1996).  

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Lyck%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25427141
http://www.ncbi.nlm.nih.gov/pubmed/?term=Enzmann%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25427141
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1.5 Conditioning of the heart 

Ischaemic cardiac conditioning consists of the application of several brief periods of 

ischaemia and reperfusion before (pre-conditioning), during (per-conditioning) or after 

ischaemia (post-conditioning). This model of controlled ischaemia triggers endogenous 

cardioprotective mechanisms which act after the stimulus has been withdrawn in order to 

limit IRI (Zhao et al, 2003; Cheung et al, 2006; Bøtker et al, 2010). 

 

1.5.1 Pre-conditioning 

During planned periods of heart ischaemia such as in elective cardiac surgeries, there is the 

potential to apply upfront preventive strategies. Several established techniques previously 

reviewed in this chapter are routinely applied during surgery to limit myocardial injury 

allowing the safe conduct of the procedure. Despite this, myocardial injury occurs 

particularly with extended periods of cardiopulmonary bypass and ischaemia.  

Pre-conditioning has emerged as a potential strategy which may provide additiona l 

protection to the myocardium. Conditioning prior to cardiac surgery involving CPB can be 

either pharmacological or mechanical; the research in this thesis will focus on mechanica l 

pre-conditioning only. 

 

1.5.2 Direct ischaemic pre-conditioning 

Direct ischaemic preconditioning involves the exposure of the heart to brief periods of 

ischaemia through aortic clamping previous to the ischaemic phase of CPB in order to 

generate protection against ischaemia and IRI during CPB through the activation of 

protective pathways involving endothelial function, blood flow and a reduction of 

inflammatory cell activity (reviewed by Tapuria et al, 2008). 

This process, first tested in a canine model thirty years ago (Murry et al, 1986) and 

subsequently in human patients (Yellon et al, 1993) has been evaluated in numerous trials 

producing beneficial results regarding its systemic effects and over different organs 

including the heart by conferring protection against IRI (Codispoti et al, 2006; Reutzel-Se lke 
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et al, 2008; Franchello et al, 2009) while producing important changes including metabolic 

adaptation and facilitating cell survival (Nadtochiy et al, 2015).  

Unfortunately the invasive nature of the intervention is a major drawback. Aortic clamping 

has been linked to pulmonary complications, heart failure and spinal cord injuries secondary 

to ischaemia (reviewed by Gelman, 1995). Although clamping is a necessary measure during 

CPB, additional insults could cause harm to the aorta and the already vulnerab le 

myocardium.  

 

1.5.3 Remote ischaemic preconditioning 

Remote ischaemic preconditioning (RIPC) has emerged as a non-invasive alternative to 

direct preconditioning. It is based on the principle that inducing non-lethal ischaemic 

stimulus to a tissue bed remote from the heart could potentially trigger the same protective 

mechanisms as direct conditioning, providing local and systemic resistance to subsequent 

ischaemic exposure and IRI (Kharbanda et al, 2002). 

The RIPC concept, was initially realised in a dog model when a myocardial region was 

protected from IRI by inducing temporary ischaemia by coronary occlusion subtending a 

different myocardial region (Przyklenk et al, 1993). Later, using a pig model it was found 

that stimulus in non-myocardial tissue could protect the heart as limb preconditioning was  

proven to reduce the extent of myocardial infarction (Kharbanda et al, 2002).   

RIPC works through local and systemic pathways including neural, humoral and subcellular 

responses which act through two identified phases of protection, an early phase or first 

window of protection and a late phase or second window of protection.  

    

1.5.4 Early phase of protection 

During the early protective phase acute fast responses take place through post-translationa l 

modification of existing proteins, with protective effects starting immediately after the 

preconditioning stimulus. It has been shown that inhibition of protein synthesis does not alter 

the RIPC response (Thornton et al, 1990); thus the process is not dependant on gene 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Nadtochiy%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=26388263
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activation and protein synthesis but on the regulation of metabolic pathways which decay 

with time, resulting in protection loss after 3 to 4 hours (reviewed by Tapuria et al, 2008).  

Mechanisms acting during the acute phase of protection are transmitted through humoral 

and neural pathways (Lim et al, 2010), inter-organ communication through extracellular 

vesicles has been recently suggested (Giricz et al, 2014) as well as a role for non-neurona l 

cardiac cholinergic communication (Oikawa et al, 2015).  

 

Neural Pathway 

The neural pathway starts with the activation of afferent fibres by substances produced 

locally at the stimulus area such as bradykinin, adenosine and calcitonin gene-related peptide 

(CGRP) which act on their efferent counterparts leading to cardiac effects (reviewed by 

Aimo et al, 2015; Gill et al, 2015).  

This hypothesis has been supported by loss of protection after nerve sectioning in the 

stimulus area and after the use of receptor antagonists (Lim et al, 2010; Loukogeorgakis et 

al, 2005). Furthermore, neurotransmitters such as CGRP have been linked to protection 

activation (Wolfrum et al, 2005). The neural component of RIPC has also been proven by 

obtaining cardiac protection after the stimulation of skin nociceptors alone, which resulted 

in sympathetic activity and cardiac sensory responses producing heart protection related to 

trauma in animal models (Jones et al, 2009). 

 

Humoral Pathway     

Humoral RIPC activity depends on the local production of substances that would reach the 

myocardium through the bloodstream as the full effect of RIPC does not seem to be present 

unless circulation is restored (reviewed by Aimo et al, 2015).  

The humoral theory is supported by experimental evidence showing that transfusion of blood 

from a conditioned animal resulted in cardiac protection in a second recipient animal 

(Dickson et al, 1999). Furthermore it has been demonstrated that human blood dialysate 

following RIPC provided protection in rabbit hearts, suggesting cross species effects 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Loukogeorgakis%20SP%5BAuthor%5D&cauthor=true&cauthor_uid=16053957
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(Shimizu et al, 2009). In addition, models of heart transplant showed that when RIPC was 

induced in the recipient animal, the donor heart presented a reduced infarct size after 

transplantation; as no neural connection was present, the effects can be attributed to humora l 

activity (Konstantinov et al, 2005). 

 

Early phase of protection pathway 

Subcellular mechanisms start after the release of adenosine, bradykinin and opioids, all 

agonist ligands to G protein coupled receptors (GPCR), which transmit intracellular signals 

initially through the phosphoinositide-3-kinase (PI3K) – protein kinase B (Akt) pathway 

involving anti apoptotic survival kinases (reviewed by Murphy and Steenbergen, 2008). This 

stimulates the activity of the eNOS signaling pathway which includes interactions with nitric 

oxide (NO) and plays a critical role for cardioprotection as shown by loss of the protective 

effects after inhibition of eNOS activity (Yang et al, 2013). 

This process leads to the reduction of anaerobic glycolysis, producing lower levels of lactate 

and less acidosis, a factor that contributes to reduce intracellular Ca. Furthermore, during 

ischemia ATP is consumed at a lower rate in the conditioned tissue, preventing ATP 

depletion (Murry et al, 1990; Finegan et al, 1995).  

In addition, GPCR agonists start a cascade via the activation of protein kinase C (PKC), 

which controls mitochondrial ATP sensitive potassium (mitoKATP) channels which regulate 

mitochondrial matrix volume; after PKC activation mitoKATP channels open resulting in a 

reduction of the mitochondrial membrane potential, decreasing Ca uptake and its 

concentration during reperfusion thus preserving mitochondrial integrity (reviewed by 

Murphy and Steenbergen, 2008; Costa, 2013; Simkhovich et al, 2013).  

Preservation of mitochondrial enzyme activities through post-translational mechanisms have 

been shown to attenuate tissue hyperoxygenation, reducing the formation of ROS during 

ischaemia (Zhu et al, 2007).   

PKC has also been linked to inhibition of apoptosis as it interacts with the MPTP directly, 

preventing it from opening and thus stopping the collapse of the mitochondrial membrane 

potential (Baines et al, 2003). Figure 1.3 shows the RIPC cascade. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Konstantinov%20IE%5BAuthor%5D&cauthor=true&cauthor_uid=15973170
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Numerous mediators act during this process, recently the small protein stromal cell-derived 

factor-1 (SDF-1α) has been hypothesised to be involved, SDF-1α is hypoxia induced and 

has the ability to promote cardioprotection acutely through its receptor CXCR4 which 

controls responses through the reperfusion injury salvage kinase (RISK) pathway; increased 

levels of SDF-1α in plasma were linked to infarct size reduction, presenting a loss of the 

effects after experimental CXCR4 receptor block (Davidson et al, 2013).  

In addition certain miRNAs that influence signalling pathways such as P-Akt and MAPK 

have been identified as early RIPC mediators (Li et al, 2014). 

Early onset of increased coronary blood flow and a higher diastolic volume have been 

reported which seem to prevent reperfusion induced arrhythmias and to limit infarct size 

while preserving left ventricular function (reviewed by Costa et al, 2013).   

 

1.5.5 Late phase of protection   

Mediated by a high rate synthesis of new cardioprotective proteins, the mechanisms 

involving the second window of protection respond to gene activation, producing a 

phenotypic modification in the cardiac tissue related to inflammation and oxidative stress. 

Protective effects are seen 12 to 24 hours after the stimulus and remain active for 3 to 4 days 

(Kuzuya et al, 1993; Tang et al, 1996; Rizvi et al, 1999; reviewed by Costa et al, 2013).  

After the RIPC stimulus signalling molecules acting as triggers are released causing the 

activation of kinases which stimulate the action of transcription factors, causing up-

regulation or inhibition of target genes coding for proteins which work as late phase 

mediators influencing inflammation, MPTP opening and endothelial dysfunction (Figure 

1.3) (reviewed by Tapuria et al, 2008; Costa et al, 2013). 

Certain mechanisms such as the opening of mitoKATP channels, which allows the 

conservation of the mitochondrial membrane potential are involved in both early and late 

phases of protection (Xu et al, 2001).  

Attenuation of tissue hyperoxygenation is achieved during late RIPC by improving oxygen 

consumption in the mitochondria through the induction of synthesis of mitochondria l 

proteins consequently maintaining its enzymatic activity (Li et al, 2011).  It has been 
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established that mitochondrial and death receptor pathways of apoptosis are also regulated 

during late RIPC (Stein et al, 2007). An involvement of protein kinase A (PKA), PI3K and 

serine threonine kinase Akt through the stimulation of NO synthesis has been found in 

animal endothelial cells (Bellis et al, 2009). 

Candidate genes coding for transcription factors, antioxidants, glycolysis enzymes and 

inflammatory genes have been linked to preconditioning (reviewed by Simkhovich et al, 

2003; Li et al, 2011). Certain genes such as NF-κB, and hypoxia- inducible factor 1 (HIF-1) 

have been identified as transcription factors that play an important role in late RIPC 

(reviewed by Tranter et al, 2010; Ong and Hausenloy, 2012). 

Although NF-κB mediates inflammation during IRI it triggers an opposite effect on the heart 

after 24 hours of the RIPC stimulus as its increased levels cause its inhibitor IĸB to act 

resulting in a reduction of NF-ĸB after reperfusion, followed by iNOS enhanced expression 

and NO production which would have anti-inflammatory effects, with the overall process 

reflecting in a reduction of infarct size and improved ventricular performance (reviewed by 

Costa et al, 2013).  

During the second window of protection even more enhanced anti-inflammatory reactions 

take place as genes involved in apoptosis, chemotaxis, exocytosis, migration, cellular 

adhesion and innate immunity are supressed. Protective genes such as heat shock proteins 

and genes acting against oxidative stress have been found to be upregulated while the 

expression of pro-inflammatory mediators was reduced in a human expression profile study 

(Konstantinov et al, 2004).  

The wide variety of agents acting during the late phase of protection may involve humoral 

or neural activity, however they are not referred in this thesis as acting in the humoral or 

neural pathways that mediate the initial steps of the process but as final effectors. 
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Figure 1.3. Mechanisms of early and late phases of RIPC protection. After RIPC 

stimulus in an organ such as a limb, initial mediators are rapidly upregulated and reach the 

cardiac and end organ tissues through humoral and neural pathways while starting a systemic 

RIPC stimulus
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response, intracellular signalling leads to the activity of end effectors after post-translationa l 

protein modification during the early phase of protection. At the same time signall ing 

molecules activate transcription factors leading to stimulating the expression of key genes 

which then act on late phase end effectors. These modifications prevent the metabolic and 

toxic effects taking place during IRI providing cardiac protection. Abbreviations: CGRP: 

calcitonin gene related peptide; COX-2: cyclooxygenase 2; eNOS: endogenous nitric oxide 

synthase; HIF-1: hypoxia inducible factor 1; HSPs: heat shock proteins; iNOS: inducib le 

nitric oxide synthase; JAK/STAT: janus kinase/signal transducers and activators of 

transcription; MAPK: mitogen-activated protein kinase; mitoKATP: mitochondria l 

potassium ATP dependent; MnSOD: mitochondrial antioxidant manganese superoxide 

dismutase; MPTP: mitochondrial permeability transition pore; NF-ĸB: nuclear factor kappa 

B; NO: nitric oxide; PI3K/Akt: phosphoinositide 3-kinase/protein kinase B; PGs: 

prostaglandins; PKC: protein kinase C; PTK:  protein tyrosine kinase; RISK: reperfusion 

injury salvage kinase; RIPC: remote ischaemic preconditioning; ROS: reactive oxygen 

species; TLRs: toll like receptors. Original figure based on information by Aimo et al, 2015; 

Costa et al, 2013; Crowley and McIntyre, 2013; Endre 2011; Gill et al, 2015;  Hausenloy 

and Yellon, 2008; Lehotský et al, 2009; Martin-Puig et al, 2015; Yellon and Downey, 2003. 

 

 

Inflammatory response 

RIPC has been shown to have an effect on inflammatory responses which starts after the 

initial stimulus and is considerably heightened during the late phase of protection, causing a 

suppressed proinflammatory transcription in circulating leukocytes with effects on 

chemotaxis, innate immunity, signalling, and apoptosis (Konstantinov et al, 2004). Reduced 

adhesion and modified expression patterns have also been found in neutrophils affecting 

cytokine production, exocytosis and phagocytosis in humans (Shimizu et al, 2010).  

An initial pattern of higher inflammatory activity after RIPC has been shown in cardiac 

surgical patients which would be expected to trigger latter protective reactions; high levels 

of cytokines such as IL-1β, IL-8 and TNF-α, as well as elevated HIF-1α and procaspase-3 

levels and high myeloperoxidase activity by the time of bypass were shown combined with 

a cardioprotective effect after surgery (Albrecht et al, 2013). 

Table 1.6 presents animal studies supporting the numerous mechanisms involved in the 

RIPC process for both phases of protection. While most studies have produced positive 

results reflected in infarct size reduction among other parameters, more recent publicat ions 

have found detrimental results linked to RIPC, specially linked to neonatal myocardium 

(Schmidt et al, 2014b). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Crowley%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=24189650
http://www.ncbi.nlm.nih.gov/pubmed/?term=Crowley%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=24189650
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yellon%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=14506302
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yellon%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=14506302
http://www.ncbi.nlm.nih.gov/pubmed/?term=Konstantinov%20IE%5BAuthor%5D&cauthor=true&cauthor_uid=15304621
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shimizu%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19540519
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Study Species RIPC phase Mechanism Mechanism/ 

Effector 

Outcome 

Gho et al, 1996 Rat  Early  Neural pathway - Infarct size reduction, protection lost by ganglion block. 

Tang et al, 1999 Rabbit  Early and 

late 

Neural pathway CGRP Infarct size and CK reduction. 

Schoemaker and 
van Heijningen, 

2000 

Rat  Early  Neural 
pathway*1 

Bradykinin High bradykinin reduced infarct size. 

Ding et al, 2001 Rabbit  Early  Neural pathway Adenosine Infarct size reduction, effect reduced by adenosine 
antagonists and abolished by nerve section. 

Wang et al, 2001 Rat  Late  - iNOS Infarct size and neutrophil infiltration reduction, effects 

lost by iNOS inhibition.  

Xiao et al, 2001 Rat  Late  Neural activity 
(CGRP) 

iNOS, CGRP Infarct size and CK reduction, effects lost by CGRP and 
iNOS inhibition. 

Hu et al, 2002 Rat  Late  Neural activity CGRP Infarct size and CK reduction, increased CGRP 

expression.  

Liem et al, 2002 Rat  Early Neural pathway Adenosine  Reduced infarct size, effect abolished by ganglion 
block. 

Patel et al, 2002  Rat  Early  Humoral 
pathway 

Opioids Infarct size reduction, effect attenuated by Naloxone 
(opioid receptor antagonist). 

Weinbrenner et al, 
2002 

Rat  Early  Humoral 
pathway 

PKC  
 

Reduced infarct size by PKC up-regulation, ganglion 
block did not interfere 

Li et al, 2004 Mouse  Late  - iNOS, NF-ĸB Infarct size reduction, increased NF-ĸB and iNOS. 
Effects lost in animals with iNOS or NF-ĸB deletions 

Schulte et al, 2004 Mouse  Late  Neural or 

humoral activity 

Adenosine A1 

receptors 

Infarct reduction, effect lost in A1 receptor knockout 

mice. 

Wolfrum et al, 
2005 

Rat  Early Neural and 
humoral 

pathways 

Bradykinin, 
PKC 

Infarct reduction, effects abolished by prevention of 
PKC activation either by bradykinin antagonist or by 

autonomic ganglion block. 
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Konstantinov et al, 
2005 

Pig  Early  Humoral 
pathway 

mitoKATP 

channel 

activation 

Infarct size reduction in preconditioned recipients of 
cardiac transplant after donor heart denervation.  

Zhang et al, 2006 Rat  Early - ĸ-opioid 
receptors 

Infarct size reduction, similar effect produced by a ĸ-
opioid receptor agonist and abolished by its antagonist. 

Heidbreder et al, 

2008 

Rat  Early  Humoral 

pathway 

MAPK 

pathways 

Infarct size reduction, abolished effects by various 

MAPK inhibitors. 

Jones et al, 2009 Mouse  Early  Neural pathway Bradykinin, 
PKC, mitoKATP 
channels 

Infarct size and apoptosis reduction after skin 
nociceptors stimulation.*2 

Wu et al, 2011 Rat  Late phase - MnSOD, 
mitoKATP 

Infarct size and ventricular arrhythmia reduction, 
increased MnSOD. Effects lost after mitoKATP  channel 
blocker use.  

Cai et al, 2013 Mouse  Late phase Humoral activity HIF-1, IL-10 Infarct size reduction linked to IL-10 activated by HIF-

1, effect lost after HIF-1 inhibition. 

Davidson et al, 
2013 

Rat  Early phase Humoral 
pathway 

SDF-1α, 
CXCR4 

receptor 

Infarct size reduction, SDF-1α increased in plasma. 
Effects lost after CXCR4 receptor block. 

Rassaf et al, 2014   Mouse  Early phase Humoral 
pathway 

Nitrite  Infarct size, mitochondrial respiration and ROS 
production reduced, linked to higher nitrite levels.  

Brandenburger et 

al, 2014 

Rat  Early phase - miRNA miR-1 miR-1 differential expression. 

Li et al, 2014 Mouse  Early  and 
late phases 

Humoral miR-144 miR-144 was increased by RIPC in blood and 
myocardium and decreased by IRI.  

Giricz et al, 2014 Rat  Early phase Inter-organ 
communication 

Extracellular 
vesicles 

RIPC increased extracellular vesicles. Perfusates from 
preconditioned donors mediated a reduction in 

recipients’ infarct size.  

Hibert et al, 2014 Rat   Early phase Humoral 
pathway 

- RIPC regulated proteins involved in oxidation, 
inflammation and metabolism. 
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Schmidt et al, 
2014a 

Pig  Early phase - - RIPC combined with metabolic support with glucose 
and insulin reduced infarct size while RIPC alone had a 

tendency for infarct size increase (non significant). 

Schmidt et al, 
2014b 

Rabbit  Early phase Humoral 
pathway 

- Reduced infarct size and better LV function in adult 
hearts. Increased infarct size and poorer LV function in 

neonatal hearts after RIPC. 

Oikawa et al, 2015 Mouse  Early phase Non-neuronal 
cardiac 
cholinergic 

system 

 Acetylcholine  RIPC increased ATP cardiac content. 

Table 1.6. Animal studies on the mechanisms of RIPC. Abbreviations: CGRP: calcitonin gene-related peptide; CK: creatin kinase; CXCR4: 

Chemokine (C-X-C Motif) Receptor 4; iNOS: inducible nitric oxide synthase; miR: microRNA; mitoKATP channel: mitochondrial ATP-sensitive 

potassium channel; MnSOD: mitochondrial antioxidant manganese superoxide dismutase; MPKA: mitogen-activated protein kinase; NF-ĸB: 

nuclear factor kappa B; PKC: protein kinase C; ROS: reactive oxygen species; SDF-1α: stromal-derived-factor-1α. Original Table. 

*1Although the focus of the study was on neural or humoral pathways specifically, overlaps may have been possible. 

*2 Preconditioning stimulus was not ischaemic, used in order to support neural pathway. 
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1.6 RIPC human experience 

Increasing interest in the potential benefits of RIPC has led to an increase in human trials 

over recent years. Patients undergoing planned elective cardiac surgery and CPB present the 

ideal conditions for the application of preconditioning and its potential benefits. RIPC adult 

evidence is more ample, however adult RIPC outcomes may not be applicable in children 

due to age related differences in physiology and immature responses.   

 

1.6.1 RIPC adult evidence 

Numerous RIPC clinical trials have been performed in recent years, a literature search 

resulted in 23 adult human randomised controlled trials (RCT) applying RIPC to patients 

undergoing cardiac surgery and CPB presenting an analysis of cardiac injury and other 

parameters. The majority of studies recruited patients presenting coronary disease who 

required CABG procedures (14), four studies analysed the intervention before valve surgery, 

four trials included any type of cardiac surgery, and one trial recruited high risk cardiac 

procedures only. Table 1.7 shows a summary of the relevant adult RIPC trials to date.  

Study protocols induced ischaemia through the inflation of a blood pressure cuff in an upper 

or lower limb during 3 or 4 ischaemic periods lasting 4, 5 or 10 minutes each intercalated 

with equal periods of reperfusion. Twenty one trials performed the intervention after 

anaesthesia induction and before the surgery started. One study applied RIPC prior to 

anaesthesia induction (Slagsvold et al, 2014), one started the intervention at the moment of 

the first surgical incision (Young et al, 2002), while only one trial applied the intervention 

18 hours before surgery (Wagner et al, 2010).  

Outcome measures for all trials included markers of cardiac injury such as cardiac troponin 

I (cTnI), cardiac troponin T (cTnT), high sensitivity cardiac troponin T (hscTNT), CK-MB, 

B-type natriuretic peptide (BNP), N-terminal pro-brain natriuretic peptide (NTproBNP), 

cardiac function parameters or cardiac tissue analysis. In addition certain studies included 

haemodynamic criteria, inflammatory markers, assessment of renal function with acute 

kidney injury (AKI) criteria and creatinine measurements, as well as neurocognit ive 

dysfunction and brain injury parameters such as S100 (See Table 1.7). 
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The data obtained by these trials presents promising results for the application of RIPC, with 

16 studies presenting positive outcomes, six studies finding absolutely no benefit from the 

intervention and two trials showing detrimental effects (Table 1.7). One trial reported higher 

troponin levels and longer need of adrenaline support in the RIPC group (Young et al, 2012) 

while a second study found a higher incidence of a composite endpoint of myocardia l 

infarction and new arrhythmias in the RIPC group with no difference in cardiovascular 

outcome after six months in procedures using isoflurane as the anaesthetic (Lucchinetti et 

al, 2012).  

Four studies looked at myocardial tissue expression of specific genes, finding higher 

expression of HIF-1α and procaspase 3 before CPB as well as higher myeloperoxidase and 

IL-1β after CPB (Albrecht et al, 2013), increased phosphorylation of signal transducers and 

activators of transcription 5 (STAT5) during reperfusion (Heusch et al, 2012). However no 

difference in iNOS or eNOS expression was demonstrated after RIPC (Wagner et al, 2010). 

Finally microRNA array analysis failed to identify differential expression due to RIPC 

(Slagsvold et al, 2014). 

Tissue analysis showed that RIPC stimulus resulted in increased mitochondrial respiration, 

Akt presented a significantly higher activation before aortic clamp and higher 

phosphorylation of its substrates during reperfusion (Slagsvold et al, 2014). In addition, the 

activity of metalloproteinases 2 and 9 (MMP-2/9), which are involved in tissue remodelling 

following myocardial damage, was attenuated after RIPC and correlated to lower cTnT 

levels (Zitta et al, 2014). 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Slagsvold%20KH%5BAuthor%5D&cauthor=true&cauthor_uid=25456576
http://www.ncbi.nlm.nih.gov/pubmed/?term=Slagsvold%20KH%5BAuthor%5D&cauthor=true&cauthor_uid=25456576
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Study Type of 

trial 

Patients Surgery RIPC Protocol Outcome measures Results 

*Hausenloy 

et al, 2007  

Double 

blinded 
RCT 

57 adults  

C: 30  
RIPC: 27  

CABG 3 x 5 min cycles in right 

upper limb by BPC 
inflation to 200 mmHg 

after AI 

cTnT 

 

↓ cTnT at 6, 12, 24, and 48 

h (p=0.005)  

Venugopal et 
al, 2009 

Single 
blinded 
RCT 

45 adults  
C: 22  
RIPC: 23  

CABG 3 x 5 min cycles in right 
upper arm by BPC 
inflation to 200 mmHg 

after AI 

cTnT  
 

↓ cTnT at 72 h (p=0.017) 

Ali et al, 
2010 

Single 
blinded 

RCT 

100 adults  
C: 50  

RIPC: 50 

CABG 3 x 5 min cycles in upper 
arm by BPC inflation to 

200 mmHg after AI 

CK-MB ↓ CK-MB at 8, 16, 24 
and 48 h (p=0.026) 

Li et al, 2010 Double 
blinded 

RCT 

81 adults  
C: 27 

RIPC: 26 
Percondition: 28 

Valve 
replacem

ent 

3 x 4 min cycles in right 
lower limb BPC inflation 

to 600 mmHg after AI 

cTnI and 
haemodynamic 

parameters 
 

No significant difference for 
RIPC. Per-conditionig 

showed benefit.  

Rahman et 
al, 2010 

Double 
blinded 

RCT 

162 adults  
C: 82  

RIPC: 80  

CABG 3 x 5 min cycles in left 
upper limb after AI 

cTnT and 
haemodynamic 

parameters  

No significant difference 

Thielmann et 
al, 2010 

Single 
blinded 

RCT 

53 adults 
C: 27 

RIPC: 26 

CABG 3 x 5 min cycles in left 
upper arm by BPC 

inflation to 200 mmHg 
after AI 

cTnI, renal function, 
mortality, cardiac 

and cerebro-vascular 
events  

↓ cTnI at 6, 12, 24, and 48 h 
(P<0.0001) 

Wagner et al, 
2010 

Single 
blinded 

RCT 

101 patients 
C: 35 

RIPC: 33 
Tramadol: 33 

CABG 3 x 5 min cycles upper 
limb ischaemia by BPC 

inflation to 40 mmHg 
above BP 18 hours 

before surgery 

cTnI at 8, 16 and 24 
hours after surgery, 

iNOS and eNOS 
expression in 

myocardium 

↓ cTnI at 8 hours after 
surgery in the RIPC group 

(p=0.043) 
↑ cTnI at all time intervals 

after surgery in the tramadol 
group (p<0.018; 
p<0.001;p<0.03) 
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Study Type of 

trial 

Patients Surgery RIPC Protocol Outcome measures Results 

Choi et al, 

2011 

RCT 

blinded 
clinicians 

n: 76 

C: 38 
RIPC: 38 

Valve 

surgery  

3 x 10 min cycles in 

thigh by BPC inflation to 
250 mmHg after AI 

Renal injury 

markers, AKI, CK-
MB, clinical 

parameters 

↓ CK-MB at 24 h (p=0.017) 

and shorter ICU stay 
(p=0.013) after RIPC 

Karuppasamy 
et al, 2011 

RCT 
blinded 
patients 

and 
surgeons  

n: 54 
C: 27 
RIPC: 27 

M:45 F:9 

CABG 3 x 5 min cycles in left 
upper arm by BPC 
inflation to 200 mmHg 

after AI 

cTnI, CK-MB, BNP, 
IGF-1, myostatin 
and cytokines in 

blood, 
haemodynamic 

parameters 

No significant difference 

Wu et al, 
2011 

RCT no 
blinding 
informatio

n 

n: 75 
C:25 
RIPC I: 25 

RIPC II: 25 
M:26  F:49 

Mitral 
valve 
replacem

ent 

I: 3 × 5 min cycles in 
right upper arm by BPC 
inflation to 200 mmHg 

II: I + 2 × 10 min cycles 
in right thigh by BPC 

inflation to 450 mmHg 
All protocols after AI 

cTnI, clinical 
parameters 

↓ cTnI in RIPC II group (no 
statistic information 
provided) 

Heusch et al, 

2012 

Single 

blinded 
RCT 

24 

C: 12 
RIPC: 12 

CABG 3 x 5 min cycles in left 

upper arm by BPC 
inflation to ≥200 mmHg 
after AI 

cTnI, myocardial 

expression of 
cardioprotective 
proteins 

↓ cTnI 72 hours after 

surgery (p=0.023) 
↑ phosphorylation of 
STAT5  during reperfusion 

in myocardium 

Kottenberg et 
al, 2012 

Single 
blinded 

RCT 

n: 72  
M: 60, F: 12  

RIPC + IF:20 
RIPC + PF: 14 
C +IF: 19 

C + PF: 19 

CABG 3 x 5 min cycles in left 
upper arm by BPC  

inflation to 200 mmHg 
after AI 

cTnI, creatinine, 
inotropic support  

RIPC + IF: ↓ cTnI AUC 
(p=0.004), peak  (p=0.004) 

and serial (p<0.041) 
compared to IF alone. 
RIPC + PF showed no 

significant difference 
compared to PF alone 
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Study Type of 

trial 

Patients Surgery RIPC Protocol Outcome measures Results 

Lomivorotov 

et al, 2012 

RCT 80 patients 

C: 40 
RIPC: 40 

CABG 3 x 5 min cycles in right 

arm by BPC inflation to 
200 mmHg after AI 

cTnI, CK-MB and 

haemodynamic 
parameters 

↑ cardiac index immediately 

after RIPC in the treatment 
group (p<0.05) 

Lucchinetti et 

al, 2012 

Double 

blinded 
RCT 

57 patients 

C:28 
RIPC:27 

CABG 4 x 5 min cycles in right 

thigh by BPC inflation to 
300 mmHg after AI 

hscTnT peak and 

AUC, NTproBNP, 
hsCRP, S100, 
clinical outcome  

↑ incidence of new 

arrhythmias and myocardial 
infarctions in RIPC group 
(p=0.036). 

Xie et al, 

2012 

Double 

blinded 
RCT 

73 patients 

C: 35 
RIPC: 38 

Valve 

replacem
ent 

3 x 5 min cycles in right 

upper limb by BPC 
inflation to 200 mmHg 

after AI 

cTnI, NYHA class,  

echo assessment 3 
months after surgery 

↓ cTnI 6, 12, 24, 48 and 72 

hours after surgery 
(P<0.0001), higher NYHA 

functional class (p=0.0298) 
Improved EF (p=0.0049) 

Young et al, 

2012* 

Double 

blinded 
RCT 

96 patients 

C: 48 
RIPC: 48 

High risk 

cardiac 
procedur
es 

3 x 5 min cycles in upper 

limb by BPC inflation to 
200 mmHg at first 
surgical incision 

hscTnT,  

noradrenaline use, 
AKI category, 
haemodynamic 

parameters 

↑ hsTNT in the RIPC group 

after 12 hours of surgery 
(p=0.05), longer 
postoperative adrenaline 

support (p=0.04) 

Albrecht et 
al, 2013 

Double 
blinded 

RCT 

61 patients 
C: 29 

RIPC: 32 

Cardiac 
surgery 

with 
CPB 

4 x 5 min cycles in upper 
limb by BPC inflation to 

200 mmHg after AI 

cTnT, cardiac tissue 
protein expression of 

HIF-1α, procaspases 
and IL-1β, 
myeloperoxidase 

activity, serum IL 
profile before and 

after CPB 

↓ cTnT in the first 48 h 
after surgery (p˂0.05),  

↑ HIF-1α (p˂0.05), 
procaspase 3 (p˂0.05) in 
tissue, ↑ IL-1β, IL-8 and 

TNF-α (p˂0.05) in serum 
before CPB. ↑ 

myeloperoxidase (p˂0.05) 
and concentration of IL-1β 
(p˂0.05) in tissue after 

CPB. 
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Study Type of 

trial 

Patients Surgery RIPC Protocol Outcome measures Results 

Meybohm et 

al, 2013 

Double 

blinded 
RCT 

n:180 

C: 90 
RIPC: 90 

Cardiac 

surgery 
with 

CPB 

4 x 5 min cycles in upper 

limb by BPC inflation to 
200 mmHg, 15 mmHg 

above SBP after AI  

Neurocognitive 

dysfunction, cTnT, 
renal dysfunction, 

clinical parameters 

No significant difference 

Thielmann et 
al, 2013 * 

Double 
blinded 
RCT 

329 patients 
C: 167 
RIPC: 162 

CABG 3 x 5 min cycles in left 
upper limb by BPC 
inflation to 200 mmHg 

after AI 

cTnI AUC in the 
first 72 h after 
surgery, mortality 

↓ cTnI AUC lower in RIPC 
(p=0·022).  
↓ mortality at 1.54 (SD 

1.22) years (p=0·046). 

Slagsvold et 
al, 2014 

Double 
blinded 

RCT 

60 patients 
C:30 

RIPC: 30 

CABG 3 x 5 min cycles in upper 
limb by BPC inflation to 

200 mmHg before AI 

Mitochondrial 
respiration in cardiac 

tissue, Akt 
activation. 

↓ mitochondrial respiration 
in controls (p=0.02). ↑ Akt 

activation before aortic 
clamp (p=0.04) and ↑ 
phosphorylation of Akt 

substrates at reperfusion 
(p<0.01) in RIPC group 

Zitta et al, 

2014 

Double 

blinded 
RCT 

35 patients 

C: 17 
RIPC: 18 

Cardiac 

surgery 
with 

CPB 

4 x 5 min cycles in upper 

limb by BPC inflation to 
200 mmHg after AI. 

MMP-2/9 activity in 

cardiac tissue, cTnT 

Before CPB MMP-2/9 were 

attenuated in the RIPC 
group MMP-2 (p < 0.05). 

MMP-9 (p < 0.01). MMP 
activity was correlated with 
cTnT serum levels 

postoperatively.  

Hausenloy et 
al, 2015 

Multi-
centre 

double 
blinded 
RCT 

1612 patients  
C: 811 RIPC: 801 

CABG 
high risk 

4 x 5 min cycles in upper 
arm by BPC inflation to 

200 mmHg after AI 

Mortality at 12 
months, hscTnT 

AUC, inotrope 
score, AKI, ICU 
stay. 

 
 

No significant difference  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Slagsvold%20KH%5BAuthor%5D&cauthor=true&cauthor_uid=25456576
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Study Type of 

trial 

Patients Surgery RIPC Protocol Outcome measures Results 

Meybohm et 

al, 2015 

Multi-

centre 
double 

blinded 
RCT 

1385 patients 

C: 693 RIPC: 692  

CV 

surgery 
with 

CPB 

4 x 5 min cycles in upper 

limb by BPC inflation to 
≥200 mmHg, at least 15 

mmHg higher than SBP 
after AI 

Composite of MI, 

stroke, AKI by 
discharge. Any 

component by day 
90. 

No significant difference 

Table 1.7. RIPC adult clinical trials investigating cardiac response after cardiac surgery and CPB. Only significant results are reported. 

Abbreviations: AI: anaesthesia inductionAKI: acute kidney injury; Akt: protein kinase B; AUC: area under the curve; BNP: B-type natriuret ic 

peptide; BP: blood pressure; BPC: blood pressure cuff; CABG: coronary artery bypass graft; CK-MB: creatin kinase cardiac isoenzyme; CPB: 

cardiopulmonary bypass; cTnI: cardiac troponin I; cTnT: cardiac troponin T; CV: cardiovascular; EF: ejection fraction; eNOS: endothelial nitric 

oxide synthase; F: female; hsCRP: high-sensitivity C-reactive protein; hscTnT: high sensitivity troponin T; IF: isoflurane; IGF-1: insulin- like 

growth factor 1; iNOS: inducible nitric oxide synthase; M: male; MI: myocardial infarction; MMP-2/9: metalloproteinases 2 and 9; NTproBNP: 

N-terminal pro-brain natriuretic peptide; NYHA: New York heart association; PF: propofol; RCT: randomised controlled trial; RIPC: remote 

ischaemic preconditioning. Original Table. 

*isofluorane 
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Recently five meta-analysis have gathered the information from RCTs assessing the efficacy 

of RIPC in adult cardiac surgeries, four of them have found beneficial effects from the 

intervention, in spite of this they have not been able to demonstrate clinical benefit.  

A meta-analysis looking into CABG surgery only and RIPC incorporated 9 studies resulting 

in a lower cTnI and cTnT after RIPC, this difference persisted after excluding an off-pump 

study (no CPB performed) and trials using a flurane for anaesthesia, however the benefit was 

not translated to clinical effects (D’Ascenzo et al, 2012).  

A second meta-analysis of 15 adult clinical trials including 1155 patients showed an overall 

protective cardiac effect of RIPC, finding a possible influence on the outcome by the type of 

surgery, and an undermining impact caused by the use of volatile anaesthetics and β-blockers 

on the final effect of RIPC (Zhou et al, 2013).  

A meta-analysis including 25 studies of cardiac, pulmonary and renal outcomes found after 

analysis of 16 cardiac focused adult and paediatric RCTs that RIPC resulted in a significant 

reduction of cardiac injury which persisted after subgroup analysis for all types of surgica l 

procedures, yet again this did not translate into better clinical outcomes (Haji Mohd Yasin 

et al, 2014). 

A meta-analysis including 19 trials and 1235 patients analysed cTnI values after several 

types of cardiac surgery, including CABG, valve procedures and paediatric CHD repair 

concluding that RIPC reduced cTnI values significantly finding no difference in morbidity 

or mortality (Yang et al, 2014). 

Finally, the largest meta-analysis including 2200 patients from 23 cardiac trials did not find 

a significant outcome on any of the clinical end-points when the information was pooled 

together, including mortality, myocardial infarction, troponin release, stroke, renal failure, 

ICU and hospital length of stay (Healy et al, 2014). 

All these meta-analysis presented overlap in the studies used, it is to be noted that they 

presented a high proportion of male participants as would be expected from the higher 

prevalence of coronary artery disease in males and their need for CABG surgery, these 

analysis also included one off-pump study and trials focused in outcome measures other than 

cardiac injury such as renal, pulmonary and brain responses.  
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1.6.2 RIPC paediatric evidence 

Nine trials analysed RIPC response in children going through correction of CHD using CPB, 

Table 1.8 presents a summary of the relevant studies. The intervention involved 3 or 4 

periods of ischaemia in a lower or upper limb induced by the inflation of a blood pressure 

cuff, intercalated with periods of reperfusion; seven trials investigated the early phase of 

protection performing the intervention during or after anaesthesia induction or 5 to 10 

minutes before CPB, one focused on the second window of protection carrying out RIPC 24 

hours before surgery (Pavione et al, 2012), while only one trial applied a dual protocol 

combining the effects of early and late responses applying the intervention 24 hours and 1 

hour before surgery (Zhou et al, 2010).  

Outcome measures included cTnI, CK, CK-MB, NTproBNP, inflammatory mediators, 

haemodynamic and clinical parameters, as well as renal and brain injury markers.  

Within the paediatric setting four trials found benefit regarding lower cardiac injury markers 

and inflammatory mediators while one trial reported a lower likelihood of arrhythmia linked 

to RIPC. Three studies concluded there was no significant difference for any of the outco me 

measures analysed between treatment groups. 

One of the studies finding no benefit from the intervention recruited TOF patients only and 

reported its results in two different publications after analysing RV protein expression and 

leukocyte mitochondrial respiration; patients showed an overall high proportion of 

phosphorylated proteins which could be due to the chronic cyanosis caused by the pathology 

(Pepe et al, 2013) and an upregulated plasma expression of proteins involved in metabolism, 

haemostasis, immunity and inflammation after RIPC (Hepponstall et al, 2015).  

Only one additional study explored myocardial protein expression finding upregulation of 

HSP-70 in right atrial myocardium linked to cardiac benefits after RIPC (Zhou et al, 2010). 
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Author, 

year 

Type of 

trial 

Patients Surgery Protocol Outcome 

measures 

Results 

Cheung et 

al, 2006  

Double 

blinded 
RCT 

37 children  

C: 20  
RIPC: 17  

CHD 

repair  
 

4 x 5 min cycles in 

lower limb by BPC 
inflation to 15 

mmHg above SBP 
5 to 10 min before 
CBP  

Haemodynamic 

state, Inflammatory 
mediators, cTnI 

 

↓cTn in IPC group (p=0.04), 

better haemodynamic condition 
(p=0.03)  

↓ IL-10 at 3 h (p= 0.03)  
↓TNF-α at 6 h (p=0.0001)  

Zhou et al, 

2010  

Double 

blinded 
RCT 

60 infants  

C: 30  
RIPC: 30  

CHD 

repair  
 

3 x 5 min cycles in 

left upper limb by 
BPC inflation to 

240 mmHg 24 h 
and 1 h before 
surgery  

Haemodynamic 

state, cTnI, CK, 
CK-MB, IL-6, IL-

8, IL-10, TNF-α, 
protein HSP-70 
expression in RA 

tissue  

Better haemodynamic state 

(p=0.04), ↓cTnI at 2 (p=0.007) 
and 4 h after surgery (p=0.000)  

↓CK (p=0.03), ↓CK-MB 
(p=0.049), ↓ IL-6, IL-8 and 
TNF-α, ↑ IL-10. Higher HSP-70 

in RIPC group (p=0.006)  

Luo et al, 
2011 

Double 
blinded 

RCT 

60 children 
1-5 y/o 

C: 20 
RIPC:20 
Post: 20 

VSD 
repair 

3 x 5 min cycles in 
thigh by BPC 

inflation to 200-
300 mmHg after AI 

Haemodynamic 
state, cTnI, CK-

MB   

↓ CK-MB in pre (p=0.021) and 
post-conditioning groups 

(p=0.024). 
 ↓ cTnI in pre (p=0.013) and 
post-conditioning groups 

(p=0.022). 

Lee et al, 
2012 

RCT 55 infants  
with PHT 

VSD 
repair 

4 x 5 min cycles in  
thigh by BPC 

inflation to 30 
mmHg above SBP 
after AI  

Haemodynamic 
state, cTnI 

No significant difference 

Pavione et 
al, 2012 

Single 
blinded 
RCT 

22 children 
1 month-2 
y/o 

C:10 
RIPC:12 

CHD 
repair 

4 x 5 min cycles in  
lower limb by BPC 
inflation to 15 

mmHg above SBP 
24 h before surgery 

 

cTnI, NTproBNP, 
NF-κB, IL8 and 
IL10 

↓ NTproBNP in RIPC group 
(p=0.02) 
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Author, 

year 

Type of 

trial 

Patients Surgery Protocol Outcome 

measures 

Results 

Jones et al, 

2013 

Blinded 

clinician
s and 

data 
analysis 
RCT 

Cyanotic 

neonates 
n: 39 

C: 19 
RIPC: 20 

TGA 

switch or 
HLHS 

Norwood 
procedures 

4 x 5 min cycles in 

lower limb by BPC 
inflation to 15 

mmHg above SBP 
after AI 

cTnI, renal 

(NGAL) and brain 
injury (S100) 

markers 

No significant difference. 

Pepe et al, 

2013 * 

Double 

blinded 
RCT 

Children 1 

month and 
older 

n: 40 
C: 20 
RIPC: 20 

TOF 

repair 

4 x 5 min cycles in 

lower limb by BPC 
inflation to 20 

mmHg above SBP 
after AI 

Protein expression 

in RV biopsy, 
leukocyte 

mitochondrial 
respiration, cTnI 

No significant difference.  

A high proportion of total 
proteins were phosphorylated in 

both groups.  

McCrindle 

et al, 2014 

Double 

blinded 
RCT 

Neonates to 

17 y/o 
n: 299  

C: 151 
RIPC: 148  

primary 

surgical 
repair with 

CPB  

4 x 5 min cycles in 

left thigh by BPC 
inflation to 15 

mmHg above SBP 
during AI 

Postoperative  stay, 

serial clinical and 
laboratory 

measurements  

↓ likelihood of arrhythmia 

(p=0.05), no other significant 
finding. 

Hepponstall 

et al, 2015* 

Double 

blinded 
RCT 

n: 40 

C: 20 
RIPC: 20 

Primary 

TOF 
repair 

4 x 5 min cycles in  

lower limb by BPC 
inflation to 20 
mmHg above SBP 

after AI 

Protein expression 

analysis in plasma 

Upregulation of proteins 

involved in metabolism, 
haemostasis, immunity and 
inflammation in RIPC group 6 h 

after CPB. 

Table 1.8. Paediatric RIPC cardiac trials. *different publications based on analysis performed in the same clinical trial. Abbreviations : 
AI: AI; BPC: blood pressure cuff; C: control; CHD: congenital heart disease; CK: creatin kinase; CK-MB: creatin kinase cardiac 

isoenzyme; CPB: cardiopulmonary bypass; cTnI: cardiac troponin I; HLHS: hypoplastic left heart síndrome; NGAL: neutrophil 
gelatinase-associated lipocalin; NTproBNP: N-terminal pro-B-type natriuretic peptide; RCT: randomised controlled trial; PHT: 
pulmonary hypertension; RA: right atrium; RIPC: remote ischaemic preconditioning; RV: right ventricle; SBP: systolic blood pressure; 

TOF: Tetralogy of Fallot; TGA: transposition of the great arteries; VSD: ventricular septal defect. Original Table 
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Evidence is conflicting regarding the benefits of RIPC in paediatric subjects. A meta-analys is 

including 359 paediatric patients from 7 RCTs identified no benefit with regard to cTnI levels, 

inotropic score, duration of mechanical ventilation and hospital length of stay, however 

concluded that ICU length of stay was significantly reduced after RIPC (Tie et al, 2014). 

However a further meta-analysis by the same authors incorporated two additional RCTs 

including those analysed in Table 1.8 and an additional trial focused on post-perative kidney 

injury which reported a lack of efficacy (Pedersen et al, 2012), concluded none of the parameters 

considered before including ICU stay were altered by RIPC. The publication emphasised the 

heterogeneity of the trials and the need for further investigation (Tie et al, 2015).  

The research in this thesis is focused on cardiac injury indicators, end organ damage and clinica l 

response after cardiac surgery in paediatric patients as well as basic science analysis of 

expression patterns and behaviour of several elements mediating the process of IRI and RIPC.  
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Chapter 2. Materials and Methods 
 

2.1 Research Objectives 

 

Principle research objective 

To assess whether RIPC provides protection against IRI through the expression of protective 

genes in cardiac tissue of children presenting congenital heart defects undergoing surgical 

correction and CPB.  

Secondary research objective 

To assess whether RIPC is effective against end organ damage and systemic inflammatory 

responses. 

 

2.2 Study Design 

 

General design: Randomised clinical trial 

Primary outcome measures 

 Measurement of final cardiac injury after CPB assessed by markers of cardiac injury and 

echocardiography. 

 Protein and mRNA expression in the cardiac tissue related to the RIPC process. 

 

Secondary outcome measures 

 End organ damage assessment by measurement of markers relevant to lung and kidney 

function and evaluate a possible benefit from RIPC. 

 Systemic immune response assessment by measurement of inflammatory mediators such 

as cytokines and nitric oxide metabolites.  
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Quality and assessment of research 

Scientific quality was assessed by Professor Fiona Lyall –academic supervisor (AS) and by Mr 

Mark Danton – chief investigator (CI). Statistical aspects of the research were assessed by a 

statistician within the CI’s institution, Dr David Young. 

Statistical Analysis 

Previous echocardiography data analysed by this research group in 50 paediatric patients 

showed a marked mean decline of postoperative right ventricle velocity of 4.705 cm/s compared 

to preoperative values with a standard deviation of 2.798. 

We hypothesised a 50% decrease (2.35 cm/s) of this decline with the trial intervention. 

Supposing that in the treated group the reduction was 2.35 cm/s with the same standard deviation 

then a sample size of 24 patients in each group would be required for 80% power to detect a 

significant difference between the two groups. 

2-Sample t Test 

Testing mean 1 = mean 2 (versus not =) 
Calculating power for mean 1 = mean 2 + difference 

Alpha = 0.05  Assumed standard deviation = 2.798 
 
Sample  Target 

Difference     Size    Power      Actual Power 
 2.35                24        0.8          0.812798 

 

Using a sample of 31 patients in each of the control and treated groups would allow for 90% 

power to detect a significant difference between the two groups (2-sample t test). 

2-Sample t Test 
Testing mean 1 = mean 2 (versus not =) 
Calculating power for mean 1 = mean 2 + difference 

Alpha = 0.05  Assumed standard deviation = 2.798 
 

Sample  Target 
Difference     Size    Power      Actual Power 
 2.35                31        0.9          0.902046 
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Using a sample of size 40 in each group would allow a difference of 1.77 cm/s to be detected 

between the change in the control group vs. the change in the treated group 

2-Sample t Test 
Testing mean 1 = mean 2 (versus not =) 

Calculating power for mean 1 = mean 2 + difference 
Alpha = 0.05  Assumed standard deviation = 2.798 
 

Sample 
Size   Power          Difference 

40                0.8                   1.77477 
 
i.e. If the change in velocity in the control group is 4.7 cm/s, then as long as the change in the 

treated group is no more than about 3.0 there is 80% power to detect a significant difference 

between the changes in the two groups. 

 

2.3 Ethical approval 

 

Ethical approval was granted after a lengthy and meticulous application process in July 2012 by 

the West of Scotland Research Ethics Service, reference number: 12/WS/0137 and Research 

and Development (R&D) GN12KH253.  

An amendment to the protocol was later performed with the relevant ethics authorisat ion 

obtained in October 2013. All approval documents can be seen on Appendix 1. 

A research passport was obtained in order for the principle investigator (PI) Maribel Verdesoto 

to be allowed to have contact with patients and their guardians during the process of informed 

consent. 
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2.4 Subject Enrolment  

This single centre randomised controlled trial started recruitment in January 2013 at the Scottish 

National Paediatric Cardiac Service based at the Royal Hospital for Sick Children - Yorkhill, 

Glasgow. 

 

Identification 

Children who underwent elective cardiac surgery for the correction of CHD were identified as 

potential participants by review of the cardiac surgical waiting list and clinical presentations at 

the cardiac team weekly meeting held on Fridays. This involved the health care team and Mr 

Mark Danton (CI) took responsibility to coordinate the clinical team process and identify 

potential patients.  The PI attended the meetings as a strategy to improve patient recruitment 

from 2014. 

Patients were assessed according to the following criteria: 

Inclusion Criteria:  

 Children undergoing cardiac surgery for correction of congenital heart defects utilizing 

cardiopulmonary bypass and cardioplegia.  

 Children whose parents understand the child's condition, the purpose of the study and 

are willing to participate.  

Exclusion Criteria:  

 Children whose parents either are unwilling or do not have sufficient understanding of 

the study.  

 Emergency operations, where there is insufficient time to establish the study protocol.  

 Premature children presenting a corrected gestational age under 35 weeks.  

 Patients with known viral blood infections (e.g. HIV, Hepatitis B) or severe congenita l 

infection.  

 Patients with severe preoperative brain injury.  
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Approach 

Parents and patients were approached at the outpatient clinic when possible. The consultant 

surgeon in charge met the parents and child and introduced the study.  

Detailed information on every aspect of the trial was provided by the PI at patients’ admission, 

usually 24 – 48 hours before surgery, allowing for any questions or comments from the parents, 

guardians or children to be made. A comprehensive information sheet, previously approved by 

ethics services, was provided according to the age of the participants (see Appendix 2). Suffic ient 

time to read it and carefully consider their participation in the study was allowed according to 

the patients and parents preferences. 

Recruitment 

If the patient, parent or legal guardian were happy to participate in the study, a consent form 

was signed by the PI as well as the patient’s parent or legal guardian; children between 7 to 11 

years old, in addition, signed an assent form to establish their acceptance to take part; children 

from 12 to 15 years old signed the consent form with their parents and 16 year olds signed a 

young person consent form as they are able to provide full consent independently. Participants 

held the right to withdraw from the trial at any point without requiring to provide an explanation.  

All consent forms were filed in the clinical notes of the patient and a copy was kept in the study 

site file. 

 

2.5 Randomisation 

After informed consent was obtained patients were classified according to their diagnosis into a 

“tissue” group when the surgical procedure to be performed required cardiac tissue excision and 

into a “non-tissue” group when it did not. Trial numbers were assigned preceded by the code 

“M” for the “tissue” group and “B” for the “non-tissue” group. Randomisation was done within 

each group into a “RIPC” treatment or a “Control” group. Randomisation was performed using 

open access online software for the generation of true random numbers available online 

(www.random.org). Figure 2.1 shows the structure of the trial. 

http://www.random.org/
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Figure 2.1. RIPC clinical trial structure. Abbreviations: PICU: paediatric intensive care unit; 

RIPC: remote ischaemic preconditioning. 
 

 

2.6 Intervention 

Patients assigned to the treatment group had a blood pressure cuff placed on their leg when their 

weight was under 10 kg, or arm if their weight was above 10 kg. RIPC was performed by 3 

cycles of 5 minute ischaemia induced by inflation of the cuff to 40 mmHg above the patient’s 

systolic blood pressure. This protocol was performed at two phases: 15 to 20 hours before 

surgery and during anaesthesia immediately prior to surgery in order to achieve early and late 

RIPC protection phases as described by Zhou et al, 2010. This process was performed by Mr 

Mark Danton or the liaison nursing team at the cardiac ward and by Ms Isobel McLeod or Mr 

Mark Danton at the operating theatre; it remained blinded for the PI. 

 

Patients assessed for eligibility

Muscle

RIPC Control

Gene expression analysis

Blood markers

Echo

PICU surveillance

Non muscle

RIPC Control

Informed consent
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2.7 Blood sampling 

Blood samples were obtained from all patients at six different time points as shown in Table 

2.1; Baseline samples were taken after anaesthesia induction before surgery. Pre-bypass samples 

were obtained from the right atrium after heparin infusion and post-bypass samples were drawn 

before protamine administration, both drugs of standard use during the bypass process. An early 

postoperative sample was drawn at PICU arrival of the patient (PO1) followed by an early 

morning sample on the following day (day 2 – PO2) and the day after (day 3 – PO3). Samples 

were spun within 4 hours of extraction in a centrifuge for 10 minutes at 2000 g to obtain plasma 

which was aliquoted and stored at -70°C. 

 Baseline Pre CPB Post CPB PO1 PO2 PO3 Total  

Blood 

amount 

2.6 ml 1.2 ml 1.2 ml 3.8 ml 3.6 ml 3.6 ml 16 ml  

Site of 

extraction 

IV line Right 

atrium 

Right atrium IV line IV line IV line 

Place of 

extraction 

Cardiac 
ward 

Operating 
theatre 

Operating 
theatre 

PICU PICU PICU 

Table 2.1. Blood sampling schedule during RIPC trial. Amount of blood drawn for each 
sample is shown in ml. Abbreviations: CPB: cardiopulmonary bypass; IV: intra-venous; PICU: 
paediatric intensive care unit; PO: post-operative. 

 

2.8 ELISA analysis of blood markers 

Enzyme-linked immunosorbent assay (ELISA) DuoSet® assays from R&D Systems were used 

to measure blood sample markers according to the manufacturer´s protocol. Table 2.2 shows the 

kit used for each analyte. 

These immunoassays use a sandwich format which detects a target antigen present in the sample, 

the antigen is trapped between a capture and detector antibodies, the detection antibody is 

labelled with biotin and the sandwich complex is detected by enzyme-conjugated streptavidin 

(reviewed by Stanker and Hnasko, 2015). Tetramethyl benzidine (TMB) is then used as a 

substrate solution which forms a water soluble blue reaction after oxidation, the reaction is then 

stopped using a sulfuric acid solution in order to prevent change in the optical density (OD), this 

final reaction changes the colouration to yellow (reviewed by Crowther, 2009). 
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Analyte Kit Catalogue number 

IL-6 Duoset Human IL-6 DY206-05 

IL-8 DuoSet Human CSCL8/IL-8 DY208 

IL-10 Duoset Human IL-10 DY217B 

TNF-α Duoset Human TNF-α DY210-05 

ICAM-1 DuoSet Human ICAM-1/CD54 DY720-05 

VCAM-1 DuoSet Human VCAM-1/CD106 DY809 

Cystatin-C DuoSet Human Cystatin C DY1196 

Table 2.2 ELISA kits used for analysis. Abbreviations: ICAM-1: intercellular adhesion 
molecule 1; IL: interleukin; TNF-α: tumour necrosis factor α; VCAM-1: vascular cell adhesion 

molecule 1. 

Reagent diluent (0.15 bovine serum albumin (BSA), 0.05% Tween 20, 20 mM Trizma base, 150 

mM NaCl) was used for all IL-8 and IL-10; all other analysis were performed using Reagent 

diluent (1% BSA in phosphate-buffered saline (PBS), pH 7.2-7.4, 0.2 μm filtered, R&D 

Systems, catalogue number DY995), as it was thought it would produce less background 

interference.  

The capture antibody was diluted to the working concentration in PBS (Table 2.3) without 

carrier protein. A 96 well Cornig microplate was immediately coated with 100 μl of capture 

antibody per well using a multichannel pipette. The microplate was sealed with an adhesive strip 

and incubated overnight at room temperature. 

Analyte Concentration 

IL-6 2 μg/ml 

IL-8 4 μg/ml 

IL-10 2.0 μg/ml 

TNF-α 4.0 μg/ml 

ICAM-1 4.0 μg/ml 

VCAM-1 2.0 μg/ml 

Cystatin-C 4.0 μg/ml 

Table 2.3. Capture antibody working concentration for ELISA analysis. Abbreviations : 

ICAM-1: intercellular adhesion molecule 1; IL: interleukin; TNF-α: tumour necrosis factor α; 
VCAM-1: vascular cell adhesion molecule 1. 

The next day the capture antibody was removed from the wells. Washing buffer (10% PBS 10x, 

0.05% Tween 20) was then used with a squirt bottle in order to wash each well for a total of 

three times ensuring complete removal of all content between washes. After the last wash the 

microplate was blotted against clean paper towels in order to remove remaining washing buffer. 

https://www.rndsystems.com/products/human-cxcl8-il-8-quantikine-elisa-kit_d8000c


96 
 

 

Plates were blocked using 200 μl reagent diluent (RD) per well, they were covered and incubated 

for a minimum of one hour at room temperature followed by washing and blotting as described 

above. 

100 μl of neat or diluted plasma samples (Table 2.4) or standards representing the appropriate 

concentrations to generate a sigmoid curve (Table 2.5) were added to each well; nothing was 

added to blank assigned wells. Plates were covered and incubated for at least one hour at room 

temperature followed by washing and blotting. 

Analyte Dilution factor 

IL-6 Neat 

IL-8 Neat 

IL-10 Neat 

TNF-α Neat 

ICAM-1 1:200 

VCAM-1 1:3000 

Cystatin C 1:1500 

Table 2.4. Dilution factor used for plasma sample analysis. Neat samples were not diluted.  
Abbreviations: ICAM-1: intercellular adhesion molecule 1; IL: interleukin; TNF-α: tumour 
necrosis factor α; VCAM-1: vascular cell adhesion molecule 1. 

 

Analyte S1 S2 S3 S4 S5 S6 S7 

IL-6 600 300 150 75 37.5 18.75 9.375 

IL-8 2000  1000 500 250 125 62.5 31.250  

IL-10 2000  1000 500 250 125 62.5 31.250  

TNF-α 1000 500 250 125 62.5 31.25 15.625 

ICAM-1 2000  1000 500 250 125 62.5 31.250  

VCAM-1 1000 500 250 125 62.5 31.25 15.625 

CystatinC 2000  1000 500 250 125 62.5 31.250 

Table 2.5. Standard concentration used. The table shows seven different standard 
concentrations for each analyte. Concentration is shown in pg/ml. Abbreviations: ICAM-1: 

intercellular adhesion molecule 1; IL: interleukin; S: standard; TNF-α: tumour necrosis factor 
α; VCAM-1: vascular cell adhesion molecule 1.  

100 μl of detection antibody diluted in RD to the appropriate concentration (Table 2.6) were 

added to each well, plates were covered and incubated at room temperature for at least one hour 

to then be washed and blotted. 
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Analyte Concentration 

IL-6 50 ng/ml 

IL-8 20 ng/ml 

IL-10 75 ng/ml 

TNF-α 400 ng/ml 

ICAM-1 100 ng/ml 

VCAM-1 200 ng/ml 

Cystatin-C 250 ng/ml 

Table 2.6. Detection antibody working concentration for ELISA analysis. Abbreviations : 
ICAM-1: intercellular adhesion molecule 1; IL: interleukin; TNF-α: tumour necrosis factor α; 

VCAM-1: vascular cell adhesion molecule 1. 

100 μl of Streptavidin-HRP working dilution were added to each well. Plates were covered and 

incubated for 20 minutes at room temperature and away from direct light. Washing and blotting 

was repeated. 

100 μl of substrate solution were added to each well, plates were placed away from direct light 

and monitored for colour change until the higher standards reached an adequate blue intens ity. 

50 μl of Stop solution (sulfuric acid solution - H2SO4  2N) were then added changing the blue 

colouration to yellow. 

The optical density (OD) of each well was determined immediately using a microplate reader 

and Dynex technologies revelation 4.25 software using a test filter of 450 nm and wavelength 

correction of 550 nm. 

The reader generates OD measurements after subtracting blank values which reflect background 

reading. The software uses a 4 Parameter Logistic regression model producing a sigmoid curve 

with mean OD values for duplicate standard measurements which represent the known 

concentrations of the analyte (Figure 2.2). A coefficient of determination value (r2) is produced 

as a measure of how well the regression model fits the data, ranging from 0, where there is no 

fit, to 1 representing an exact fit of the regression linking a relationship between the dependent 

variable and a linear regression of the independent variable (reviewed by Randolph and Myers, 

2013; Lee, 2014). The software then places the unknown samples´ OD values within the curve, 

producing comparative concentration values.  
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Figure 2.2. Standard curve produced from mean OD values of standards for I-CAM 

analysis. 

Concentration values outwith the standard curve limits were accepted up to 1.5 times the highest 

standard value and 0.5 times the lowest standard, eg. If a standard curve had 1000 pg/ml and 

15.625 pg/ml as the highest and lowest standard values respectively, 1500 pg/ml would be the 

highest acceptable value and 7.8125 pg/ml would be the lowest acceptable value with readings 

exceeding or under this limit being assigned the highest or lowest accepted value as this range 

is reliable while anything beyond this limit is not a credible measure and lies in a zone of 

unknown value.  

Every sample was analysed in duplicate, after obtaining concentration values these were 

averaged. Values for diluted samples were then multiplied by the dilution factor. 
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2.9 Tissue sampling and incubation 

 

“Tissue” group 

In preparation for obtaining tissue specimens culture medium was supplemented with foetal 

bovine serum (FBS) and antibiotic/antimycotic solution and placed into an incubator which was 

set to high oxygen flow (60%) at least three hours before the specimen was expected. 

Tissue specimens were obtained from the operating theatre and immediately divided into two 

sections; one of them was placed into RNAlater® (Sigma), a solution designed to stabilize and 

protect RNA with ribonuclease (RNase) inactivation, while the second section was placed into 

the enriched culture medium and was promptly brought into the laboratory to be incubated at 

37°C, 60% O2 and 5% CO2 flow for four hours in order to mimic surgical conditions as patients 

receive high O2 concentration during the reoxygenation process. After incubation the tissue was 

placed into RNAlater® solution and stored at -4°C for at least 24 hours before processing. 

“Non tissue” group 

Samples from the “non-tissue” group did not go through the incubation process due to the 

reduced amount of tissue available; specimens were placed into RNAlater® and stored at -4°C 

until RNA extraction. 

Tissue was resected at times according to surgical protocols and due to particular circumstances 

regarding each case, variability is possible based on the time the tissue was obtained relative to 

CPB and cross clamping, implying longer exposure to hypoxia and inflammatory responses for 

some specimes.  
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2.10 RNA extraction 

 

Myocardial tissue was stored at least overnight in RNAlater® solution (Sigma-Aldr ich, 

catalogue number R0901) at -4°C in order to stabilize the RNA, this solution allows unfrozen 

storage maintaining the quality and quantity of RNA. Before extraction the tissue was removed 

from the solution and carefully weighed.  

The RNeasy® Fibrous Tissue Midi Kit (Qiagen, catalogue number 75742) was used for the first 

15 specimens obtained until the manufacturer discontinued the kit, from then on the RNeasy® 

Fibrous Tissue Mini Kit (Qiagen, catalogue number 74704) was used.  

The method used is designed for treating fibrous tissue such as skeletal muscle or myocardium 

which are rich in collagen, connective tissue and contractile proteins. The tissue is initially lysed 

in buffers and diluted before adding Proteinase K, a serine protease used in order to ensure 

complete removal of proteins including histones, which could interfere with the accurate 

quantitation and hybridization reactions and later inhibit reverse transcription and amplifica t ion 

by PCR (reviewed by Farrell, 2010). 

The difference between the two kits used consist only on the volume of tissue that is used while 

processing as a single sample, the Midi Kit allows samples up to 250 mg to be processed while 

the Mini Kit has a limit of 30 mg; as a result samples exceeding this limit were split when using 

the RNeasy® Fibrous Tissue Mini Kit. The process for each kit was performed as follows: 

RNeasy® Fibrous Tissue Midi Kit 

Tissue ≤250 mg was added to 2 ml of Buffer RLT, provided with the kit and previously 

supplemented with 10 μl beta-mercaptoethanol (ß-ME) per 1 ml buffer RLT in order to be 

disrupted and homogenised using a Polytron PT1600E homogeniser (Kinematica) at full speed 

until complete homogenization was achieved; 4 ml RNase-free water and 65 μl of proteinase K 

(>600 mAU/ml, solution) were then added, mixed and incubated at 55°C for 20 minutes. 

Samples were then spun at 4000 x g at 25°C for 5 minutes and transferred to a new sterile Falcon 

tube (Sigma-Aldrich, cat. no: Z617849), 0.5 volumes of 100% ethanol were added and mixed, 

supernatant volume was usually around 6 ml, requiring 3 ml of ethanol to be added.  
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A volume of 3 ml was transferred to a RNeasy Midi column in a 15 ml collection tube to be 

centrifuged at 4000 x g at 25°C for 5 minutes to then discard the flow-through, this step was 

repeated until the complete lysate was used. 

2 ml of Buffer RW1 were added to the column and spun at 4000 x g at 25°C for 5 minutes, flow-

through was discarded. 

Deoxyribonuclease (DNase) stock solution was previously prepared by dissolving lyophil ised 

DNase I in RNase-free water and 20 μl of this solution was mixed with 140 μl Buffer RDD, the 

resulting 160 μl were added to the membrane in the spin column and incubated for 15 minutes 

at room temperature in order to ensure the absence of genomic DNA contamination. 

After the incubation was completed, 2 ml of Buffer RW1 were added to the column which was 

centrifuged at 4000 x g at 25°C for 5 minutes, flow-through was discarded, 2.5 ml of Buffer 

RPE were added and spun for 2 minutes at 4000 x g at 25°C, followed by the addition of further 

2.5 ml of RPE Buffer and centrifugation at 4000 x g at 25°C for 5 minutes. 

The column was placed in a new tube and 150 μl of RNase-free water were added and spun at 

4000 x g at 25°C for 3 minutes. For some samples the final elution step was repeated with 

another volume of water. 

RNeasy® Fibrous Tissue Mini Kit 

Tissue ≤30 mg was added to 300 μl of Buffer RLT, the tissue was disrupted and homogenised 

and then 590 μl RNase-free water and 10 μl of proteinase K were added and incubated at 55°C 

for 10 minutes. Tubes were spun at 10000 x g at 25°C for 3 minutes and the supernatant was 

transferred to a new tube and 0.5 volumes of 100% ethanol were added and mixed.  

The supernatant volume was usually around 1 ml, requiring 0.5 ml of ethanol to be added.  

A volume of 700 μl was transferred to a RNeasy Mini column in a 2 ml collection tube which 

was spun at 80000 x g at 25°C for 15 seconds; the flow-through was discarded, this step was 

repeated until the complete lysate was used. 

350 μl of Buffer RW1 were added to the column and spun at 8000 x g at 25°C for 15 seconds, 

the flow-through was discarded. 
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Previously prepared and aliquoted 10 μl DNase stock solution was mixed with 70 μl Buffer 

RDD and added to the membrane in the spin column and incubated for 15 minutes at room 

temperature. 

After incubation was completed, 350 μl of Buffer RW1 were added to the column which was 

then spun at 8000 x g at 25°C for 15 seconds, the flow-through was discarded and 500 μl Buffer 

RPE were added and spun for 15 seconds at 8000 x g at 25°C, buffer RPE was added for a 

second time and tubes were spun for 2 minutes at 8000 x g and 25°C. 

The column was placed in a new tube and 50 μl of RNase-free water were added and spun at 

4000 x g at 25°C for 3 minutes. For some samples the final elution step was repeated with 

another volume of water. 

RNA concentration 

RNA concentration was determined using a NanoDrop® instrument (Thermo Scientific) which 

not only produces results of RNA concentration quantification in ng/μl but provides information 

on the quality of the RNA. Purity is determined by a ratio of absorbance at 260 nm and 280 nm, 

a value between 1.8 and 2.1 shows optimal purity (Figure 2.3). RNA was aliquoted at 50 μl and 

stored at -70°C. 

 

Figure 2.3. RNA concentration measurement using Nanodrop instrument. Original 
image. 
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2.11 Reverse Transcription PCR 

A reverse transcription PCR (RT-PCR) reaction was performed using extracted RNA from 

myocardium in order to obtain complimentary DNA (cDNA). The reaction was done using the 

QuantiTect® Reverse Transcription Kit (Qiagen, cat. no. 205310) and GoScript™ Reverse 

Transcriptase (Promega, cat. no. A5003). 

GoScript™ reverse transcriptase was used instead of the QuantiTect® kit enzyme as previous 

optimization showed that it produced cDNA of superior quality. 

The reaction was performed using 100ng RNA which were calculated according to the RNA 

concentration for each sample. 

A genomic DNA elimination reaction was first done in a MicroAmp® Fast Reaction Tube (Life 

technologies cat no 4358297) using the Quantitect RT kit with the following setup: 

Wipeout buffer                      2l 

Template RNA (100ng)         ?l 

RNase free water                   ?l 

Total reaction volume         14l 

  

The reaction was run on a PCR StepOnePlus® instrument (applied Biosystems);  42°C for 3 

minutes followed by the addition of GoScript reverse transcriptase, RT buffer and RT primer 

mix to each tube as follows: 

 1 sample 

GoScript reverse transcriptase 1 μl 

RT buffer 4 μl 

RT primer mix 1 μl 

Total 6 μl 

 

This master mix was added to each tube reaching a total volume of 20 μl which were then run 

on the PCR StepOnePlus® instrument (applied Biosystems) for 30 minutes at 42°C followed 

by 5 minutes at 95°C. The obtained cDNA was then stored at -20°C. 
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2.12 Real Time (Quantitative) PCR 

Real time PCR was performed using TaqMan gene expression analysis assays (Applied 

Byosistems), which use the 5´ nuclease activity of Taq DNA polymerase. The assays used are 

shown in Table 2.7. 

 

 Gene name Gene 

aliases 

Gene 

symbol 

Assay 

Design 

Amplicon 

length 

Assay ID 

Actin B actin, beta BRWS1, 
PS1TP5

BP1 

ACTB Amplicon 
spans exons 

and probe 
does not span 

exons 

171 Hs999999
03_m1 

HSP-20 heat shock 
protein, alpha-
crystallin-

related, B6 

Hsp20 HSPB6 Probe spans 
exons 

96 Hs003289
33_m1 

HSP-22 heat shock 
22kDa protein 

8 

HSP22, 
CMT2L, 

DHMN2 

HSPB8 Probe spans 
exons 

66 Hs002050
56_m1 

HSPB7 heat shock 
27kDa protein 

family, 
member 7 -
cardiovascular 

RP11-
5P18.6, 

cvHSP 

HSPB7 Probe spans 
exons 

79 Hs002052
96_m1 

HO-1 heme 

oxygenase 
(decycling) 1 

HMOX1

D, HO-1, 
HSP32 

HMOX

1 

Probe spans 

exons 

82 Hs011102

50_m1 

HSP-60 heat shock 

60kDa protein 
1 (chaperonin) 

CPN60, 

GROEL,  
HSP60 

HSPD1 Probe spans 

exons 

81 Hs010367

53_g1 

HSP-70 heat shock 

70kDa protein 
1A 

HSP70- 

HSP72, 
HSPA1 

HSPA1

A 

Both primers 

and probe 
map within a 
single exon 

124 Hs003591

63_s1 

HSP-90 heat shock 

protein 90kDa 
alpha, 

cytosolic, class 
A member 1 

EL52, 

HSP86, 
HSP89A, 

HSP90A, 
HSPC1, 
HSPCA 

 

HSP90

AA1 

Both primers 

and probe 
map within a 

single exon 

133 Hs007437

67_sH 
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 Gene name Gene 

aliases 

Gene 

symbol 

Assay 

Design 

Amplicon 

length 

Assay ID 

NF-κB nuclear factor 
of kappa light 
polypeptide 

gene enhancer 
in B-cells 1 

EBP-1, 
KBF1, 
NF-kB1, 

NFKB-
p105, 

NFKB-
p50, 
NFkappa

B 

NFKB1 Probe spans 
exons 

66 Hs007657
30_m1 

HIF-1 hypoxia 
inducible 

factor 1, alpha 
subunit 

HIF-1A, 
HIF-

1alpha, 
HIF1, 

HIF1-
ALPHA, 
MOP1 

HIF1A Probe spans 
exons 

76 Hs001531
53_m1 

TLR-2 toll-like 

receptor 2 

CD282, 

TIL4 

TLR2 Probe spans 

exons 

80 Hs006101

01_m1 

TLR-4 toll-like 
receptor 4 

ARMD1
0, 

CD284, 
TLR-4, 
TOLL 

TLR4 Probe spans 
exons 

89 Hs001529
39_m1 

MYD-88 myeloid 

differentiation 
primary 

response 88 

MYD-

88D 

MYD-

88 

Probe spans 

exons 

104 Hs001820

82_m1 

CBS cystathionine-
beta-synthase 

HIP4 CBS Probe spans 
exons 

59 Hs001639
25_m1 

CTH cystathionase 

(cystathionine 
gamma-lyase) 

- CTH Probe spans 

exons 

110 Hs005422

84_m1 

Apelin Apelin APEL, 
UNQ471

, 
XNPEP2 

APLN Probe spans 
exons 

79 Hs001755
72_m1 

Apelin 

receptor 

apelin receptor AGTRL

1, APJ, 
APJR, 

HG11 

APLN

R 

Both primers 

and probe 
map within a 

single exon 

98 Hs002708

73_s1 

Table 2.7. Genes analysed and assay information.  
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Heart positive control cDNA (Primer Design) and all cDNA samples were prepared in a 1:4 

dilution using RNAse free water. A master mix for each of the primers was prepared using 

TaqMan Gene Expression Master Mix (Applied Byosistems) and RNAse free water as follows: 

 1 reaction 4 reactions + 1 

Sample 1 µl 5 µl 

H2O 4 µl 20 µl 

Total  5 µl 25 µl 

 

β-actin was used as endogenous control in order to normalise levels of relative expression within 

different RNA samples.  

5 µl of water (negative control), samples, or positive control were added to the respective wells 

using a sterile 96 well plate MicroAmp® Fast Optical Reaction Plate (Applied Biosystems) 

followed by the addition of 15 µl master mix to the relevant wells. The plate was secured with 

a plastic cover and placed into the PCR StepOnePlus® instrument (Applied Biosystems) using 

a comparative threshold cycle (Ct) method in order to perform PCR amplification involving an 

initial holding stage at 50°C for two minutes and 95°C for ten minutes followed by 50 cycles 

including a denaturation stage at 95°C for 15 seconds and an annealing/extending stage at 60°C 

for one minute.  

Quantitation is based on the point in which amplification of the gene of interest reaches a 

threshold cycle (Ct) which reflects a significant increase over the gene´s baseline measure, this 

threshold discriminates between background signal and real amplification. 

StepOne software then produces a relative quantitation value (RQ) after several comparisons 

including the gene of interest, the endogenous control (β-actin), and the positive control sample 

using the following formulas: 

ΔCt = Ct gene of interest – Ct endogenous control 

ΔΔCt = ΔCt (unknown sample) – ΔCt (positive control) 

RQ = 2 - ΔΔCt 
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2.13 PICU surveillance 

Study monitoring at PICU included duration of intubation and PICU stay, paired blood gases 

analysis, respiratory/ventilatory parameters and inotrope support every six hours until post-

operative day 2. In addition the use of inhaled nitric oxide, extracorporeal membrane 

oxygenation (ECMO) support and events such as cardiac arrest were noted. Laboratory analysis 

performed daily as per routine at the unit including urea & electrolytes, liver function tests, full 

blood count and coagulation parameters were registered as well. Table 2.8 shows the different 

parameters and timing at which they were recorded. 

Section Parameters Timing 

Laboratory analysis Urea & electrolytes 

Liver function tests 
Full blood count 

Coagulation parameters 

Arrival, second day 

morning, third day morning 
 

Paired blood gases Arterial and venous 
acid/base 
Oxygen status 

Electrolytes 
Metabolites  

Every six hours for 48 hours 
 

Ventilator parameters M-FiO2 

M-Pmean 
Airway type 

Every six hours for 48 hours 

 

Inotrope support Inotrope dosis and score Every six hours for 48 hours 

Inhaled NO Use and dosis Every six hours for 48 hours 

ECMO Use and duration First 48 hours PICU stay  

Events Cardiac arrest First 48 hours PICU stay 

Table 2.8. PICU surveillance parameters. Abbreviations: ECMO: extracorporeal membrane 

oxygenation; M-FiO2: mean fraction of inspired oxygen; M-Pmean: mean airway pressure; NO: 
nitric oxide; PICU: paediatric intensive care unit. 

 

Duration of PICU stay depends on clinical decisions by intensive care specialists who assess in 

detail all aspects of individual patient recovery and particular support requirements. Guidelines 

have established discharge criteria based on the resolution of the conditions requiring intensive 

care support and on the consideration that complex care is no longer needed for paediatric 

patients.  
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These criteria include evidence of stable hemodynamic and respiratory parameters with minimal 

oxygen requirements, no further need of drugs such as antiarrhythmics, inotropics or 

vasodilators, or assurance that low doses can be safely managed in other care units; appropriate 

control of cardiac dysrhythmias, neurologic stability, no further need for intracranial pressure 

monitoring equipment or hemodynamic monitoring catheters.  

Patients in need of chronic support such as mechanical ventilation or routine dialysis whose 

critical illness has been resolved and who are stable may also be discharged. Finally, if the health 

care team and the patient’s family consider there would be no benefit from further support or 

treatment, discharge is advised (American Academy of Pediatrics – Society of Critical Care 

Medicine, 1999).   
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2.14 Statistical Analysis 

Data distribution was assessed through histograms and the Shapiro Wilk test. Data is presented 

as mean and SD for normally distributed variables, or median and interquartile range for non-

normal distribution.  

 

Demographic data 

Demographic data did not present normal distribution, hence nonparametric analysis was 

undertaken. Mann-Whitney tests were carried out in order to determine differences in numerica l 

values between groups (2 tailed), while chi-square test was used for categorical data (gender 

and cyanosis status). Correlation between demographic variables were tested using the 

nonparametric Spearman´s rank correlation test (rs). 

Independent sample t-test or Mann-Whitney tests were carried out in order to determine 

differences between groups according to group allocation for surveillance data according to each 

time point.  

 

Plasma markers 

Correlation of each marker to demographic data including age, weight, gender, cyanosis status, 

CPB and aortic clamp duration were tested using the Pearson test (r) for normally distributed 

data or Spearman´s rank correlation test (rs) for non-parametric data. Correlation of markers to 

cTnI levels was also explored. 

Differences between time points were analysed using repeated measures ANOVA in normally 

distributed data applying post hoc tests using the Bonferroni correction., while repeated samples 

Friedman´s analysis of variance followed by post-hoc comparisons between time points using 

Wilcoxon signed rank tests with Bonferroni correction for multip le testing was applied for non-

parametric data.  
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The association of cTnI PO1 measurements with independent variables was explored using a 

linear regression analysis for independent variables. Significant variables from univar iate 

analyses were used in a multivariate model followed by backwards selection in order to establish 

predictor relationships. 

Independent samples t-tests or Mann-Whitney tests were carried out in order to determine 

differences between RIPC or control groups (2 tailed).  

 

Gene expression analysis 

Correlation to gender, age, weight, cyanosis status, and post-operative cTnI levels were explored 

using Pearson analysis (r) in normally distributed data and Spearman analysis in non-parametric 

data (rs).   

Expression differences according to atrial or ventricular tissue type were analysed using 

independent sample t-tests or Mann Whitney tests.  

Paired samples t-test or the non-parametric Wilcoxon signed-rank test for paired measures were 

used to explore differences before and after tissue incubation. 

Mann Whitney tests or independent samples t-test were used as appropriate in order to determine 

differences according to RIPC or control allocation for each time point at baseline and after 

incubation. 

 

All analyses were performed using SPSS Software version 23 at a significance level of 5%. 

 

Statistical analysis for this study was started under the guidance of Dr Charles McSharry 

(Institute of Infection, Immunity and Inflammation – University of Glasgow) who provided 

tools for the analysis of demographic data and RIPC vs control comparisons. Further advice was 

provided by Dr David Young. Finally, all statistic work was discussed with Miss Nicola 

Greenlaw and Dr Bernard Francq (Robertson Centre for Biostatistics – University of Glasgow) 

close to the completion of this study in order to assure the appropriate tests were being used.  
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Chapter 3. General results 

 

Recruitment took place from January 2013 to March 2015.  Information on patients who were 

approached for considering their participation in the study was not stored from the start of the 

trial, however based on data collected during the last recruitment year approximately 71 patients 

were approached in total, with 15 refusing participation. 

56 patients were recruited for the trial, 50 patients completed follow-up and 48 patients were 

included in RIPC analysis; Figure 3.1 shows the patient flow during enrolment, allocation and 

analysis of the trial. 
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Figure 3.1. Patient flow from recruitment to analysis. CONSORT based diagram. *patients 

received first stage of intervention the day before surgery. Abbreviations: CONSORT: 

consolidated standards of reporting trials; RIPC: remote ischaemic preconditioning. 
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3.1 Demographics 

Demographic data for all participants is presented in Table 3.1. 

Patient Gender Age 

(months) 

Weight 

(kg) 

Diagnosis Procedure 

B01 female 19 10,25 Aortic regurgitation Aortic valve repair 

B02 female 4 5 AVSD AVSD repair 

B03 female 3 4,2 AVSD AVSD repair 

B05 Male 104 22 CoA, VSD, RV 

hypoplasia 

TCPC 

B06 Male 0,6 3,08 TGA, VSD Switch, VSD closure 

B07 female 2,36 4,58 AVSD, PDA AVSD repair, PDA 
closure 

B08 Male 177 55,05 Aortic regurgitation Valve replacement 

B09 female 12 6,93 VSD, PDA Closure of PDA, VSD 

B10 Male 5 6,73 HLHS Norwood (Glenn) 

B11 female 7 7,15 LPA absent Reconstruction of LPA 

B12 female 5 5,9 VSD atrial septectomy 

B13 male 10 9,15 Tricuspid atresia, 
VSD 

Bi-directional Glenn 

B14 female 16 9,45 Aortic stenosis  Aortic valve repair 

B15 male 11 10 Aortic stenosis  Open AV repair + 

Annuloplasty 

B16 male 58 16,2 Tricuspid atresia, 
TGA 

Completion of 
TCPC/Fontan 

B17 female 79 17,8 Aortic stenosis aortic valve repair 

B18 male 50 16,6 Tricuspid atresia Fontan 

B19 male 56 18,8 Tricuspid atresia, 

VSD 

TCPC 

B20 male 56 17,4 Double inlet RV, 
double outlet RV 

TCPC  

B21 male 4 15 HLHS TCPC 

B22 male 39 17,8 Sinous venosus, 

ASD  

Repair of pulmonary 

venous connections 

B23 male 118 22,3 TGA, AVSD, situs 
inversus 

TCPC 

B28 male 20 10 AVSD, TGA, 

DORV 

Bilateral Glenn 

B29 female 11 7,18 AVSD, TOF  TOF repair 

B31 female 59 17,14 VSD, aortic cuspid 
prolapse 

VSD closure, aortic 
valve repair 

M01 male 104 24,25 Sub aortic stenosis resection of subaortic 

membrane, myectomy 
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Patient Gender Age 

(months) 

Weight 

(kg) 

Diagnosis Procedure 

M02 male 17 9,45 Pulmonary atresia, 
VSD 

VSD closure, RV-PA 
conduct 

M03 male 35 12,22 PV atresia, VSD PA reconstruction, 

VSD closure 

M04 female 7 5,88 TOF VSD and PDA closure 

M05 female 18 12,2 Subaortic stenosis, 
CoA 

Relief of subaortic 
stenosis, Ao valvotomy 

M06 male 56 19,6 VSD, CoA, 

subaortic stenosis 

Relief of sub aortic 

stenosis 

M07 female 94 28 TOF, Subpulmonary 
stenosis 

Tissue resection, 
pacemaker replacement  

M09 female 6 6,64 TOF TOF repair 

M10 female 124 30,45 Sub aortic 

obstruction  

LVOT relief of sub 

valve obstruction 

M11 female 11 8,25 TOF TOF repair 

M12 female 60 21,05 Truncus arteriosus RV-PA conduit 

M13 female 12 8,99 TOF TOF  repair 

M14 female 2 3,65 Pulmonary atresia, 
VSD (TOF type) 

Fallot type procedure 

M15 male 8 8,11 TOF TOF repair 

M16 female 6 7,7 Pulmonary atresia, 

VSD (TOF type) 

Pulmonary atresia 

repair,VSD closure 

M17 male 37 13,55 Pulmonary atresia, 
VSD, MAPCAs 

VSD closure, RV to PA 
conduct 

M18 female 9 8,86 TOF  TOF repair 

M20 male 2 4,42 Pulmonary atresia RV-PA plasty 

M21 female 8 6,3 TOF, disconnected 

LPA 

TOF repair, LPA to 

MPA anastomosis 

M22 female 6 5,83 TOF TOF repair 

M23 male 116 34,9 Double outlet RV 
(TOF type) 

Pulmonary valve 
replacement  

M24 male 3 5,19 TOF TOF repair 

M26 male 3 6,82 TOF, PDA, Co LPA TOF repair, LPA plasty 

M27 male 163 42,5 RVOT obstruction, 

VSD 

RVOT tissue resection, 

VSD closure 

M28 female 4 5,96 TOF TOF repair 

Table 3.1. Demographic characteristics of recruited patients. Abbreviations: ASD: atrial 
septal defect; AV: aortic valve; AVSD: atrio-ventricular septal defect; CoA: aortic coarctation; 

DORV: double outlet right ventricle; HLHS: hypoplastic left heart syndrome; LPA: left 
pulmonary artery; LVOT: left ventricle outlet tract; MAPCAs: major aorto pulmonary collateral 

arteries; MPA: main pulmonary artery; PA: pulmonary artery; PDA: persistent ductus  
arteriosus; PV: pulmonary valve: RV: right ventricle; RVOT: right ventricle outlet tract; TCPC: 
total cavopulmonary connection; TGA: transposition of the great arteries; TOF: tetralogy of 

Fallot; VSD: ventricular septal defect. 
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Cyanosis status in this study was defined according to the clinical diagnosis of the patient and 

degree of repair, as detailed in Table 3.2. Oxygen saturation was not considered pre-operatively 

in order to determine cyanosis in each patient. 

Cyanotic Non-cyanotic 

DORV Aortic stenosis  

HLHS ASD 

Pulmonary atresia AVSD 

RV hypoplasia CoA 

TOF Mitral regurgitation  

Tricuspid atresia Previously corrected TOF and DORV 

 Sub aortic stenosis  

 TGA 

 VSD 

Table 3.2. Diagnosis classification according to cyanotic presentation. Abbreviations: ASD: 
atrial septal defect; AVSD: atrio-ventricular septal defect; CoA: aortic coarctation; DORV: 

double outlet right ventricle; HLHS: hypoplastic left heart syndrome; TGA: transposition of the 
great arteries; TOF: tetralogy of Fallot; VSD: ventricular septal defect. 
 

Correlation between demographic characteristics including gender, age, weight, cyanosis status, 

anaesthesia duration, CPB duration and aortic cross clamp duration were analysed for all 

patients (n=50). As expected, weight correlated to age (rs=0.944, p<0.0001) and CPB duration 

correlated to aortic cross clamp duration (rs=0.716, p<0.0001). 

In addition gender presented a correlation to weight (rs=0.356, p=0.011). Variation of weight 

according to gender was significant with f: 7.18(5.90-10.25) vs m: 15(9.15-19.60), p=0.013. 

Aortic cross clamp duration tended to be longer in female patients, however the difference did 

not reach statistical significance with f: 111(47-133) vs m: 49(0-128), p=0.054 (Figure 3.2).



116 
 

 

Figure 3.2. Variation on weight and aortic clamp duration according to gender. 
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3.2 RIPC analysis 

3.2.1 Demographic and baseline characteristics 

Table 3.3 shows baseline characteristics of the patients, there was no significant difference in 

gender, age, weight, cyanosis status, anaesthesia, CPB or aortic clamp duration between RIPC 

and control groups.  

 RIPC Control P value 

Gender f:m 12:13 12:11 0.773 

Age (months) 19 (6-58) 9 (5-56) 0.463 

Weight (Kg) 12.22 (6.82-17.40) 8.11 (6.30-17.80) 0.502 

Cyanosis status (cyanotic : non 

cyanotic) 

14 cyanotic 

11 non-cyanotic 

13 cyanotic 

10 non-cyanotic 

0.971 

Anaesthesia duration (min) 400 (320-470) 380 (330-490) 0.695 

CPB duration (min) 142 (104-202) 151 (101-213) 0.861 

Aortic cross clamp duration (min) 69 (41-133) 86 (23-131) 0.934 

Table 3.3. Baseline characteristics of participants according to group allocation.Analys is 

included 48 patients who were analysed according to the study intervention. Data is presented 

as ratios or median – IQ range as appropriate. Abbreviations: CPB; cardiopulmonary bypass; f: 

female; IQ: interquartile range; m: male; min: minutes; RIPC: remote ischaemic 

preconditioning. 

 

3.2.2 Length of stay and intubation 

Length of intubation in days did not differ significantly according to group allocation with 

RIPC: 0.36(0.10-3.44) vs Control: 2.79(0.46-4.83), p=0.150. Length of stay in PICU was 

significantly different with RIPC: 1.79(0.94-3.88) vs Control: 4.93(1.63-7.20), p=0.029 (Figure 

3.3). 

 
Figure 3.3. Length of intubation and PICU stay according to group allocation.  

Abbreviations: PICU: paediatric intensive care unit; RIPC: remote ischaemic preconditioning. 
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3.2.2 Inotrope score 

Table 3.4 summarises descriptive data for inotrope score according to group allocation, inotrope 

score was not significantly different in RIPC compared to control for any of the time points 

analysed (Figure 3.4). AUC analysis revealed no difference between groups at RIPC 112.50 

(20.10-373.50) vs Control 307.50(18.00-526.50), p=0.463. 

 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 25 5.0(0.3-7.5) 23 5.0(2.0-12.5) 0.540 

6 h 25 6.0(1.3-11.5) 23 9.5(2.0-12.5) 0.583 

12 h 25 3.0(0.0-11.5) 23 8.0(0.0-14.5) 0.433 

18 h 25 0.0(0.0-10.5) 23 8.0(0.0-16.5) 0.170 

24 h 25 0.0(0.0-10.5) 23 7.5(0.0-13.5) 0.225 

30 h 25 0.0(0.0-10.5) 23 5.0(0.0-13.5) 0.355 

36 h 25 0.0(0.0-5.3) 23 3.8(0.0-13.5) 0.133 

42 h 25 0.0(0.0-0.6) 23 5.0(0.0-11.5) 0.141 

Table 3.4. Descriptive data for inotrope score according to group allocation for each time  

point. 

 

 
Figure 3.4. Inotrope score according to RIPC or control allocation across time points.  
Values are expressed in medians. Abbreviations: h: hours; RIPC: remote ischaemic 

preconditioning. 



119 
 

 

3.2.2 Ventilation parameters 

Mean fraction of inspired oxygen (M-FiO2) descriptive data is shown in Table 3.5;  M-FiO2 was 

significantly lower in the RIPC group at PICU arrival compared to control (Figure 3.5); however 

AUC comparison between both groups was not significant with  RIPC 2351.29±539.37 vs 

Control 2211.32±731.48, p=0.646. 

 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 21 49.7(40.0-60.0) 21 55.0(50.0-85.0) 0.029 

6 h 19 50.0(34.0-60.0) 19 52.0(40.0-90.0) 0.402 

12 h 17 39.7(30.0-54.0) 18 54.0(35.0-71.0) 0.184 

18 h 13 40.0(30.0-50.0) 18 53.5(41.0-70.0) 0.062 

24 h 10 40.0(40.0-60.0) 14 55.5(35.2-81.0) 0.285 

30 h 9 50.0(40.5-59.0) 14 47.5(40.0-71.0) 1.00 

36 h 10 47.0(40.0-50.0) 14 45.0(40.0-70.0) 0.977 

42 h 10 50.0(40.2-80.0) 15 41.0(30.3-72.0) 0.311 

Table 3.5. Descriptive data for M-FiO2 according to group allocation for each time point. 

 

 
Figure 3.5. M-FiO2 variation according to RIPC or control allocation across time points.  
Values expressed in medians – IQ range. Abbreviations: M-FiO2: mean fraction of inspired 
oxygen; h: hours; RIPC: remote ischaemic preconditioning. 
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Analysis of PaO2–FiO2 ratio, a common indicator of oxygenation did not result in any 

significant differences between treatment and control groups (Table 3.6, Figure 3.6).   

 

 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 21 38.5 (21.5-60.2) 20 26.8(16.2-45.8) 0.273 

6 h 15 31.0(18.3-55.6) 17 26.3(18.2-54.0) 0.390 

12 h 12 33.5(18.5-50.8) 16 25.3(14.8-35.8) 0.302 

18 h 8 28.9(22.4-33.4) 15 29.1(19.8-48.0) 0.728 

24 h 5 24.22 ± 2.77 11 23.55 ± 12.39 0.909 

30 h 6 26.24 ± 9.59 11 24.22 ± 12.37 0.735 

36 h 8 26.71 ±11.55 9 25.25 ± 11.88 0.800 

42 h 7 20.99 ±13.38 10 22.35 ± 12.31 0.830 

Table 3.6. Descriptive data for PaO2–FiO2 ratio according to group allocation for each 

time point. Abbreviations: PaO2: partial pressure of oxygen; FiO2: fraction of inspired oxygen; 
h: hours; RIPC: remote ischaemic preconditioning. 

  
 

 
Figure 3.6. PaO2–FiO2 ratio variation according to RIPC or control allocation across time  

points. Values expressed in medians. Abbreviations: PaO2: partial pressure of oxygen; FiO2: 
fraction of inspired oxygen; h: hours; RIPC: remote ischaemic preconditioning. 

 

 

 



121 
 

 

M-Pmean descriptive data is shown in Table 3.7. Values did not vary according to group 

allocation for any time point (Figure 3.7). AUC comparison between both groups was not 

significant with RIPC: 418.11±43.24 vs Control: 427.67±56.68, p=0.705.  

 

 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 19 8.0(7.0-10.1) 21 10.0(8.0-11.0) 0.069 

6 h 17 9.0(8.0-11.0) 18 10.1(9.0-14.0) 0.195 

12 h 11 11.0(8.9-12.0) 17 10.0(9.5-12.0) 0.781 

18 h 10 10.0(8.0-11.0) 16 10.0(9.0-11.0) 0.737 

24 h 8 10.5(9.25-13.0) 14 10.0(9.0-12.0) 0.868 

30 h 8 11.0(9.5-12.0) 13 10.0(9.0-12.0) 0.972 

36 h 7 11.0(8.0-12.0) 14 9.5(7.0-12.0) 0.799 

42 h 8 11.35(9.0-12.0) 14 9.0(7.0-12.0) 0.482 

Table 3.7. Descriptive data for M-Pmean according to group allocation for each time point. 

Abbreviations: M-Pmean: mean airway pressure; h: hours; RIPC: remote ischaemic 
preconditioning. 

 

 
 

 
Figure 3.7. M-Pmean variation according to RIPC or control allocation across time points.  
Values expressed in medians. Abbreviations: M-Pmean: mean airway pressure; h: hours; RIPC: 
remote ischaemic preconditioning. 
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3.2.3 Arterial blood gases  

 

Descriptive information on the partial pressure of carbon dioxide (PCO2) is shown on Table 3.8. 

PCO2 was significantly higher in the control group 42 hours after surgery (Figure 3.8).  

 

 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 25 6.26±0.97 22 6.16±1.18 0.739 

6 h 21 5.56±0.76 21 5.73±0.94 0.519 

12 h 23 5.38±0.61 21 5.48±0.69 0.616 

18 h 16 5.62±0.66 20 5.32±0.92 0.284 

24 h 10 5.55±0.71 15 5.56±0.83 0.975 

30 h 9 5.39±1.01 14 5.54±0.62 0.670 

36 h 12 5.71±0.96 13 5.81±0.52 0.747 

42 h 8 5.2(5.0-5.7) 12 5.8(5.4-6.4) 0.047 

Table 3.8. Descriptive data for PCO2 according to group allocation for each time point. 

Abbreviations: PCO2: partial pressure of carbon dioxide; h: hours; RIPC: remote ischaemic 
preconditioning. 

 

 
Figure 3.8. PCO2 variation according to RIPC or control allocation across time points.  

Values expressed in means. Abbreviations: PCO2: partial pressure of carbon dioxide; h: hours; 
RIPC: remote ischaemic preconditioning. 
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Variation was not significantly different for concentration of hydrogen (CH) (Table 3.9; Figure 

3.9), PO2 (Table 3.10; Figure 3.10), HCO3 (Table 3.11; Figure 3.11), O2sat (Table 3.12; Figure 

3.12), glucose (Table 3.13; Figure 3.13) and lactate (Table 3.14; Figure 3.14) for any time point.  

 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 25 52.0(47.8-57.6) 22 49.0(47.6-61.8) 0.949 

6 h 20 48.10±5.85 21 50.72±5.24 0.138 

12 h 23 48.73±7.42 21 48.54±4.57 0.921 

18 h 16 47.3(45.2-51.3) 20 48.2(42.5-51.1) 0.718 

24 h 10 47.9(45.0-49.7) 15 48.7(42.8-50.1) 0.935 

30 h 9 45.3(38.9-46.5) 14 44.0(38.1-47.5) 0.734 

36 h 12 42.7(38.7-46.4) 13 43.0(41.0-45.4) 0.689 

42 h 8 42.7(38.7-46.4) 12 43.0(41.0-45.4) 0.270 

Table 3.9. Descriptive data for CH according to group allocation for each time point. 

Abbreviations: CH: concentration of hydrogen; h: hours; RIPC: remote ischaemic 
preconditioning. 

 
 

 

 
Figure 3.9. M-Pmean variation according to RIPC or control allocation across time points.  
Values expressed in medians. Abbreviations: CH: concentration of hydrogen; h: hours; RIPC: 

remote ischaemic preconditioning. 
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 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 25 15.4(10.8-23.9) 22 13.1(10.8-23.5) 0.515 

6 h 20 13.1(10.9-20.0) 21 15.1(11.5-19.8) 0.896 

12 h 23 13.1(9.0-16.4) 21 11.7(10.0-18.0) 0.707 

18 h 16 10.8(9.4-14.2) 20 11.6(10.1-19.7) 0.290 

24 h 10 11.1(9.3-13.1) 15 11.0(5.7-16.7) 0.765 

30 h 9 10.6(9.5-13.5) 14 11.7(8.6-14.9) 0.926 

36 h 12 10.1(8.9-11.9) 12 10.8(9.0-11.4) 1.00 

42 h 8 10.20±4.27 12 9.58±2.94 0.702 

Table 3.10. Descriptive data for PO2 according to group allocation for each time  

point¡Error! Marcador no definido.. Abbreviations: PO2: partial pressure of oxygen; h: hours; 

RIPC: remote ischaemic preconditioning. 
 

 

 

 
Figure 3.10. PO2 variation according to RIPC or control allocation across time points.  

Values expressed in medians. Abbreviations: PO2: partial pressure of oxygen; h: hours; RIPC: 
remote ischaemic preconditioning. 
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 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 25 22.19±1.996 22 21.67±2.34 0.420 

6 h 20 21.46±2.41 21 20.83±2.59 0.428 

12 h 23 20.77±2.99 21 20.97±2.83 0.828 

18 h 16 21.38±2.96 20 21.23±4.08 0.903 

24 h 10 20.97±3.05 15 21.95±3.73 0.496 

30 h 9 22.20±2.20 14 23.27±3.89 0.462 

36 h 12 -0.51±2.97 13 -1.35±4.87 0.766 

42 h 8 23.71±3.55 12 24.60±4.46 0.647 

Table 3.11. Descriptive data for HCO3 according to group allocation for each time point. 

Abbreviations: HCO3: bicarbonate; h: hours; RIPC: remote ischaemic preconditioning. 

 

 
 

 
Figure 3.11. HCO3 variation according to RIPC or control allocation across time points.  

Values expressed in means. Abbreviations: HCO3: bicarbonate; h: hours; RIPC: remote 
ischaemic preconditioning. 
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 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 25 99(97-100) 22 99(97-100) 0.810 

6 h 20 99(97-99) 21 99(98-100) 0.570 

12 h 23 99(95-99) 21 98(96-100) 0.933 

18 h 16 97(96-99) 20 99(97-100) 0.336 

24 h 10 97(95-98) 15 98(94-99) 0.978 

30 h 9 98(96-98) 14 98(94-99) 0.829 

36 h 12 97(95-99) 13 97(96-98) 0.810 

42 h 8 96(93-99) 12 96(90-98) 0.851 

Table 3.12. Descriptive data for O2 saturation according to group allocation for each time  

point. Abbreviations: O2: oxygen; h: hours; RIPC: remote ischaemic preconditioning. 

 
 

 
Figure 3.12. O2 saturation variation according to RIPC or control allocation across time  

points. Values expressed in medians. Abbreviations: O2: oxygen; h: hours; RIPC: remote 
ischaemic preconditioning. 
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 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 25 6(4-7) 22 6(5-7) 0.609 

6 h 20 6(6-8) 21 7(5-8) 0.497 

12 h 23 6.03±1.27 21 6.57±1.39 0.187 

18 h 16 6.19±1.27 20 6.23±1.46 0.919 

24 h 10 6.00±1.10 15 6.93±1.66 0.132 

30 h 9 6(6-7) 14 6(6-8) 0.643 

36 h 12 6.93±1.92 13 7.47±2.31 0.537 

42 h 8 6(6-7) 12 7(6-7) 0.384 

Table 3.13. Descriptive data for glucose levels according to group allocation for each time  

point. Abbreviations: h: hours; RIPC: remote ischaemic preconditioning. 

 

 

 

 
Figure 3.13. Glucose variation according to RIPC or control allocation across time points.  

Values expressed in medians. Abbreviations: h: hours; RIPC: remote ischaemic 
preconditioning. 
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 RIPC Control  

Time point N Median – IQ range N Median – IQ range P value 

Arrival 25 1.2(0.9-1.9) 22 1.5(1.0-1.8) 0.488 

6 h 20 1.3(1.1-1.7) 21 1.2(1.2-2.0) 0.969 

12 h 23 1.2(0.8-1.8) 21 1.2(0.9-1.6) 0.841 

18 h 16 1.03±0.28 20 1.16±0.36 0.252 

24 h 10 1.05±0.35 15 1.15±0.29 0.430 

30 h 9 1.2(1.0-1.3) 14 1.0(1.0-1.3) 0.643 

36 h 12 1.1(0.8-1.3) 13 1.0(0.8-1.2) 0.650 

42 h 8 1.2(0.9-1.4) 11 0.9(0.9-1.1) 0.206 

Table 3.14. Descriptive data for lactate levels according to group allocation for each time  

point. Abbreviations: h: hours; RIPC: remote ischaemic preconditioning. 

 
 

 
Figure 3.14. Lactate variation according to RIPC or control allocation across time points.  

Values expressed in medians. Abbreviations: h: hours; RIPC: remote ischaemic 
preconditioning. 
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3.2.4 Renal function – Urea and electrolytes 

Urea (Figure 3.15) and creatinine (Figure 3.16) did not vary significantly according to group 

allocation. Electrolytes including Na, K, Cl, Phosphate and Mg did not present a significant 

difference either. All descriptive data can be seen on Appendix 3. 

 

Figure 3.15. Urea variation according to RIPC or control allocation across time points.  

Abbreviations: h: hours; RIPC: remote ischaemic preconditioning. 

 
Figure 3.16. Creatinine variation according to RIPC or control allocation across time  

points. Abbreviations: h: hours; RIPC: remote ischaemic preconditioning. 
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3.2.5 Liver function tests 

All parameters including alkaline phosphatase (Figure 3.17), aspartate transaminase (AST), 

alanine transaminase (ALT), bilirubin (Figure 3.18), albumin (Figure 3.19), and C reactive 

protein (CRP) (Figure 3.20) were not significantly different according to RIPC or control 

allocation. Descriptive data is summarised in Appendix 3.  

 
Figure 3.17. Alkaline phosphatase variation according to RIPC or control allocation 

across time points. Abbreviations: h: hours; PO: post-operative; RIPC: remote ischaemic 
preconditioning. 

 
 
Figure 3.18. Bilirubin variation according to RIPC or control allocation across time points.  

Abbreviations: h: hours; PO: post-operative; RIPC: remote ischaemic preconditioning. 
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Figure 3.19. Albumin variation according to RIPC or control allocation across time points.  
Abbreviations: h: hours; PO: post-operative; RIPC: remote ischaemic preconditioning. 
 

 
Figure 3.20. CRP variation according to RIPC or control allocation across time points.  
Abbreviations: CRP: C reactive protein; h: hours; PO: post-operative; RIPC: remote ischaemic 

preconditioning. 
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3.2.6 Whole blood count 

 
Mean corpuscular haemoglobin (MCH) was significantly higher in the control group at PO2 

(RIPC: 28.52±1.55 vs Control: 29.46±1.53, p=0.049) (Figure 3.21). All other parameters did 

not vary according to group allocation, all data is shown in Appendix 3. 

 

 
Figure 3.21. MCH variation according to RIPC or control allocation across time points.  

Abbreviations: h: hours; MCH: mean corpuscular haemoglobin; PO: post-operative; RIPC: 
remote ischaemic preconditioning. 
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3.2.7 Coagulation 

 

Coagulation parameters including prothrombin time (PT) (Figure 3.22), partial 

thromboplastin time (APTT) (Figure 3.23) and fibrinogen (Figure 3.24) were not significantly 

different according to group allocation. 

 

 
Figure 3.22. PT variation according to RIPC or control allocation across time points.  

Abbreviations: PO: post-operative; PT: prothrombine time; RIPC: remote ischaemic 
preconditioning; s: seconds. 
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Figure 3.23. APPT variation according to RIPC or control allocation across time points. 

Abbreviations: APPT: activated partial thromboplastin time; PO: post-operative; RIPC: remote 
ischaemic preconditioning; s: seconds. 

 

 
Figure 3.24. Fibrinogen variation according to RIPC or control allocation across time  

points. Abbreviations: PO: post-operative; RIPC: remote ischaemic preconditioning; s: 

seconds. 
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3.2.8 Limitations 

Due to clinical circumstances all variables in this section do not have a pre-operative 

measurement which would have been useful as a baseline in order to follow post-operative 

changes.  

 

3.2.9 Summary of key findings 

 Length of PICU stay was shorter in the RIPC group. 

 Arterial blood PCO2 concentration was higher in the control group 42 hours after 

surgery. 

 MCH was higher in the control group. 

 

3.2.10 Discussion 

Cardiac surgical procedures and all the components involved have an impact on cardiac and end 

organ functionality after surgery. During the post-operative period of CHD correction there is a 

very close surveillance of all systems within PICU. A record and analysis of these surveillance 

parameters allow an insight into the evolution of patients with any effect on them from a research 

intervention being the most relevant for patient outcome.   

Patients in the RIPC group presented a shorter length of stay in PICU, no other clinica l 

characteristics favoured the application of preconditioning. Most of the previously reported 

RIPC studies have not found differences in intensive care length of stay including all paediatric 

trials (Table 1.8), while only one study in adults reported a significantly shorter ICU stay after 

RIPC (Choi et al, 2011).  

In spite of this, a meta-analysis that pooled together the data from 7 paediatric clinical trials 

concluded that RIPC significantly reduced ICU length of stay (Tie et al, 2014), this report was 

not confirmed in a later analysis by the same main authors which included 2 additional trials, 
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one of them focused on kidney injury (Tie et al, 2015). Both reports highlighted the 

heterogeneity of the analysed clinical trials. 

ICU length of stay is an established predictor of outcome, with prolonged stay times being 

associated to immediate and long term effects after cardiac surgery (Mahesh et al, 2012). 

Although the present finding is in discordance to previous reports, this should be explored 

further. 

Inotrope requirements tended to be higher in the control group, however differences did not 

reach statistical significance for any time points. RIPC clinical trials have mostly reported no 

differences in inotropic scores according to group allocation, however lower inotrope 

requirements have been reported after RIPC in adults (Wu et al, 2011). Likewise, several 

paediatric clinical trials found that RIPC resulted in a lower inotropic score after surgery 

(Cheung et al, 2006; Zhou et al, 2010; Luo et al, 2011). 

Ventilation parameters did not vary between groups, previous paediatric studies reporting length 

of intubation did not find significant variations; six trials reported additional ventilatory 

parameters, with one including M-FiO2 and peak inspiratory pressure (McCrindle et al, 2014), 

while the other reported indexes with no significant variation in any parameters after RIPC 

(Cheung et al, 2006; Zhou et al, 2010; Lee et al, 2012; Jones et al, 2013; Pepe et al, 2013).  

Arterial blood gas reports showed higher PCO2 in control patients at one time point only (42 

hours after surgery); other parameters of the analysis were not significantly different, 

nevertheless increased PCO2 could reflect respiratory issues. Although previous RIPC studies 

have recorded blood gas analysis results in order to calculate indexes, PCO2 values have not 

been reported.  

We found no variation in lactate or glucose levels; accordingly, one previous study reported no 

difference in glucose while several studies analysed lactate levels reporting there was no 

significant difference according to RIPC allocation (Lee et al, 2012; Pavione et al, 2012; Jones 

et al, 2013; Pepe et al, 2013; McCrindle et al, 2014). 
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Creatinine levels did not vary significantly between groups, this result supports previous 

findings in paediatric RIPC studies which found no differences in the marker at post-operative 

measurements (Lee et al, 2012; Pavione et al, 2012; Pepe et al, 2013; McCrindle et al, 2014). 

Other renal function parameters including urea and electrolytes presented no significant 

variation; urea had been previously analysed in relation to RIPC finding no influence from the 

intervention (McCrindle et al, 2014). 

MCH presented borderline significantly higher values in the control group; MCH expresses the 

average content of haemoglobin in red blood cells, it is used during the differential diagnosis of 

anaemia and is unlikely to be clinically relevant regarding RIPC. This variable has not been 

reported in this context before. 

As previously described by Lee et al, 2012, there was no difference in Hb or haematocrit levels; 

all other post-operative blood count values were not significantly different, McCrindle et al, 

2014 reported higher neutrophil and white blood cell count in the control group 48 hours after 

surgery. 

There was no significant difference in liver function tests, CRP, or coagulation parameters in 

this study, similar results were obtained in other clinical trials (Lee et al, 2012; McCrindle et al, 

2014). 

 

Conclusion 

Clinical parameter analysis revealed an important effect of RIPC with a significantly shorter 

PICU length of stay, all other parameters presented no significant difference. The implicat ions 

and possible factors influencing this outcome should be explored. 
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Cardiac analysis 

Chapter 4. Cardiac injury 

4.1 Introduction 

Children presenting with CHD who require surgical intervention are vulnerable to cardiac IRI 

as a consequence of the procedure itself and the use of CPB; advances in surgical techniques, 

perfusion, operative and perioperative care have improved survival and prognosis, however the 

unavoidable cardiac ischaemic lapse and exposure to systemic reactions continue to cause 

myocardial injury and to impact cardiac function after surgery and into adult life (Townsend et 

al, 2013).  

Myocardial stress can lead to cardiomyocyte stretch, peptide and hormone synthesis and cellular 

death, with a release of its contents, triggering inflammatory mediators. Products of this process 

can then be detected in blood and used as indicators of injury (reviewed by Lorts et al, 2013). 

Cardiac troponin and B-type natriuretic peptide are habitually used in clinical practice as injury 

markers in adults and although their measurement is not routine in CHD paediatric patients they 

can offer an assessment of cardiac injury. 

4.1.1 Cardiac Troponin 

Troponin is part of the myocardium sarcomeric unit where it controls the interaction of myosin 

and actin filaments. Three subunits make up the troponin complex with troponin C acting as the 

calcium binding subunit, troponin T contributing to the thin filament attachment, and troponin 

I inhibiting the formation of the cross bridge between actin and myosin (reviewed by Lorts et 

al, 2013).  

Cardiac troponin T (cTnT) and cardiac troponin I (cTnI) are specific to the myocardium and are 

released after cardiomyocyte death,  they are detectable for several days constituting one of the 

most sensitive and specific biomarkers for cardiac injury; the choice of cTnT or cTnI is mostly 

interchangeable and although most research involving them has been done regarding cardiac 

injury and myocardial infarction, the marker is useful in other circumstances includ ing 

myocarditis and detecting transplant rejection (reviewed by Fathil et al, 2015). 
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In children troponin is not measured routinely, however it is a valuable marker in order to assess  

cardiac injury. A study found higher cTnT levels in newborn children with CHD which were 

linked to haemodynamic but not to ventricular function (Tarkowska and Furmaga-Jabłońska, 

2012), similar results were found with higher cTnI in cyanotic and acyanotic CHD children 

when compared to healthy controls (Hafez et al, 2015).  

Technology advances are leading to a recent shift to the use of high sensitivity cardiac troponin 

(hscTn) assays which are able to detect much lower concentrations of the protein and have been 

included in the most recent guidelines for fast detection by the European Society of Cardiology 

(Roffi et al, 2015).  

 

4.1.2 B-type natriuretic peptide 

Natriuretic peptides are hormones produced as a response to myocyte stretch by the heart and 

vascular endothelium, although the name B (brain)-type natriuretic peptide (BNP) was assigned, 

BNP is mainly synthesised in the ventricular myocardium (Hosoda et al, 1991), it is synthesised 

as an inert N-terminal fragment (N-terminal pro-BNP) and as the biologically active BNP 

(reviewed by Egom, 2015).  

BNP has been established as a first line biomarker for the diagnosis of heart failure in adult 

patients with abundant evidence and is used in order to estimate disease severity and as an 

outcome predictor (Yancy et al, 2013).  

In paediatric practice the use of BNP is much less common, interest has been demonstrated for 

the use of BNP in the management of CHD patients and small studies have suggested that BNP 

could be very suitable as a prognosis marker following paediatric cardiac surgery (Cantinotti et 

al, 2015); however no definite evidence, recommendation or reference values have been 

established for its clinical use (reviewed by Cantinotti et al, 2015).  

It is to be noted that the inherent characteristics of CHDs could alter BNP values, it has been 

observed that BNP levels are related to the type of CHD, presenting higher values in complex 

conditions, in general involving left rather than right ventricle overload, with higher values in 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Tarkowska%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22547993
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tarkowska%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22547993
http://www.ncbi.nlm.nih.gov/pubmed/?term=Furmaga-Jab%C5%82o%C5%84ska%20W%5BAuthor%5D&cauthor=true&cauthor_uid=22547993
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conditions such as univentricular heart, TGA, VSD, AVSD, PDA and truncus arteriosus while 

values are lower in ASD, pulmonary stenosis and TOF, presenting a correlation with ventricular  

function (Holmgren et al, 2005; Koch et al, 2006).  

In addition factors external to CHD may affect BNP levels including age, general well-being 

and comorbidities (reviewed by Cantinotti et al, 2015).   

 

4.2 Aims 

To analyse the pattern of cardiac markers cTnI and BNP on CHD patients before and after 

surgery using CPB and to analyse the effect or RIPC on the levels of these markers. 

 

4.3 Materials and Methods 

Blood Marker Analysis 

Troponin-I and Brain Natriuretic Peptide (BNP) 

Troponin-I and BNP levels were determined by Dr Peter Galloway´s team (Department of 

Clinical Biochemistry – Southern General Hospital and Glasgow Victoria Infirmary Hospital). 

500 μl plasma samples were analysed using a chemiluminescent microparticle immunoassay 

(CMIA) for quantifying cardiac troponin-I in human plasma or serum and human BNP in 

ethylenediaminetetraacetic acid (EDTA) plasma respectively using the ARCHITECT  i-System 

with STAT protocols.  

CMIA assays work in a two-step approach, initially an antibody specific to the analyte (anti-

Troponin-I or anti-BNP respectively) coated to paramagnetic microparticles binds to the antigen 

present in the sample. Magnets attract the microparticles and a wash takes place discarding 

unbound material.  
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During the second step, acridinium-labeled conjugate specific to the analyte (anti-BNP or anti-

Troponin-I acridinium-labeled) is added. Further washing takes place in order to remove 

unbound substances. Pre-trigger solution is then added in order to release the conjugate into 

solution and to arrange the label for the chemiluminescent reaction. Magnets once again attract 

the microparticles, separating them from the label. Addition of a trigger solution follows, 

triggering the final phase of the chemiluminescent reaction which can be quantified as relative 

light units (RLUs), which present a direct link to the amount of the analyte present in the sample.  

RLUs are processed by the system´s software producing a concentration result. STAT, faster 

protocols refer to a shorter incubation time during the first step (reviewed by Quinn and 

Ambruster, 2013). 

 

4.4 Statistical analysis 

Troponin measurements did not present a normal distribution after analysis with histograms and 

the Shapiro Wilk test, therefore nonparametric analysis was undertaken. 

Repeated samples Friedman´s analysis of variance was performed in order to test for differences 

between time points, post-hoc comparisons between time points were done using Wilcoxon 

signed rank tests with Bonferroni correction for multiple testing. 

Correlations were tested using the nonparametric Spearman´s rank correlation test (rs). 

The association of cTnI PO1 measurements with independent variables were explored using a 

linear regression analysis for independent variables. Significant variables from univar iate 

analyses were used in a multivariate model followed by backwards selection in order to establish 

predictor relationships. 

Mann-Whitney tests were carried out in order to determine differences between groups (2 

tailed). Statistical analysis was performed using SPSS Software version 23 at a significance 

level of 5%. 
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4.5 Results 

Perioperative analysis 

4.5.1 cTnI    

Fifty children completed the study, demographic data and its analysis can be seen on Table 3.1 

and 3.2. Thirty three patients presented complete cTnI measurements for all time points. Levels 

variated significantly between time points X2(2)=93.018, p=˂0.0001. Post hoc analysis with 

Wilcoxon signed-rank tests and Bonferroni correction were performed resulting in a 

significance level at p˂0.0083. Table 4.1 shows median and interquartile range values. 

Differences were significant between all time points at p˂0.0001. Figure 4.1 presents the 

variation in cTnI levels according to time point.  

Time point  Median – IQ range 

Baseline 0.000 (0.000-0.003) 

PO1 22.339 (7.411-43.283) 

PO2 12.504 (1.775-19.980)  

PO3 6.424 (0.946-12.555) 

Table 4.1. Descriptive statistics for cTnI measurements according to time points.  

Abbreviations: PO1: post-operative 1; PO2: post-operative 2; PO3: post-operative 3. 

 

 
Figure 4.1. cTnI variation according to time point. Abbreviations: cTnI: cardiac troponin I; 
PO1: post-operative 1; PO2: post-operative 2; PO3: post-operative 3. 



143 
 

 

Higher cTnI levels for PO1 only were seen in female patients, however a non-significant 

tendency for longer cross clamp times in females was observed which could have influenced 

the result (Figure 4.2). 

Figure 4.2. Variation of cTnI and aortic cross clamp duration according to gender.  
Abbreviations: cTnI: cardiac troponin I; min: minutes; PO1: post-operative 1. 

Correlation of the time point with the highest cTnI values (PO1) was investigated with the 

independent variables age (rs= -0.342, p=0.015), weight (rs= -0.419, p=0.002), CPB (rs= 0.499, 

p<0.0001), aortic clamp duration (rs= 0.086, p<0.0001) and cyanosis status before surgery (rs= 

-0.333, p=0.018); cTnI was significantly higher in cyanotic patients (p=0.020). Figure 4.3 shows 

the correlation between CPB, aortic cross clamp duration and cTnI at PO1. 

 

   
Figure 4.3. Plasma cTnI correlation to CPB and aortic cross clamp times. Abbreviations: 
cTnI: cardiac troponin I; PO: post-operative. 
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Multiple regression analysis resulted in a significant correlation of aortic cross clamp duration,  

cyanosis status and weight producing an adjusted R2 value of 0.510 with p˂0.0001, implying 

that 51% of the variation on PO1 cTnI was caused by cross clamp duration, cyanosis status and 

weight. 

Post-operative cTnI levels correlated to ventilation time (rs=0.471, p=0.001), length of PICU 

stay (rs=0.401, p=0.004) and inotrope requirements during all time points; coefficients shown 

correspond to PO1 cTnI. 

 

4.5.2 BNP 

Thirty four patients presented complete BNP measurements for all time points; levels variated 

significantly between time points X2(2)=68.188, p˂0.0001. Post hoc analysis with Wilcoxon 

signed-rank tests and Bonferroni correction were performed resulting in a significance level at 

p˂0.0083. Table 4.2 shows descriptive values. Differences were significant between all time 

points at p˂0.0001 except between PO2 and PO3 values which were not statistically different 

(p=0.896). Figure 4.4 presents the variation in BNP according to time points. 

  

Time point Median – IQ range 

Baseline 41.0 (14.9-89.2) 

PO1 81.5 (53.4-260.6) 

PO2 527.2 (299.5-980.1) 

PO3 547.2 (167.7-1154.2) 

Table 4.2. BNP descriptive statistics according to time point variation. Abbreviations: PO1: 

post-operative 1; PO2: post-operative 2; PO3: post-operative 3. 
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Figure 4.4. BNP variation according to time point. Abbreviations: PO1: post-operative 1; 
PO2: post-operative 2; PO3: post-operative 3. 
 

  
BNP correlated negatively to gender at PO2 (rs= -0.313, p=0.030) and PO3 (rs= -0.382, 

p=0.021). Variation according to gender was significant for both time points with PO2: f: 

603(383-896) vs m: 353(147-837), p=0.032; PO3: f: 820(390-1209) vs m: 273(93-865), 

p=0.023 (Figure 4.5). 

 

Figure 4.5. Plasma BNP levels according to gender. Abbreviations: BNP: B type natriuret ic 
peptide; PO: post-operative. 
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A negative correlation was present with age at PO1 (rs= -0.348, p=0.013), PO2 (rs=-0.448, 

p=0.001), and PO3 (rs= -0.435, p=0.008), and to weight at PO1 (rs= -0.417, p=0.003), PO2 (rs= 

-0.557, p p˂0.0001) and PO3 (rs= -0.541, p˂0.0001) (Figure 4.6). 

 

  

  
Figure 4.6. Plasma BNP correlation to age and weight. Significant positive correlations for 
PO2 and PO3 time points are shown. Abbreviations: BNP: B type natriuretic peptide; PO: 

post-operative. 
 

 
 

BNP correlated significantly to CPB duration at PO1 (rs =0.430, p=0.002), PO2 (rs =0.393, 

p=0.006) and PO3 (rs =0.480, p=0.003). Post-operative BNP also correlated to aortic cross 

clamp duration at time points PO1 (rs=0.343, p=0.016), PO2 (rs =0.507, p˂0.0001) and PO3 (rs 

=0.698, p˂0.0001) (Figure 4.7).  
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Figure 4.7. Plasma BNP correlation to aortic cross clamp duration. Significant positive 
correlations for PO2 and PO3 time points are shown. Abbreviations: PO: post-operative. 
 

In addition BNP correlated to corresponding cTnI levels at time points PO1 (rs=0.425, p=0.02), 

PO2 (rs=00.596, p p˂0.0001) and PO3 (rs =0.740, p˂0.0001) (Figure 4.8). 

 
 

  
 

Figure 4.8. Plasma BNP correlation to cTnI levels. Significant positive correlations for PO2 

and PO3 time points are shown. Abbreviations: PO: post-operative. 
 
 

BNP correlated to ventilation times (rs=0.557, p<0.0001), PICU stay (rs=0.503, p<0.0001), and 

inotrope use during all time points; coefficients shown correspond to PO2 BNP. 
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RIPC analysis 

In two cases assigned to RIPC parents asked for the intervention to be stopped before its 

completion due to discomfort, hence these two patients were excluded from analysis between 

Control and RIPC groups.  

4.5.3 cTnI – RIPC  

Baseline measurements of cTnI were similar in both groups, there was a tendency in the control 

group to present higher levels for PO1 and PO2 measurements, Figure 4.9 shows the variation 

of cTnI according to intervention group.  

 
Figure 4.9. cTnI variation according to group allocation. Abbreviations: cTnI: cardiac 
troponin I; PO1: post-operative 1; PO2: post-operative 2; PO3: post-operative 3; RIPC: remote 

ischaemic preconditioning. 
 

 
This difference however did not reach statistical significance. Table 4.3 presents descriptive 

statistics for time points according to group allocation. Figure 4.10 presents the comparison 

between intervention groups for each time point.  
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Variable Intervention N Median – IQ range P value 

Baseline RIPC 25 0.00(0.00-0.00)  0.978 

Control 22 0.00(0.00-0.00) 

PO1 RIPC 25 12.91(6.29-39.76) 0.450 

Control 23 25.22(8.37-43.48) 

PO2 RIPC 24 4.01(1.48-17.96) 0.439 

Control 21 11.39(2.81-18.79) 

PO3 RIPC 16 4.29(0.60-12.52) 0.659 

Control 19    5.26(0.95-12.56) 

Table 4.3. Descriptive statistics for cTnI levels according to group allocation for each time  

point. Abbreviations: cTnI: cardiac troponin I; PO1: post-operative 1; PO2: post-operative 2; 

PO3: post-operative 3. 

 
Figure 4.10. cTnI levels according to RIPC or Control allocation for each time point.  
Abbreviations: cTnI: cardiac troponin I; PO1: post-operative 1; PO2: post-operative 2; PO3: 
post-operative 3. 

 
Analysis by categories of age and cyanotic status did not produce significant results for any time 

points. 
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The area under the curve (AUC) for cTnI release was calculated in order to compare total release 

between RIPC and control groups. AUC was not significantly different between RIPC and 

control groups (Figure 4.11) with RIPC: 393.05 (98.85-1038.73) vs Control: 596.10 (225.38-

954.24) p=0.752.   

 

Figure 4.11. Area under the curve for cTnI values according to group allocation. cTnI 

levels are presented at baseline and at 8, 22 and 46 hours in average according to post-operative 
time points. Abbreviations: cTnI: cardiac troponin I. RIPC: remote ischaemic preconditioning. 
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4.5.4 BNP – RIPC  

Baseline BNP measurements were similar in both groups and kept that tendency through post-

operative measurements (Figure 4.12). Table 4.4 presents descriptive data for BNP values 

according to group allocation. 

 

 
Figure 4.12. Variation of BNP values according to group allocation. Median values 

represented. Abbreviations: BNP: B type natriuretic peptide; PO: post-operative; RIPC: remote 
ischaemic preconditioning. 

 
 

Variable Intervention N Median – IQ range P value 

Baseline RIPC 25 30.00 (16.40-85.40) 0.578 

Control 22 28.90 ()10.60-69.60 

PO1 RIPC 25 69.20 (27.30-88.30) 0.910 

Control 23 59.40(31.00-178.30) 

PO2 RIPC 24 408.70(160.90-812.75) 0.553 

Control 22 436.75(299.50-753.80) 

PO3 RIPC 16 488.65(84.45-869.95) 0.271 

Control 19 476.80(257.20-1154.20) 

Table 4.4. Descriptive statistics for BNP values according to group allocation. Data is 
expressed as mean – SD or median – IQ range as appropriate. Abbreviations: IQ: interquart i le 
range; PO: post-operative; RIPC: remote ischaemic preconditioning; SD: standard deviation. 
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BNP measurements were not statistically different according to RIPC or control allocatio n for 

any time point (Figure 4.13). 

    
Figure 4.13. BNP levels according to group allocation for each time point. Abbreviations : 

BNP: B type natriuretic peptide; PO: post-operative; RIPC: remote ischaemic preconditioning. 
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4.6 Summary of key findings 

 cTnI variated according to time points. 

 Post-operative cTnI was higher in female patients. 

 Post-operative cTnI correlated negatively to age and weight and positively to CPB and 

aortic clamp duration. 

 Post-operative cTnI was higher in cyanotic patients. 

 Cross clamp duration, cyanosis status and weight were predictors of post-operative cTnI 

levels. 

 cTnI was not different according to RIPC or control allocation for any time point or in 

AUC. 

 BNP varied across time points. 

 Post-operative BNP was higher in females. 

 Post-operative BNP correlated negatively to age and weight and positively to CPB and 

aortic clamp duration and to cTnI levels. 

 BNP was not different according to intervention allocation. 

 

4.7 Discussion 

Troponin is an established marker used in the clinical environment as a diagnostic tool for 

cardiac ischaemia and injury. Most studies evaluating RIPC efficacy have measured an isoform 

of troponin. 

This study analysed cTnI and BNP release in order to determine the effect of RIPC in cardiac 

injury after CHD corrective surgery using CPB. 

cTnI measurements were higher during the early post-operative period, peaking at patient PICU 

arrival immediately after surgery (PO1) and started a lowering trend at the next morning 

measurement (PO2). Post-operative cTnI correlated to intubation time, PICU stay and inotrope 

requirements. 

As expected the duration of the ischaemic insult and of the exposure to inflammatory triggers 

reflected by CPB and aortic cross clamp duration correlated to early post-operative levels of 

cTnI; in addition cTnI levels were higher in younger and lower weight patients, suggesting that 
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smaller patients are more susceptible to injury. Higher troponin levels have been reported in 

infants compared to older children after cardiac surgery using CPB (Modi et al, 2003; Gupta-

Malhotra et al, 2013). 

Cyanosis also increased the levels of cTnI after surgery, it should be noted that cyanotic patients 

did not present higher cTnI pre-operatively, suggesting an enhanced reaction to the IRI insult; 

this difference was no longer significant by the second day after surgery.  A study looking at 

differences related to hypoxia found that cyanotic children presented worse IRI after surgery 

reflected on cTnI levels (Imura et al, 2001).  

The relationship between these variables allowed for a regression model in which 51% of the 

variation on early post-operative PO1 was caused by the duration of cross clamp, cyanosis status 

and weight.   

In the present study cTnI was surprisingly higher in female patients. An analysis of demographic 

characteristics revealed that female patients recruited presented an unplanned significantly 

lower weight; as cTnI levels also correlated to weight, the difference could be due to weight and 

not gender based. In addition to this, female patients tended to present higher cross clamp times  

during surgery, this difference did not reach statistical significance.    

There was a tendency for higher cTnI levels in the control group at postoperative time points, 

however the difference was not significant. Age and cyanosis status have been identified as 

influencing factors on RIPC response (Konstantinov, 2013) hence, separate analysis according 

to age categories and cyanosis status was performed without reaching significant results for any 

of the groups. It should be noted that the majority of recruited patients were infants and subgroup 

analysis for other categories had reduced sample sizes. 

In order to compare the change pattern according to group allocation cTnI AUC analysis was 

undertaken; the difference between groups was not significant. 

During the analysed procedures an incision into the right atrium was required as part of the 

standard surgical protocol in order to access internal cardiac anatomy. In addition to this, certain 

procedures required ventricular tissue excision causing an insult that could result in a troponin 

rise independent of other injury factors and IRI, these procedures included correction of TOF, 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Gupta-Malhotra%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22814215
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gupta-Malhotra%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22814215
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sub-aortic or sub-pulmonary stenosis, pulmonary atresia, one case of truncus arteriosus and a 

case of right ventricular outlet tract obstruction. The distribution of patients who required such 

incision and those who did not was even between the two study arms. 

Evidence of the effect of RIPC on the extent of cardiac injury represented by troponin release 

has produced conflicting results. Initial reports on adult and paediatric patients were promising 

and drew interest in an intervention without reports of adverse events and great potential.  

Eight paediatric trials investigated the effect of RIPC in troponin release, three of these studies 

reported a significant reduction after the intervention (Cheung et al, 2006; Zhou et al, 2010; Luo 

et al, 2011); while five studies did not find a significant difference (see Table 1.8). The largest 

paediatric clinical trial so far, which recruited 299 patients reported no difference in troponin 

release after RIPC (McCrindle et al, 2014). 

A similar pattern occurred with adult studies, with initial positive reports (see Table 1.7); 

nevertheless two recent multicentre studies recruiting 1612 and 1385 patients respectively found 

no significant difference in troponin release between RIPC and control groups (Hausenloy et al, 

2015; Meybohm et al, 2015). 

 

BNP is used as a marker of cardiac failure in the clinical setting, it is released after 

cardiomyocyte stretch and is an indicator of cardiac function; it has been identified as a predictor 

of patient outcome after surgery, correlating to inotropic requirements, ventilation times, 

hospital stay and mortality (Attaran et al, 2009).  As BNP is not routinely measured in paediatric 

patients the descriptive data obtained from this study is of general interest.  

The present study found a correlation of post-operative BNP levels to length of intubation, 

length of PICU stay and inotrope use. In contrast to cTnI patterns, BNP levels were above zero 

at baseline and kept increasing after surgery, with the last measured time point (PO3) being the 

highest. These higher BNP time points correlated to the duration of CPB and aortic cross clamp 

as well as to corresponding cTnI levels, implying that BNP increased according to the extent of 

injury in the myocardium.  
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BNP had a negative correlation to weight and age, with its values increasing in smaller and 

younger children at all post-operative time points. Analysis of BNP perioperative patterns in 

children presenting CHD compared to healthy controls showed an age dependent variation, with 

neonates presenting higher levels than older children even before surgery (Niedner et al, 2010; 

Cantinotti et al, 2013). In our study baseline BNP correlated negatively to weight but not age. 

As BNP increased at PO2 and PO3, levels became significantly higher in female patients. 

Analysis of gender differences found that adult females presented higher BNP measures than 

males, however there were no gender differences in any age group under 19 years for healthy 

participants (Mir et al, 2006). Once again, the weight difference between male and female 

participants in our study could have influenced this gender bias. 

RIPC had no significant effect in BNP levels at any time point, one previous paediatric clinica l 

trial analysed the release of the inactive form of BNP, NTproBNP which is associated to BNP 

plasma levels; this study used a RIPC protocol on the day before surgery and reported lower 

levels of the marker in the RIPC group although it found no clinical benefit from the intervention 

(Pavione et al, 2012). 

One adult RIPC clinical trial also looked at NTproBNP release (Lucchinetti et al, 2012), while 

a second study measured BNP levels (Karuppasami et al, 2011). Both adult studies reported no 

difference according to group allocation. 

 

Conclusion 

RIPC did not significantly reduce the markers of cardiac injury cTnI and BNP after cardiac 

surgery in CHD paediatric patients. 
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Chapter 5. Echocardiographic analysis  

5.1 Introduction 

Echocardiography is the most important tool in order to diagnose and assess the particular 

structures, functionality and haemodynamics in CHD, its findings allow therapeutic decisions 

and a definite follow-up of patient status.  

Tissue Doppler imaging (TDI) detects frequency changes of ultrasound signals reflecting in 

moving objects; blood flow and myocardial contraction cause velocity variation in the heart, 

TDI analyses the longitudinal component of contraction through the cardiac cycle scanning 

fibres running from the atrio-ventricular annulus to the heart apex as they contract and relax 

providing velocities that reflect systolic and diastolic function (Henein and Gibson, 1999; 

reviewed by Kadappu and Thomas, 2015). 

Of particular interest is the TDI analysis of right ventricular function, a previous study found a 

decrease in right ventricular velocity following surgical correction of CHD using CPB, 

reflecting a functional detrimental effect of IRI which in addition correlated with longer 

ventilation times required by patients presenting lower velocities (Vassalos et al, 2009). 

5.2 Aims 

To analyse cardiac function through echocardiographic parameters in CHD patients before and 

after surgery using CPB and to analyse the effect of RIPC on these parameters.  

 

5.3 Materials and methods 

Echocardiographic images, including TDI, were obtained and stored by experienced 

echocardiographers from patients before surgery while the patient was under anaesthesia (Pre-

operative) and the morning after surgery (Post-operative). For clinical reasons it was only 

possible to obtain an immediate post-operative study in a few cases. Table 5.1 presents the 

echocardiographic images obtained. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Kadappu%20KK%5BAuthor%5D&cauthor=true&cauthor_uid=25465516
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kadappu%20KK%5BAuthor%5D&cauthor=true&cauthor_uid=25465516
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Image 

Parasternal long axis 2D and M-mode 

Parasternal long axis colour Doppler 

Parasternal long axis anterior cut through pulmonary valve 

Apical 4 chambers 2D  

Apical 4 chambers 2D  

Apical RV inflow-outflow 2D  

Apical RV long axis 

Apical 4 chambers Doppler 

Apical 4 chambers colour TDI (3 cycles loop) 

Apical 4 chambers pulse wave TDI (3 cycles) 

LVOT PWD from the apex  

Apical 2 chambers 2D 

Apical 3 chambers 2D and colour 

SAX at aortic valve level – 2D and colour 

SAX at MV level 2D and colour 

SAX at PV level 2D   

SAX at the apex 2D  

Subcostal RV inflow-outflow (“RAO”) view 2D and colour 

Subcostal RV SAX (“LAO”) view 2D and colour 

Table 5.1. Echocardiographic images obtained. Abbreviations: 2D: two dimensional; LAO: 
left anterior oblique; LVOT: left ventricular outflow tract; MV: mitral valve; PV: pulmonary 
valve; PWD: pulse wave Doppler; RAO: right anterior oblique; RV: right ventricle; SAX: short 

axis; TDI: tissue Doppler image. 

Echocardiographic measurements were obtained offline by the principle investigator and Dr 

Ilina Maria, consultant paediatric cardiologist.  

Echocardiographic parameters 

Ejection fraction (EF) is the ratio of the stroke volume to ventricular end diastolic volume, it is 

a widely used measure of ventricular function (reviewed by Robotham et al, 1991), while 

fractional shortening (FS) measures the percentage change in the left ventricle minor axis 

diameter between end diastole and end systole (Bulwer et al, 2007). EF and FS are obtained in 

M-mode images. 

Pulse wave Doppler in apical images showing a four chamber view are used to acquire mitral 

annular velocities, the early E wave represents the passive filling of the ventricle and the second 

A wave corresponds to the active filling of the ventricle during atrial systole (ventricular 

diastole); usually the E wave velocity is higher than the A wave (reviewed by Ashley and 
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Niebauer, 2004) (Figure 5.1-I).  E and A waves are used to calculate the MV E/A ratio, a 

measure of diastolic function. 

 

Figure 5.1. PWD and TDI echocardiographic images. I) PWD mitral image: waves 

representing the early (E) and active (A) phases of ventricle filling are shown. II) TDI tricuspid 
image: waves representing systolic (S) and early diastolic (E´) velocities, as well as IVRT 

measure are shown. Abbreviations: IVRT: isovolumetric relaxation time; PWD: pulse wave 
Doppler; TDI: tissue Doppler imaging. Images obtained from patients participating in the 
clinical trial.   

 

TDI waveforms corresponding to the lateral part of the mitral valve, septal portion of the mitral 

valve, and from the tricuspid valve (lateral section) were used in order to measure the systolic 

(S) wave, early diastolic wave (E´) and IVRT (Figure 5.1-II) as reviewed by Nagueh et al, 2016. 

S measurements represent systolic function measures.  
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Mitral E´ waves from TDI wave images and E waves from PWD images were then used to 

calculate E/E´ ratios, additional diastolic measures. All variables measured in the study are 

summarised in Table 5.2. 

Measurement Abbreviation Function 

Fractional shortening FS Measure of LV systolic function 

Ejection fraction  EF Measure of LV systolic function 

LV isovolumetric relaxation time LV IVRT Measure of LV diastolic function 

Mitral inflow pulsed wave Doppler 
E to A velocities ratio 

MV E/A ratio Measure of LV diastolic function 

Lateral mitral annulus systolic 
velocity  

MV LAT S Measure of LV systolic function 

Lateral mitral annulus E to E’ ratio MV LAT E/E’ Measure of LV diastolic function 

Septal mitral annulus systolic 
velocity  

MV SEP S Measure of LV systolic function 

Septal mitral annulus E to E’ ratio MVSEP E/E’ Measure of LV diastolic function 

Tricuspid annular systolic velocity TV ANT S Measure of RV systolic function 

Table 5.2. Echocardiographic measurements obtained. Abbreviations: LV: left ventric le; 

RV: right ventricle; TV: tricuspid valve. 

 

5.4 Statistical analysis 

Echocardiographic variables were analysed for normality with histograms and the Shapiro Wilk 

test. Data is presented as mean and SD for normally distributed variables, or median and 

interquartile range for non-normal distribution.  

Repeated measures ANOVA with Bonferroni correction for multiple testing, or the non-

parametric repeated samples Friedman test with post-hoc comparisons using Wilcoxon signed 

rank test with Bonferroni correction for multiple testing were performed in order to test for 

differences between the three echocardiographic time points in a small number of patients. 

Paired sample t-test or related samples Wilcoxon signed rank test were performed in order to 

analyse differences between preoperative and next morning time points for each variable.  

Independent sample t-test or Mann-Whitney tests were carried out in order to determine 

differences between groups according to group allocation for each time point. Statistical analysis 

was performed using SPSS Software version 23 at a significance level of 5%. 
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5.5 Results 

Fifty patients completed the study, however it was not possible to obtain all echocardiographic 

measurements in all cases due to individual anatomical variation and clinical situation.  

A small number of patients had an immediate post-operative analysis performed, however the 

sample size was not deemed sufficient to include in the analysis, results for patients presenting 

three complete measures at pre, immediate post-operative and next morning post-operative time 

points can be found in Appendix 4.  

5.5.1 Perioperative analysis 

All recruited patients were analysed for pre-operative and next morning (post-operative) 

echocardiographic imaging, however for anatomical and clinical reasons it was not always 

possible to obtain all measures, Table 5.3 shows descriptive information for each variable.  

Variable Time point N Mean - SD Median – IQ range P  

FS Pre-operative 27  36(28-40) 0.011 

 Post-operative   31(17-36)  

EF Pre-operative 16  66(56-74) 0.036 

 Post-operative   61(37-68) 

MV LAT S  Pre-operative 26  0.05(0.04-0.07) 0.041 

 Post-operative   0.06(0.04-0.07) 

MV SEP S Pre-operative 18 0.0456±0.120  0.919 

 Post-operative  0.0452±0.160  

TV ANT S  Pre-operative 20  0.073(0.056-0.090) 0.003 

 Post-operative   0.040(0.040-0.053) 

IVRT Pre-operative 27 48.37±15.717  0.154 

 Post-operative  43.74±9.184  

MV E/A Pre-operative 13  1.21(1.08-1.53) 0.075 

 Post-operative   1.76(1.27-1.89) 

MV LAT E/E´ Pre-operative 17  11.883(9.229-16.00) 0.356 

 Post-operative   11.409(6.981-15.892) 

MV SEP E/E´ Pre-operative 15 11.995±3.837  0.055 

 Post-operative  15.141±5.264  

Table 5.3. Descriptive statistics for echocardiographic variables according to time points.  

Data is expressed as mean – SD or median – IQ range as appropriate. Abbreviations: EF: 
ejection fraction; FS: fractional shortening; IVRT: left ventricle isovolumetric relaxation time; MV 
E/A: mitral inflow E to A velocities ratio; MV LAT E/E´: lateral mitral annulus E to E’ ratio; MV 

LAT S: lateral mitral annulus systolic velocity; MV SEP E/E :́ septal mitral annulus E to E’ ratio; MV 

SEP S: septal mitral annulus systolic velocity; PO: post-operative; TV ANT S: tricuspid annular 

systolic velocity. MV SEP S: septal mitral annulus systolic velocity 
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The measures of LV systolic function EF, FS and MV LAT S presented significant variation 

after surgery, while MV SEP S did not differ significantly (Figure 5.2). 

 

 

Figure 5.2. Echocardiographic measures of LV systolic function before and after surgery.  

Abbreviations: EF: ejection fraction; FS: fractional shortening; MV LAT S: lateral mitral annulus 

systolic velocity; MV SEP S: septal mitral annulus systolic velocity; PO: post-operative. 
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Diastolic function measures were not significantly changed after surgery (Figure 5.3).  

Figure 5.3. Echocardiographic measures of LV diastolic function before and after surgery.  

Abbreviations: IVRT: isovolumetric relaxation time; MV E/A: mitral inflow pulsed wave Doppler E 

to A velocities ratio; MV LAT E/E´: lateral mitral annulus E to E’ ratio; MV SEP E/E :́ septal mitral 

annulus E to E’ ratio; PO: post-operative. 

 

The RV systolic function measure TV ANT S was significantly reduced after surgical 

procedures (Figure 5.4).   
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Figure 5.4. Echocardiographic measure of RV systolic function before and after surgery.  
Abbreviations: PO: post-operative; TV ANT S: tricuspid annular systolic velocity. 

 

 
Correlations of preoperative measurements were explored with gender, age and weight without 

finding any associations. Cyanosis correlated to post-operative MV LAT E/E´ (r=0.521, 

p=0.009), MV SEP S (r=0.644, p=0.001) and TV ANTS (rs=0.567, p=0.004). Differences in 

these three variables according to cyanotic status were significant with MV LAT E/E´: cyanotic: 

9.34±3.80 vs non-cyanotic 13.98±4.16, p=0.009; MV SEP S: cyanotic: 0.034±0.011 vs non-

cyanotic: 0.055±0.015, p=0.001, and TV ANTS: cyanotic: 0.040(0.030-0.040) vs non-cyanotic 

0.050(0.040-0.070), p=0.006 (Figure 5.5). 

 
Figure 5.5. MV SEP S and TV ANT S variation according to cyanosis status. Abbreviations : 

MV SEP S: septal mitral annulus systolic velocity; TV ANT S: tricuspid annular systolic velocity. 
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MV LAT S presented a negative correlation to aortic cross clamp duration (rs= -0.390, p=0.044); 

CPB duration correlated negatively to MV E/A (rs= -0.506, p=0.027), and MV LAT S (rs= -

0.413, p=0.029).  

A significant negative correlation was present between PO1 cTnI levels and MV SEP S (rs= -

0.513, p=0.015), and MV LAT S velocities after surgery (rs= -0.443, p=0.018) (Figure 5.6).  

 

  
Figure 5.6. Correlation of post-operative cTnI with MV SEP S and MV LAT S velocities 

after surgery. Abbreviations: MV SEP S: septal mitral annulus systolic velocity; TV ANT S: 
tricuspid annular systolic velocity. 
 

In addition PO1 BNP correlated negatively to MV LAT S (rs= -0.442, p=0.019), MV SEP S 

(rs= -0.615, p=0.002), and TV ANTS (rs= -0.456, p=0.025) (Figure 5.7). Correlation of PO2 

BNP to these variables remained significant, however it was weaker. 
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Figure 5.7. Correlation of post-operative 1 BNP with MV SEP E/E´ ratio after surgery.  
Abbreviations: BNP: B type natriuretric peptide; MV SEP S: septal mitral annulus E to E’ ratio; 
PO2: post-operative 2. 
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5.5.2 RIPC analysis 

Echocardiographic measurements were compared according to RIPC or control allocation; there 

was no significant difference at the baseline analysis for any of the variables according to group 

allocation. Table 5.4 shows descriptive statistics for post-operative echocardiographic 

measurements. 

Variable Intervention N Mean - Std 

deviation 

Median – IQ 

range 

P 

value 

FS RIPC 19  32 (26-37) 0.529 

 Control 14  29 (17-37)  

EF RIPC 15  65 (54-68) 0.815 

 Control 9  62 (57-69) 

MV LAT S  RIPC 16  0.055(0.040-0.068) 0.162 

 Control 11  0.063(0.060-0.083) 

MV SEP S RIPC 12 0.042±0.017  0.542 

 Control 9 0.047±0.017  

TV ANT S  RIPC 13  0.040(0.040-0.050) 0.794 

 Control 9  0.040(0.040-0.070) 

IVRT RIPC 16 42.75±11.463  0.759 

 Control 12 43.83±6.926  

MV E/A  RIPC 12 1.767±0.451  0.188 

 Control 7 1.417±0.663  

MV LAT E/E´ RIPC 14 11.375±4.155  0.660 

 Control 9 12.244±5.155  

MV SEP E/E´ RIPC 11 16.035±5.054  0.304 

 Control 8 13.582±4.868  

Table 5.4. Descriptive statistics of post-operative echocardiographic variables according 

to intervention. Data is expressed as mean – SD or median – IQ range as appropriate. 
Abbreviations: EF: ejection fraction; FS: fractional shortening; LV IVRT: left ventricle 

isovolumetric relaxation time; MV E/A: mitral inflow pulsed wave Doppler E to A velocities ratio; MV 
LAT E/E´: lateral mitral annulus E to E’ ratio; MV LAT S: lateral mitral annulus systolic velocity; 
MV SEP E/E :́ septal mitral annulus E to E’ ratio; MV SEP S: septal mitral annulus systolic velocity; 

PO: post-operative; TV ANT S: tricuspid annular systolic velocity. MV SEP S: septal mitral annulus 
systolic velocity 
 

All measured post-operative echocardiographic variables did not present significant differences 

according to intervention allocation for RV systolic function measures (Figure 5.8), RV 

diastolic function measures (Figure 5.9), and LV systolic function measures (Figure 5.10). 
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Figure 5.8. Post-operative echocardiographic measures of LV systolic function according 

to group allocation. Abbreviations: Abbreviations: EF: ejection fraction; FS: fractiona l 
shortening; MV LAT S: lateral mitral annulus systolic velocity; MV SEP S: septal mitral annulus 

systolic velocity; PO: post-operative; RIPC: remote ischaemic preconditioning. 
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Figure 5.9. Post-operative echocardiographic measures of LV diastolic function according 

to group allocation. Abbreviations: IVRT: isovolumetric relaxation time; MV E/A: mitral inflow 

pulsed wave Doppler E to A velocities ratio; MV LAT E/E´: lateral mitral annulus E to E’ ratio; MV 

SEP E/E :́ septal mitral annulus E to E’ ratio; PO: post-operative; RIPC: remote ischaemic 
preconditioning. 

 
Figure 5.10. Post-operative echocardiographic measure of RV systolic function according 

to group allocation. Abbreviations: PO: post-operative; TV ANT S: tricuspid annular systolic 

velocity; RIPC: remote ischaemic preconditioning. 
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5.6 Summary of key findings 

 MV LAT E/E´ ratio, MV SEP S and TV ANT S were lower in cyanotic patients after 

surgery. 

 Post-operative MV LAT S was reduced in correlation to aortic cross clamp duration. 

 Post-operative MV E/A ratio and MV LAT S were reduced according to CPB duration. 

 Post-operative MV SEP S and MV LAT S correlated negatively to post-operative cTnI. 

 Post-operative MV LAT S, MV SEP S and TV ANTS correlated negatively to post-

operative BNP. 

 EF and FS were reduced, while MV LAT S increased after surgery. 

 TV ANT S was significantly reduced after surgery. 

 Echocardiographic parameters did not vary according to RIPC or control allocation. 

 

5.7 Limitations 

It was not always possible to obtain all necessary images for all patients; hence there is variation 

in the amount of measures available for analysis of each variable and the target sample number 

set for this study was not achieved. 

   

5.8 Discussion 

Echocardiographic imaging is used routinely during the clinical diagnosis and follow up of CHD 

paediatric patients. TDI imaging has increased its applications and has proven particular ly useful 

in order to evaluate RV function in CHD patients (Lytrivi et al, 2005). TDI measures have even 

been proposed as a predictor of post-operative outcome including inotropic requirement 

(Groban et al, 2010; Imai et al, 2011).  

This study looked at echocardiographic measurements in order to determine the effects of RIPC 

in cardiac function.  

Echocardiographic parameters vary depending on the type of CHD that patients present. MV 

SEP S, MV LAT E/E´ and TV ANTS were lower in cyanotic compared to acyanotic patients 

after surgery, as these differences were not present at baseline measures this decline in cardiac 
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function in cyanotic patients could be due to a different response to surgical procedures; as 

described before cyanotic patients also presented higher cTnI levels, reflecting a higher 

vulnerability to injury.   

It was to be expected that all measures of functionality would be affected by the surgical 

procedure. Aortic clamp duration correlated negatively to lateral mitral systolic velocity while 

CPB affected MV E/A ratio as well. In addition both lateral and septal mitral systolic velocit ies 

correlated negatively to cTnI release post-operatively while BNP correlated to mitral and 

tricuspid systolic velocities. These links suggest that echocardiographic parameters are affected 

by the extent of myocardial injury.   

In this study the measures of LV function EF and FS where reduced post-operatively while there 

was no decline in LV TDI velocities, with MV LAT S presenting even higher measures than 

before surgery, there was no significant difference in any of the ratios evaluating LV diastolic 

function, while the RV velocity TV ANT S showed a marked decline in the post-operative 

period.  

A previous small study including 18 adult patients (9 CPB and 9 off-pump procedures) 

determined that E/A ratio was not affected by surgery in CPB or off-pump cases while EF 

increased in both groups (Malouf et al, 2006). 

A larger study including 32 patients presenting preserved preoperative LV function going 

through CABG procedures reported no deterioration of LV systolic function after surgery, with 

an improvement in left diastolic function; on the other hand RV function was affected after 

surgery (Diller et al, 2008). This decline caused by cardiac surgery in tricuspid function has a 

long term duration, with velocities still being decreased after a year of CABG procedures (Alam 

et al, 2003).  

Previous analysis in paediatric patients requiring surgical correction of septal defects determined 

that LV systolic variables dropped during the immediate post-operative period but recovered by 

the next day after surgery, while a significantly reduced TV ANT S was sustained by the first 

post-operative day (Vassalos et al, 2009). Our post-operative analysis corresponds to the day 

after surgery, a timing by which LV parameters could have recovered, while TV ANT S showed 

decrease, corroborating previous findings.  
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The sample size of the present study was initially calculated based on the significant decrease 

of TV ANT S in the data by Vassalos et al within our research group, in order to evaluate if 

RIPC could reduce this difference significantly. Although we recruited the required number of 

patients, due to clinical circumstances it was not possible to obtain the image necessary for TV 

ANT S measurement in all patients. For this reason this analysis would not have enough power 

to detect the specified difference in our calculation and the results must be considered 

exploratory. 

RIPC had no effect in the echocardiographic parameters analysed. RIPC clinical trials have not 

usually explored echocardiographic parameters. As EF is a well-established measure of 

ventricular function, it was used in most adult RIPC clinical trials as an indicator of pre-

operative LV cardiac function in order to compare baseline characteristics between groups and 

as means of exclusion criteria when function was low, however in most cases differences after 

surgery were not reported. 

Karuppasami et al, 2011, reported no difference in EF according to RIPC before or after bypass 

in adult patients making no reference to pre and post-operative changes. One study followed up 

patients three months after surgery, finding improvement in EF for all patients compared to pre-

operative values, with RIPC patients presenting a significantly higher long term improvement 

(Xie et al, 2012). 

A large study including 72 patients in an echocardiographic analysis subgroup found no 

difference in pre vs post-operative EF or significant variation between RIPC or control groups 

(Rahman et al, 2010). 

Conclusion 

Echocardiographic changes after surgical interventions in CHD paediatric patients have not 

been extensively explored, characteristics of specific CHD pathologies and post-operative 

circumstances made it difficult to repeat measures during this study. RIPC did not result in a 

significant functional improvement according to echocardiographic parameters. 
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Blood marker analysis 

Chapter 6. Inflammatory mediators 

6.1 Introduction 

Major surgeries and prolonged anaesthesia trigger inflammatory responses which are intensif ied 

by CPB due to non-physiological exposure to foreign surfaces, hypothermia, unusual shear 

stress, variation of intravascular pressures, blood gas composition and ischaemia, these insults 

are able to trigger detrimental reactions rendering the patient vulnerable to cardiac injury and 

systemic inflammatory response syndrome (SIRS). SIRS presents itself within the first 24 hours 

after surgery and involves oedema, thromboembolism, coagulation disorders and organ 

dysfunction that could affect the heart, brain, lungs and kidneys. SIRS is usually self-limited 

and temporary, however it can result in severe complications (reviewed by Warren et al, 2009; 

Kharbanda, 2010; Lawson et al, 2013).  

The inflammatory reaction triggered by CPB starts as soon as the blood has been exposed to the 

CPB circuit and decays with time; cellular components including endothelial cells, neutrophils, 

monocytes, lymphocytes and platelets are activated while humoral mediators such as 

inflammatory cytokines including TNF-α and interleukins (IL-1, IL-2, IL-4, IL-6, IL-8 and IL-

10) act. In addition the contact system, intrinsic and extrinsic coagulation cascades, classic and 

alternative complement pathways and fibrinolytic systems act leading to coagulopathies, tissue 

oedema and transient organ dysfunction (reviewed by Warren et al, 2009; Pągowska-Klimek et 

al, 2015).  

In a second stage after CPB, IRI is established in the heart and endotoxins are believed to be 

released either after circuit contamination or from the portal circulation due to hypoperfusion of 

the intestine leading to augmented permeability. Endotoxins cause complement activation as 

well as NO and cytokine release (reviewed by Warren et al, 2009; Kats et al, 2011).  

Neutrophil activation, haemolysis, ischaemia and reperfusion boost oxidative stress, a main 

factor contributing to inflammation and starting apoptotic cascades which can have an impact 

in organ function and recovery (reviewed by Zakkar et al, 2015).   

http://www.ncbi.nlm.nih.gov/pubmed/?term=P%C4%85gowska-Klimek%20I%5BAuthor%5D&cauthor=true&cauthor_uid=26703090
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Paediatric procedures for CHD represent an even greater challenge for CPB control as the 

system which cannot be completely adapted for patient size has to deal with small blood 

volumes resulting in higher haemodilution, higher pump flow rates and often longer times; in 

addition anatomical variations such as atresia, duplication of vessels and aortopulmonary 

collaterals complicate the establishment and control of the process (reviewed by Whiting et al, 

2015).  

SIRS in paediatric patients involves an increase in capillary leakage and fluid build-up in tissues, 

increased pulmonary vascular resistance after surgery has been identified as a complicat ion 

affecting cardiac function and leading to mortality (reviewed by McGuinness et al, 2008). 

6.1.1 Cytokines 

Numerous cytokines are involved in the process of IRI, among the main molecules TNF-α is 

considered  as one of the most potent pro-inflammatory cytokines; produced by macrophages 

and monocytes, it mediates several oxidative stress responses during ischaemia and reperfusion 

and has been shown to exacerbate IRI augmenting infarct size (reviewed by Zhou et al, 2015). 

Conservative strategies aimed to reduce injury have targeted TNF-α obtaining reduced oxidative 

stress and inflammatory signalling resulting in an attenuation of IRI after inhibition of TNF-α 

(Gu et al, 2006; Pei et al, 2015). TNF- α was found to induce gene expression leading to 

inhibition of the RISK pathway contributing to injury, inhibition of TNF- α reduced IRI injury 

in vitro and in vivo (Xing et al, 2016). 

IL-6 presents dual activity mediating immune reactions while supressing other inflammatory 

cytokines including TNF-α, contributing to the resolution of acute and chronic inflammatory 

processes (Tilg et al, 1997). IL-6 together with IL-8 are upregulated during cardiac surgery and 

CPB with increased levels observed in relation to IRI (Kawamura et al, 1993); on the other hand 

it has been found to mediate cardiac protection after exercise preconditioning (McGinnis et al, 

2015).  

IL-8 is released by monocytes, T cells and the endothelium, it recruits leukocytes and has been 

linked to respiratory distress syndrome in hypoxic circumstances (Hirani et al, 2001). IL-8 levels 

correlated witch cTnI values after CABG procedures, implying that IL-8 could contribute to the 

http://www.ncbi.nlm.nih.gov/pubmed/?term=McGinnis%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=25820396
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occurrence of cardiac injury (Wan et al, 1999), in addition blocking IL-8 resulted in an infarct 

size reduction in an IRI model (Boyle et al, 1998). 

IL-10 has been described as one of the most powerful anti-inflammatory cytokines, it is 

produced in a wide range of immune cells including B and T cells, neutrophils, eosinophils, 

dendritic, mast and natural killer cells. It acts directly and indirectly on the innate and adaptive 

immune systems inhibiting the release of cytokines, as well as intervening in antigen 

presentation and cellular proliferation (reviewed by Saxena et al, 2015). The main mechanism 

for its anti-inflammatory activity is believed to be the inhibition of NF-ĸB resulting in 

downregulation of all the factors downstream (Wang et al, 1995). 

Animal studies have demonstrated the role of IL-10 in cardiac protection as it inhibited TNF-α 

production, NO and I-CAM activity during ischaemia and reperfusion of the heart (Yang et al, 

2000). Furthermore, a study in a mouse model found that IL-10 activity resulted in infarct size 

reduction after RIPC stimulation (Cai et al, 2013). 

The anti-inflammatory properties of IL-10 are thought to be one of the mechanisms of steroid 

inhibition of CPB induced inflammation, which are commonly used in the clinical setting; a 

study revealed that steroids upregulated IL-10 and abolished inflammatory cytokines after CPB 

resulting in heart and lung protection (Giomarelli et al, 2003).  

Experience in CPB induced inflammation has established a correlation between the duration of 

cardiac ischaemia and the levels of the pro-inflammatory cytokines TNF-α, IL-6 and IL-8, 

establishing the myocardium as their main source of production, while IL-10 levels were 

correlated to bypass duration, mainly originated from the liver and presented definite anti-

inflammatory properties (Wan et al, 1997). 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Giomarelli%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12842524
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6.1.2 Cellular adhesion molecules 

Leukocyte recruitment takes place during inflammation through three steps: leukocyte rolling 

in the endothelium, leukocyte arrest and transmigration. Rolling is mediated by low affinity 

receptors selectins or low affinity integrins interacting with cell adhesion molecules such as 

ICAM-1 or vascular cell adhesion molecule 1 (VCAM-1) which bind to the leukocyte slowing 

it down, this and chemokine activity cause integrins to be activated, presenting a high affinity 

which allows a strong bond to VCAM-1 or ICAM-1 causing arrest of the leukocyte within the 

endothelium, followed by migration into the tissue (reviewed by Cook-Mills et al, 2011).  

ICAM-1 

ICAM-1 or CD54 is a transmembrane glycoprotein within the immunoglobulin superfamily, it 

has five immunoglobulin domains and can be spliced into several isoforms, it is expressed in 

low levels in the surface of endothelial cells, platelets, fibroblasts, epithelial cells, neutroph ils 

and other types of leukocytes and rises after stimulation of toll like receptors (TLRs) and 

cytokine receptors, in order to contribute to the extravasation of neutrophils from circulat ing 

blood into tissues by interacting with β2-integrins (reviewed by Lyck and Enzmann, 2015). 

VCAM-1 

VCAM-1 or CD106, another member of the immunoglobulin superfamily presents several 

immunoglobulin like domains with two possible splice variations. VCAM-1 is expressed in 

endothelial cells, macrophages, dendritic cells, spleen, thymus and Kupffer cells as well as in 

bone marrow stromal cells, playing an important role in leukocyte recruitment, in homing early 

haematological progenitor cells to the stroma in the bone marrow and due to its wide distribution 

it is linked to several pathologic processes. VCAM-1 can be upregulated by cytokines, oxidative 

stress, TLR activity and shear stress, very late activation antigen-4 (VLA-4) is the best known 

integrin working with VCAM-1 during leukocyte recruitment (reviewed by Schlesinger and 

Bendas, 2015).  

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Cook-Mills%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=21050132
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lyck%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25427141
http://www.ncbi.nlm.nih.gov/pubmed/?term=Enzmann%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25427141
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schlesinger%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24771582
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schlesinger%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24771582
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bendas%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24771582
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Cardiac involvement 

VCAM-1 and ICAM-1 have been identified as possible markers of endothelial activation, this 

application has however not been established as measurements of their soluble forms have not 

always correlated to cellular concentrations, in addition expression of the molecules is different 

according to the origin of the endothelium in culture experiments (Videm and Albrigtsen, 2008). 

Research on the participation of ICAM-1 and VCAM-1 on cardiac IRI has not been extensive, 

however studies have demonstrated their influence in animal models. A study with knockout 

mice showed that myocardial injury and neutrophil accumulation were markedly reduced by 

ICAM-1 or neutrophil CD18 deficiency after ischaemia and reperfusion (Palazzo et al, 1998). 

Furthermore ICAM-1 regulation influenced the occurrence of IRI in a study analysing the 

activity of micro RNA 144 which resulted in decreased ICAM-1 and consequently reduced 

leukocyte adhesion to the endothelium in vitro. On the other hand, in vivo reduced expression 

of ICAM-1 in the myocardium persisted and related to smaller infarct size and troponin 

concentration (Liu et al, 2015).     

VCAM- 1 involvement was shown in a rat model of IRI, in which a higher expression within 

the affected and healthy myocardium was observed through the use of a molecular imaging 

technique employing high field magnetic resonance (Grieve et al, 2013).   

Human studies looking at the expression pattern of soluble adhesion molecules during cardiac 

surgery and CPB have been performed, finding a significant increase after bypass in all the 

molecules including ICAM-1 and VCAM-1, with ICAM-1 regressing to baseline levels by the 

first postoperative day while VCAM-1 remained raised (Boldt et al, 1998).  

Further research showed ICAM-1 and VCAM-1 were increased in patients after CPB in 

association to augmented endothelial activation, with both adhesion molecules presenting 

different kinetics; VCAM-1 showed the highest values which were correlated to aortic clamp 

duration as well as heparin and protamine doses while ICAM-1 variated according to more 

variables including age and administration of additional medication (Eikemo et al, 2004).   

VCAM-1 levels have been found to increase in the culture media of endothelial cells rather than 

within the cells as other adhesion molecules, which could make it an adequate circulat ing 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Videm%20V%5BAuthor%5D&cauthor=true&cauthor_uid=18363595
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marker; correspondingly soluble VCAM-1 levels were raised significantly during the first 3 

postoperative hours in the serum of patients going through cardiac surgery with CPB suggesting 

it could be a suitable early marker for endothelial activation (Andresen et al, 2002).   

Analysis in paediatric patients has demonstrated higher preoperative values of ICAM-1 and 

VCAM-1 compared to adult patients, surprisingly these values were reduced during and after 

bypass and remained below the baseline preoperative values in children (Boldt et al, 1995). 

One in vitro study in a hypoxia preconditioning model using aortic rat endothelial cells found 

that preconditioning prevented free radical induction of ICAM-1, resulting in a reduction in 

neutrophil adhesion to the endothelium which could contribute to cardiac protection during 

RIPC (Beauchamp et al, 1999).   

 

6.2 Aims 

To assess he influence of RIPC on the levels of inflammatory mediators in blood and to describe 

their pattern before and after CHD surgery using CPB.    

 

6.3 Materials and Methods 

Levels of inflammatory markers were measured in plasma samples at baseline and three post-

operative time points at PICU arrival (PO1), morning after surgery (PO2) and second morning 

after surgery (PO3). ELISA DuoSet® assays from R&D Systems were used to measure blood 

sample markers according to the manufacturer´s protocol. For details on materials and methods 

see Section 2.8. 

 

6.4 Statistical analysis 

Repeated samples Friedman analysis of variance was performed in order to test for differences 

between time points, post-hoc comparisons between time points were done using Wilcoxon 

signed rank test with Bonferroni correction for multiple testing. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Beauchamp%20P%5BAuthor%5D&cauthor=true&cauthor_uid=10430769
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Correlation analysis of post-operative measurements to demographic characteristics includ ing 

weight, age, gender and cyanosis status, as well as to post-operative cTnI, CPB and aortic clamp 

duration were tested using the nonparametric Spearman´s rank correlation test. 

Independent samples t-test or Mann-Whitney tests were carried out in order to determine 

differences between groups according to data distribution.  

Statistical analysis was performed using SPSS Software version 23 at a significance level of 5% 

(2 tailed). 

 

6.5 Results 

Fifty children completed the study, demographic data and its analysis can be seen on Table 3.1 

and 3.2. 

Perioperative analysis 

6.5.1 IL-6 

Descriptive statistics for IL-6 plasma levels according to time point are shown in Table 6.1.  

Time point N Median – IQ range 

Baseline 12 5.47 (4.68-33.43) 

PO1 40 343.54(170.68-900.00) 

PO2 38 98.52(32.41-221.99) 

PO3 27 53.27(27.87-82.64) 

Table 6.1. Descriptive statistics for plasma IL-6 levels according to time point. Data 

expressed in median and IQ range. Abbreviations: IQ: interquartile; PO: post-operative. 
 
 

Three patients presented complete measures for all time points, this sample was not deemed big 

enough to perform any analysis. Exclusion of the most incomplete time point Baseline allowed 

the analysis of 18 patients with complete measures between three time points (PO1, PO2 and 

PO3) which resulted in a significant variation (X2(2)=24.704, p˂0.0001).   Post hoc analysis 

with Wilcoxon signed-rank tests and Bonferroni correction were performed resulting in a 

significance level at p˂0.017. The difference was significant between all time points at 

p˂0.0001. Figure 6.1 presents the variation in IL-6. 
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Figure 6.1. Plasma IL-6 levels according to time point. Abbreviations: IL-6: interleukin 6; 
PO: post-operative. 
 

There was a significant negative correlation of PO-1 IL-6 levels to age (rs= -0.377, p=0.017), 

and a positive correlation of CPB to PO1 (rs=0.369, p=0.019) (Figure 6.2). 

 

  
Figure 6.2. Correlation of PO1 IL-6 to age and CPB duration. Abbreviations: IL-6: 
interleukin 6; PO1: post-operative 1.  
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6.5.2 IL-8 

 

Descriptive statistics for IL-8 plasma levels according to time point are shown in Table 6.2.  
 

Time point N Median – IQ range 

Baseline 48 5.47 (4.68-33.43) 

PO1 50 343.54(170.68-900.00) 

PO2 49 98.52(32.41-221.99) 

PO3 35 53.27(27.87-82.64) 

Table 6.2. Descriptive statistics for plasma IL-8 levels according to time point. Data 
expressed in median and IQ range. Abbreviations: IL-8: interleukin 8; IQ: interquartile; PO: 
post-operative. 

 
 

Thirty three patients presented complete measures for all time points, variation was significant 

between time points (X2(2)=72.377, p˂0.0001).   Post hoc analysis with Wilcoxon signed-rank 

tests and Bonferroni correction were performed resulting in a significance level at p˂0.0083. 

The difference was significant between all time points. Figure 6.3 presents the variation in IL-

6. 

 
Figure 6.3. Plasma IL-8 levels according to time point. Abbreviations: IL-8: interleukin 8; 

PO: post-operative. 
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There was a significant negative correlation of weight to PO1 (rs= -0.515, p˂0.0001) and PO2 

(rs= -0.329, p=0.021); age correlated to IL-8 PO1 (rs= -0.485, p˂0.0001) and PO2 levels (rs= -

0.333, p=0.019) (Figure 6.4).  

 
Figure 6.4. Correlation of PO1 and PO2 IL-8 to age. Abbreviations: IL-8: interleukin 8; PO1: 
post-operative 1.  

 
 

A positive correlation of CPB to PO1 (rs=0.457, p˂0.0001), PO2 (rs=0.500, p= p˂0.0001) and 

PO3 IL-8 (rs=0.475, p=0.004) was present (Figure 6.5). 
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Figure 6.5. Correlation of CPB duration to IL-8 at PO1, PO2 and PO3 time points.  
Abbreviations: IL-8: interleukin 8; PO: post-operative.  
 

In addition there was a positive correlation of aortic cross clamp duration to PO1 (rs=0.306, 

p=0.033), PO2 (rs=0.360, p=0.012) and PO3 (rs=0.432, p=0.011) (Figure 6.6). 
 

 
 
IL-8 levels correlated to cTnI measurements at corresponding timepoints PO1 (rs=0.437, 

p=0.002), PO2 (rs=0.528, p˂0.0001) and PO3 (rs=0.445, p=0.007) (Figure 6.7). 
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Figure 6.6. Correlation of aortic cross clamp duration to IL-8 at PO1, PO2 and PO3 time  

points. Abbreviations: IL-8: interleukin 8; PO: post-operative.  

 
 

  
Figure 6.7. Correlation of IL-8 to cTnI levels at PO2 and PO3 time points. Abbreviations : 
cTnI: cardiac troponin I; IL-8: interleukin 8; PO: post-operative.  
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6.5.3 IL-10 

 

Descriptive statistics for IL-10 plasma levels according to time point are shown in Table 6.3.  
 

Time point N Median – IQ range 

Baseline 47 18.64 (15.63-94.14) 

PO1 50 224.49 (92.31-462.0.5) 

PO2 48 36.06 (15.63-141.95) 

PO3 35 27.63 (15.63-64.98) 

Table 6.3. Descriptive statistics for plasma IL-10 levels according to time point. Data 
expressed in median and IQ range. Abbreviations: IL-10: interleukin 10; IQ: interquartile; PO: 
post-operative. 

 
 

Thirty three patients presented complete measures for all time points, variation was significant 

between time points (X2(2)=48.105, p˂0.0001) (Figure 6.8).   Post hoc analysis with Wilcoxon 

signed-rank tests and Bonferroni correction were performed resulting in a significance level at 

p˂0.0083. The difference was significant only between Baseline- PO1, PO1-PO2, and PO1-PO3 

at p˂0.0001. 

 
Figure 6.8. Plasma IL-10 levels according to time point. Abbreviations: IL-10: interleukin 

10; PO: post-operative. 
 
 

There was no significant correlation to any of the analysed variables.  
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6.5.4 TNF-α 

Descriptive statistics for TNF-α plasma levels according to time point are shown in Table 6.4.  

 

Time point N Median – IQ range 

Baseline 31 28.99 (7.81-560.82) 

PO1 47 140.69 (28.26-473.42) 

PO2 43 62.18 (7.81-296.25) 

PO3 31 34.64 (7.81-101.96) 

Table 6.4. Descriptive statistics for plasma TNF-α levels according to time point. Data 

expressed in median and IQ range. Abbreviations: IQ: interquartile; PO: post-operative. 
 
 

Fourteen patients presented complete TNF-α measurements for all time points; levels did not 

variate significantly between time points (X2(2)=4.240, p=0.237).  

Exclusion of the most incomplete time point PO3 allowed the analysis of 26 patients with 

complete measures for three time points which resulted in a significant variation (X2(2)=10.298, 

p=0.006) (Figure 6.9).   Post hoc analysis with Wilcoxon signed-rank tests and Bonferroni 

correction were performed resulting in a significance level at p˂0.017. The difference was 

significant between PO1 and PO2 time points at p˂0.0001.  

 
Figure 6.9. Plasma TNF-α levels according to time point. Abbreviations: PO: post-operative; 

TNF-α: tumor necrosis factor α. 
 

There was no significant correlation of TNF-α levels to any of the explored variables. 
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6.5.5 ICAM-1 

Descriptive statistics for ICAM-1 plasma levels according to time point are shown in Table 

6.5.  

 

Time point N Median – IQ range 

Baseline 43 55.19 (18.73-141.78) 

PO1 50 39.72 (15.60-96.06) 

PO2 47 61.74 (20.42-127.94) 

PO3 33 42.85 (17.60-124.61) 

Table 6.5. Descriptive statistics for plasma ICAM-1 levels according to time point. Data 
expressed in median and IQ range. Abbreviations: ICAM-1: intercellular adhesion molecule 1; 

IQ: interquartile; PO: post-operative. 
 

Twenty seven patients presented complete measures for all time points, variation was not 

significant between time points (X2(2)=5.178, p=0.159) (Figure 6.10).    

 
Figure 6.10. Plasma ICAM-1 levels according to time point. Abbreviations: ICAM-1: 

cellular adhesion molecule 1; PO: post-operative. 
 

 

There was a weak positive significant correlation between aortic clamp duration and ICAM-1 

levels at PO1 (rs=0.308, p=0.031), as well as to cTnI values at the corresponding time point 

(rs=0.282, p=0.048) (Figure 6.11). 
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Figure 6.11. Correlation of PO1 ICAM-1 to aortic clamp duration and PO1 cTnI levels. 
Abbreviations: CPB: cardiopulmonary bypass; ICAM-1: intercellular adhesion molecule 1; PO: 

post-operative.  
 

 
 

6.5.6 VCAM-1 

 

Descriptive statistics for VCAM-1 plasma levels according to time point are shown in Table 

6.6.  

 

Time point N Median – IQ range 

Baseline 43 337.74 (235.90-430.46) 

PO1 50 282.47 (188.29-360.75) 

PO2 47 353.64 (228.73-480.43) 

PO3 33 268.07 (197.04-424.60) 

Table 6.6. Descriptive statistics for plasma VCAM-1 levels according to time point. Data 
expressed in median and IQ range. Abbreviations: VCAM-1: vascular cell adhesion molecule 

1; IQ: interquartile; PO: post-operative. 
 

 
Twenty seven patients presented complete measures for all time points, variation was significant 

between time points (X2(2)=19.044, p˂0.0001) (Figure 6.12).   Post hoc analysis with Wilcoxon 

signed-rank tests and Bonferroni correction were performed resulting in a significance level at 

p˂0.0083. The difference was significant between Baseline – PO1 and PO1 – PO2 at p˂0.0001.  
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Figure 6.12. Plasma VCAM-1 levels according to time point. Abbreviations: VCAM-1: 
vascular cell adhesion molecule 1; PO: post-operative. 
 

 
Weight presented a significant positive correlation to VCAM-1 levels at PO1 (rs=0.534, 

p<0.0001) and PO3 (rs=0.464, p=0.006). Age also correlated to PO1 (rs=0.473, p=0.001) and 

PO3 (rs=0.378, p=0.030) (Figure 6.13). 

 

 
 

Figure 6.13. Correlation of CPB duration to VCAM-1 at PO1 and PO3 time points.  

Abbreviations: CPB: cardiopulmonary bypass; VCAM-1: vascular cell adhesion molecule 1; 
PO: post-operative.  
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RIPC analysis 

Two cases were excluded from analysis for RIPC as parents asked for the intervention to be 

stopped before its completion due to discomfort.  

 

6.5.7 IL-6 – RIPC  

IL-6 measurements were similar in RIPC and control groups for all time points. Figure 6.14 

shows the variation of IL-6 according to intervention group.  

 

 
 
Figure 6.14. Plasma IL-6 levels variation for time points according to group allocation.  

Median values are represented. Abbreviations: IL-6: interleukin 6; PO: post-operative; RIPC: 
remote ischaemic preconditioning. 

 
 
Table 6.7 presents descriptive statistics for each time point according to group allocation; there 

was no significant difference between control and RIPC groups at any time point (Figure 6.15).  
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Variable Intervention N Median – IQ range P value 

Baseline RIPC 4 5.26 (4.69-402.40)) 0.730 
Control 5 5.96 (4.69-52.99) 

PO1 RIPC 20 343.54 (169.30-769.52) 0.728 
Control 19 325.09 (157.61-900.00) 

PO2  RIPC 18 94.78 (32.41-222.00) 0.443 
Control 16 125.14 (66.77-321.61) 

PO3  RIPC 12 42.10 (20.21-144.05) 0.611 
Control 13 65.01 (51.50-76.97) 

Table 6.7. Descriptive statistics for plasma IL-6 values according to group allocation for 

each time point. Data is expressed in median and IQ range. Abbreviations: IL-6: interleukin 6; 

IQ: interquartile; PO: post-operative; RIPC: remote ischaemic preconditioning. 

 

Figure 6.15. Plasma IL-6 levels according to group allocation for each time point.  
Abbreviations: IL-6: interleukin 6; PO: post-operative; RIPC: remote ischaemic 

preconditioning. 
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6.5.8. IL-8 – RIPC  

IL-8 measurements were similar in RIPC and control groups for all time points. Figure 6.16 

shows the variation of IL-8 according to intervention group.  

 
Figure 6.16. Plasma IL-8 levels variation for time points according to group allocation.  
Median values are represented. Abbreviations: IL-8: interleukin 6; PO: post-operative; RIPC: 

remote ischaemic preconditioning. 
 

Descriptive information is summarised in Table 6.8; there was no significant difference 

according to group allocation for any time point (Figure 6.17).  

 
 

 
Variable Intervention N Median – IQ range P value 
Baseline RIPC 25 15.63 (15.63-15.90) 0.331 

Control 21 15.623 (15.63-16.97) 
PO1 RIPC 25 208.92 (36.37-354.68) 0.312 

Control 13 159.90 (80.62-564.54) 
PO2  RIPC 24 22.88 (15.98-68.08) 0.096 

Control 23 62.99 (25.01- 142.23) 
PO3  RIPC 16 23.86 (16.40-39.46) 0.443 

Control 18 29.86 (19.72-46.72) 

Table 6.8. Descriptive statistics for plasma IL-8 values according to group allocation for 

each time point. Data is expressed in median and IQ range. Abbreviations: IL-8: interleukin 8; 
IQ: interquartile; PO: post-operative; RIPC: remote ischaemic preconditioning. 
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Figure 6.17. Plasma IL-8 levels according to group allocation for each time point.  
Abbreviations: IL-8: interleukin 8; PO: post-operative; RIPC: remote ischaemic 
preconditioning. 
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6.5.9 IL-10 – RIPC  

 

IL-10 levels presented a similar pattern in RIPC and control groups. Figure 6.18 shows IL-10 

variation according to intervention group.  

 
Figure 6.18. Plasma IL-10 levels variation for time points according to group allocation.   
Median values are represented. Abbreviations: IL-10: interleukin 6; PO: post-operative; RIPC: 
remote ischaemic preconditioning. 

 
Table 6.9 presents descriptive statistics for each time point according to group allocation; there 

was no significant difference between control and RIPC groups at any time point (Figure 6.19).  

 

Variable Intervention N Median – IQ range P value 
Baseline RIPC 24 15.63 (15.63-45.67) 0.245 

Control 21 24.64 (15.63-129.99) 
PO1 RIPC 25 207.50 (64.13-396.37) 0.570 

Control 23 247.31 (92.31-779.29) 
PO2  RIPC 24 30.92 (15.63-124.59) 0.167 

Control 22 76.01 (28.20-243.28) 
PO3  RIPC 16 21.86 (15.63-54.66) 0.621 

Control 18 40.22 (15.63-71.24) 

Table 6.9. Descriptive statistics for plasma IL-10 values according to group allocation for each 

time point. Data is expressed in median and IQ range. Abbreviations: IL-10: interleukin 10; IQ: 
interquartile; PO: post-operative; RIPC: remote ischaemic preconditioning. 
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Figure 6.19. Plasma IL-10 levels according to group allocation for each time point.  
Abbreviations: IL-10: interleukin 8; PO: post-operative; RIPC: remote ischaemic 

preconditioning. 
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6.5.10 TNF-α – RIPC  

Levels of TNF-α tended to be higher in the control group compared to RIPC at post-operative 

time points. Figure 6.20 shows TNF-α levels according to intervention group.  

 
Figure 6.20. Plasma TNF-α levels variation according to group allocation. Median values 

are represented. Abbreviations: PO: post-operative; RIPC: remote ischaemic preconditioning; 
TNF-α: tumour necrosis factor α. 
 

 
Table 6.10 presents descriptive information according to group allocation for each time point. 

 
 

Variable Intervention N Median – IQ range P value 

Baseline RIPC 16 8.39 (7.81-106.03) 0.110 
Control 14 42.83 (10.00-1022.62) 

PO1 RIPC 24 75.64 (18.17-331.96) 0.084 
Control 21 355.22 (58.77-600.04) 

PO2  RIPC 20 15.42 (7.81-114.86) 0.020 
Control 21 108.98 (42.28-301.19) 

PO3  RIPC 15 19.23 (7.81-56.11) 0.148 
Control 15 48.18 (20.24-195.32) 

Table 6.10. Descriptive statistics for plasma TNF-α values according to group allocation 

for each time point. Data is expressed in median and IQ range. Abbreviations: IQ: 

interquartile; PO: post-operative; RIPC: remote ischaemic preconditioning; TNF-α: tumour 
necrosis factor α. 
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TNF-α levels tended to be higher in the control group at all time points, reaching statistica l 

significance at PO2 (Figure 6.21).   

 

 
Figure 6.21. Plasma TNF-α levels according to intervention group allocation for each time  

point. Abbreviations: PO: post-operative; RIPC: remote ischaemic preconditioning; TNF-α: 
tumour necrosis factor α. 
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6.5.11 ICAM-1 – RIPC  

ICAM-1 levels according to group allocation are shown in Figure 6.22. 

 

 
Figure 6.22. Plasma ICAM-1 levels variation for time points according to group allocation.  
Median values are represented. Abbreviations: ICAM-1: intercellular adhesion molecule 1; PO: 

post-operative; RIPC: remote ischaemic preconditioning. 
 

 
Table 6.11 shows descriptive statistics for ICAM-1 levels according to group allocation for each 

time point. 

 
Variable Intervention N Median – IQ range P value 

Baseline RIPC 22 63.63 (22.48-141.78) 0.433 
Control 19 33.58 (16.40-149.20) 

PO1 RIPC 25 48.01 (18.00-101.95) 0.861 
Control 23 32.75 (15.93-93.01) 

PO2  RIPC 24 72.75 (21.14-130.32) 0.820 

Control 21 70.10 (20.56-112.17) 
PO3  RIPC 15 66.31 (11.93-171.74) 0.766 

Control 17 41.28 (18.96-120.66) 

Table 6.11. Descriptive statistics for plasma ICAM-1 values according to group allocation 

for each time point. Data is expressed in median and IQ range. Abbreviations: ICAM-1: 
intercellular adhesion molecule 1; IQ: interquartile; PO: post-operative; RIPC: remote 
ischaemic preconditioning. 
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Variations in ICAM-1 measurements were not significant for any time points (Figure 6.23). 

 

Figure 6.23. Plasma ICAM-1 levels according to group allocation for each time point.  
Abbreviations: ICAM-1: intercellular adhesion molecule 1; PO: post-operative; RIPC: remote 
ischaemic preconditioning. 
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6.5.12 VCAM-1 – RIPC  

VCAM-I levels followed a similar pattern in RIPC and control groups. Figure 6.24 presents 

the variation of VCAM-I according to time point and group allocation. 

 
Figure 6.24. Plasma VCAM-1 levels variation for time points according to group 

allocation. Mean values are represented. Abbreviations: VCAM-1: vascular cell adhesion 
molecule 1; PO: post-operative; RIPC: remote ischaemic preconditioning. 

 
 

Table 6.12 presents descriptive information on VCAM-1 values according to group allocation 

for each time point. 

 
Variable Intervention N Mean – SD  Median – IQ range P value 
Baseline RIPC 22  344.53 (235.08-473.12) 0.794 

Control 19  337.74 (247.74-430.46) 
PO1 RIPC 25 286.58 ± 137.09  0.717 

Control 23 272.69 ± 125.70  

PO2  RIPC 24 387.11 ± 195.19  0.259 
Control 21 328.55 ± 139.37  

PO3  RIPC 15 337.54 ± 196.15  0.294 
Control 17 269.31 ± 165.61  

Table 6.12. Descriptive statistics for plasma VCAM-1 values according to group allocation 

for each time point. Data is expressed in median and IQ range. Abbreviations: VCAM-1: 
vascular cell adhesion molecule 1; IQ: interquartile; PO: post-operative; RIPC: remote 

ischaemic preconditioning. 
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There was no significant variation of VCAM-1 according to RIPC of control allocation for any 

time point (Figure 6.25). 

 

Figure 6.25. Plasma VCAM-1 levels according to group allocation for each time point.  

Abbreviations: VCAM-1: vascular cell adhesion molecule 1; PO: post-operative; RIPC: remote 
ischaemic preconditioning. 
 

 

 

 

 

 



202 
 

 

6.6 Summary of key findings 

 Variation between time points was significant for all markers except for TNF-α and 

ICAM-1. 

 Age had a negative correlation with IL-6 and IL-8 while there was a positive correlation 

to VCAM-1. 

 Weight correlated negatively to IL-8 and positively to VCAM-1. 

 CPB duration presented a positive correlation to IL-6, IL-8. 

 Aortic clamp duration presented a positive correlation to IL-8 and ICAM-1. 

 cTnI levels correlated to IL-8 and ICAM-1. 

 TNF-α levels were significantly lower in the RIPC group at PO2, values for all other 

markers were not significantly different between RIPC and controls at any time point. 

 

6.7 Limitations 

Plasma sample volumes were limited and there was not enough to complete analysis of all 

markers at every time point for all patients causing a reduced sample size in some cases.  

 

6.8 Discussion 

Inflammatory responses are activated during cardiac surgery by several triggers including the 

trauma inflicted, with the main source of inflammation being the CPB circuit.  

Cytokines such as IL-6, IL-8, IL-10 and TNF-α peak during the early post-operative period 

while they mediate further responses (reviewed by Warren et al, 2009). The contribution of IL-

6, IL-8 and TNF-α to IRI has been established with increased activity linked to injury, with 

protective effects achieved through their inhibition (Boyle et al, 1998; Kawamura et al, 1993; 

Xing et al, 2016).  

In this study the anti-inflammatory cytokine IL-10 showed a similar activity to its pro-

inflammatory counterparts. Levels of these cytokines peaked during the immediate post-

operative period, dropped considerably by the second post-operative measure on the morning 

after surgery, and were close to baseline levels by the second post-operative day. 
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ICAM-1 and VCAM-1 presented a different pattern, there were measurable values before 

surgery which dropped during the immediate post-operative period to rise again at the first post-

operative day and drop below baseline values by the second post-operative day.  

Activity of the adhesion molecules ICAM-1 and VCAM-1 after adult cardiac procedures using 

CPB was increased after surgery, with ICAM-1 regressing to baseline levels one day after 

surgery while VCAM-1 remained raised (Boldt et al, 1998). Paediatric experience however 

reported a different pattern with both molecules presenting higher pre-operative values than 

adult patients, which dropped after CPB, remaining below pre-operative levels (Boldt et al, 

1995).  

ICAM-1 and VCAM-1 are released after endothelial activation and higher pre-operative levels 

could be due to the underlying cardiac pathology, left to right shunts with pulmonary 

hypertension and reduced pulmonary circulation in cyanotic patients have been linked to higher 

levels of ICAM-1 and VCAM-1 before surgery (Yildirim et al, 2013). 

IL-6 and IL-8 were increased in younger patients, while VCAM-1 values were higher in older 

patients, this supports an age based difference. A weight component was also present with a 

negative correlation to IL-8 and a positive correlation to VCAM-1. 

IL-8 presented a correlation to aortic cross clamp duration and to cTnI levels, IL-8 had 

previously been found to correlate to troponin values after CABG surgery (Wan et al, 1999), 

while infarct size reduction was achieved after blocking its activity in an IRI model (Boyle et 

al, 1998), suggesting a link of IL-8 activity to the extent of injury in the myocardium. 

Although the immediate post-operative measure of ICAM-1 was its lowest, it correlated to aortic 

clamp duration and cTnI as well, these correlations were very weak.  

 

Evidence on inflammatory mediators in relation to RIPC has produced mixed results. A RIPC 

paediatric trial found no difference for IL-6 and IL-8 concentration, while TNF- α was reduced 

and IL-10 presented higher levels in RIPC patients (Cheung et al, 2006).  
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A second study found higher levels of IL-6, IL-8, IL-10 and TNF-α in RIPC patients at baseline, 

values became lower in the RIPC group compared to controls after surgery for IL-6, IL-8 and 

TNF- α , while IL-10 levels where higher in the RIPC group (Zhou et al, 2010).   

Finally a study analysing IL-8 and IL-10 concentrations, found both cytokines peaked 4 hours 

after CPB to then decrease levels, there was no difference between RIPC and control groups 

(Pavione et al, 2012).  

An adult study found no difference in cytokine levels according to group allocation for IL-6, 

IL-8, IL-10 and TNF-α, finding below detection levels for IL-10 and TNF-α (Karuppasamy et 

al, 2011). Higher concentration of IL-8 and TNF- α were reported in a second study for the 

RIPC group before CPB, there was an increase in the cytokines after bypass, however no 

difference was detected between groups (Albretch et al, 2013). 

Cellular adhesion molecules have not been investigated in link to RIPC human studies before, 

evidence of ICAM-1 reduction was found in a rat model of renal IRI after the application of 

RIPC in relation to renal function improvement (Hussein et al, 2016). 

Our analysis resulted in higher TNF-α values in the control group for one time point only (PO2). 

Measurements for all other mediators resulted in non-significant variations. There was however 

a tendency for notably higher postoperative measurements in the control group for IL-6, IL-8, 

IL-10 and TNF- α, suggesting a possible effect from the intervention that did not reach 

significance. 

 

Conclusion 

Although mediators such as cytokines and cell adhesion molecules explored in this study are 

involved in the pathophysiology of IRI and previous evidence suggests their participation during 

RIPC, their involvement was not evident according to the results of the present investigation as 

only TNF- α presented higher significant levels at one time point on the control group while 

every other marker analysed did not vary significantly. 
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Chapter 7. Cystatin C 

7.1 Introduction 

The inflammatory systemic effects and oxidative stress occurring as a consequence of cardiac 

surgery and CPB result in acute kidney injury (AKI) in up to 40% of patients going through 

cardiac surgical procedures (reviewed by Mao et al, 2013). During the CPB process the kidneys 

are not rendered ischaemic, however there is reduced perfusion which makes them vulnerab le 

specially in case of high metabolic rate or poor oxygen delivery; kidney function can be 

particularly affected in complex procedures requiring long CPB times (Mehta et al, 2006; 

Lassnigg et al, 2008). 

It has been established that stroke, early and long term mortality are associated to AKI 

occurrence after CPB which highlights the importance of attenuating the side effects of the 

procedure (Pickering et al, 2015). Paediatric patients exposed to CPB present a vulnerability 

that increases at very young ages and is correlated with bypass duration, the rate of kidney injury 

has lately been found to be higher than previously reported in this group, increasing mechanica l 

ventilation time and hospital length of stay (Li et al, 2011; Aydin et al, 2012).  

Early detection of AKI is crucial in order for management to be effective while the injury is 

reversible. Creatinine is used in the clinical setting as a marker of renal function constituting the 

main indicator for the identification of AKI with even small changes in creatinine levels having 

an impact in the outcome of cardiac surgery patients. In the downside, creatinine sensitivity is 

low, its response to renal injury is not prompt enough and can be affected by non-renal factors.  

In spite of this it continues to be the main marker for renal function due to its availability 

(reviewed by Najafi 2014). CPB implies further challenges as haemodilution makes creatinine 

values harder to detect, making the calculation of a reduction ratio a valid option (Takaki et al, 

2015).   

These circumstances have made it necessary to identify more precise, early stage markers and 

cystatin C has been identified as a candidate. Cystatin C is a cysteine protease inhibitor produced 

in all nucleated cells which goes through glomerular filtration and not tubular filtration as 

creatinine, it does not participate in protein binding and is not affected by factors such as gender, 
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age or muscle mass (reviewed by Laterza et al, 2002; Kiessling et al, 2014). Nevertheless 

discerning reports on the influence of gender, age and race have been published (Köttgen et al, 

2008).  

Cystatin C has been found to be an accurate predictor of renal function and glomerular filtra t ion 

rate during the perioperative period of patients going through cardiac surgery (Kiessling et al, 

2014). In children an early prediction of AKI after cardiac surgery was possible through cystatin 

C measurement, providing a better estimate of glomerular filtration rate than creatinine with a 

link to bypass parameters, cardiac injury and oxygen delivery, presenting a better association to 

other biomarkers (Vassalos et al, 2011; Hassinger et al, 2012; Zappitelli et al, 2015). 

RIPC in renal function 

In addition to cardiac protection it has been hypothesised that RIPC could reduce the detrimenta l 

renal effects of CPB. Conflicting reports have been produced with evidence of a definite 

reduction of AKI occurrence linked to RIPC in adult patients going through elective cardiac 

surgery (Zimmerman et al, 2011) and no benefit in patients going through complex valvular 

surgery (Choi et al, 2011). 

A meta-analysis of 10 clinical trials found a lower incidence of AKI after RIPC by a fixed effect 

model and no difference by the random effects model concluding there was no benefit from 

RIPC on renal markers, AKI, ICU and hospital stay or mortality after cardiovascular procedures; 

similar results were seen when only cardiac surgeries were considered, however the analysis 

highlighted inconsistencies between studies and technical limitations (Li et al, 2013).  

A later meta-analysis including 13 trials similarly failed to demonstrate a clear benefit from 

RIPC, further emphasising the need to develop more research in order to produce clear 

recommendations (Yang et al, 2014).  Since then a large multicentre trial found that patients 

with a high risk of renal damage who received RIPC presented a lower rate of AKI and need for 

renal replacement therapy compared to patients without the intervention (Zarbock et al, 2015). 

Paediatric trials have found no benefit from RIPC in renal function with one large study 

including 113 patients going through correction of complex CHD reporting no difference in 

AKI occurrence, cystatin C or neutrophil gelatinase-associated lipocalin (NGAL) levels 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Kiessling%20AH%5BAuthor%5D&cauthor=true&cauthor_uid=24397879
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kiessling%20AH%5BAuthor%5D&cauthor=true&cauthor_uid=24397879
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hassinger%20AB%5BAuthor%5D&cauthor=true&cauthor_uid=22596066
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zarbock%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26024502
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(Pedersen et al, 2012). A second study analysing cardiac, renal and neurological effects in 

cyanotic neonates presented similar results with no difference in NGAL levels after 

preconditioning (Jones et al, 2013).  

7.2 Aims 

To describe the levels of Cystatin C in paediatric CHD patients going through cardiac surgery 

using CPB and to assess the effect of RIPC in these levels. 

7.3 Materials and Methods 

Levels of Cystatin C were measured in plasma samples before surgery (baseline) and three post-

operative time points at PICU arrival (PO1), morning after surgery (PO2) and second morning 

after surgery (PO3). The ELISA DuoSet® assay (DY1196) from R&D Systems was used 

according to the manufacturer´s instructions in order to quantify Cystatin C in plasma 

specimens. For details on materials and methods see Section 2.8. 

7.4 Statistical analysis 

Repeated samples Friedman analysis of variance was performed in order to test for differences 

between time points, post-hoc comparisons between time points were done using Wilcoxon 

signed rank tests with Bonferroni correction for multiple testing. 

Correlation analysis of post-operative measurements to demographic characteristics includ ing 

weight, age, gender and cyanosis status, as well as to post-operative cTnI and CPB and aortic 

clamp duration were tested using the Pearson test (r) for normally distributed data or Spearman´s 

rank correlation test (rs) for non-parametric data. 

Independent samples t-test or Mann-Whitney tests were carried out in order to determine 

differences between RIPC or control groups for each time point according to data distribution.  

Statistical analysis was performed using SPSS Software version 23 at a significance level of 5% 

(2 tailed). 
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7.5 Results 

Fifty children completed the study, demographic data and its analysis can be seen on Table 3.1 

and 3.2. 

7.5.1 Perioperative analysis 

Descriptive statistics for Cystatin C plasma levels according to time point are shown in Table 

7.1.  

Time point N Median – IQ range 

Baseline 43 1.14 (0.85-1.33) 

PO1 50 0.99 (0.66-1.26) 

PO2 47 0.95 (0.76-1.36) 

PO3 33 1.10 (0.87-1.52) 

Table 7.1. Descriptive statistics for plasma Cystatin C levels according to time point. Data 

expressed in median and IQ range. Abbreviations: PO: post-operative. 
 

 
Twenty six patients presented complete measures for all time points, variation was significant 

between time points (X2(2)=9.831, p=0.020).   Post hoc analysis with Wilcoxon signed-rank 

tests and Bonferroni correction were performed resulting in a significance level at p˂0.0083. 

The differences were not significant between any of the time points (Figure 7.1).   
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Figure 7.1. Plasma Cystatin C levels according to time point. Repeated measures Friedman 
test was significant, after post hoc analysis with Bonferroni corrections at a significance level 

of p˂0.0083 differences between pairs were not significant. Abbreviations: Cys C: Cystatin C; 
PO: post-operative. 

 
Correlations were explored in relation to demographic variables including weight, age, gender 

and cyanosis status as well as CPB and aortic clamp duration, cTnI and creatinine levels. Weight 

presented a significant negative correlation to PO2 (rs= -0.412, p=0.004) and PO3 (rs= -0.579, 

p<0.0001); age also correlated to PO2 (rs= -0.350, p=0.016), and PO3 (rs= -0.481, p=0.005) 

(Figure 7.2).  

 
Figure 7.2. Age correlation to PO2 and PO3 Cystatin C levels. Abbreviations: Cys C: 
Cystatin C; PO: post-operative.  
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Cyanotic status presented a negative correlation to Cystatin C at PO2 (rs= -0.420, p=0.003). 

Variations were statistically significant (p=0.004) (Figure 7.3). 

 
Figure 7.3. PO2 Cystatin C levels according to cyanotic status. Abbreviations: Cys C: 

Cystatin C; CPB: cardiopulmonary bypass; PO: post-operative.  
 

In addition CPB duration had a positive correlation to Cystatin C at PO1 (rs=0.407, p=0.003) 

and PO2 (rs=0.543, p<0.0001); aortic clamp duration correlated to PO2 Cystatin C (rs=0.467, 

p=0.001) (Figure 7.4).  
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Figure 7.4. Correlation of PO1 and PO2 Cystatin C to CPB duration and PO2 Cystatin C 

to aortic cross clamp duration. Abbreviations: Cys C: Cystatin C; CPB: cardiopulmonary 
bypass; PO: post-operative.  

 
There was a positive correlation between Cystatin C values and corresponding cTnI 

measurements at PO2 (rs=0.581, p˂0.0001) and PO3 (rs=0.545, p˂0.0001) (Figure 7.5). 

The correlation of Cystatin C to creatinine at post-operative time points was explored, finding 

that they presented a strong correlation at all corresponding post-operative time points (PO1: 

rs=0.420, p=0.003; PO2: rs=0.535, p<0.0001; PO3: rs=0.672, p<0.0001) (Figure 7.6). 
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Figure 7.5. Correlation of Cystatin C to cTnI values at PO2 and PO3 time points.  
Abbreviations: cTnI: cardiac troponin I; Cys C: Cystatin C; PO:post-operative.  
 

 

 
Figure 7.6. Correlation of Cystatin C to creatinine values at PO1, PO2 and PO3 time  

points. Abbreviations: Cys C: Cystatin C; PO: post-operative.  
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7.5.2 RIPC analysis 

Two cases were excluded from analysis for RIPC as parents asked for the intervention to be 

stopped before its completion due to discomfort.  

Cystatic C values according to RIPC and control group allocation are shown in Figure 7.7.  

 
Figure 7.7. Plasma Cystatin C levels variation for time points according to group 

allocation. Values expressed in medians. Abbreviations: VCAM-1: vascular cell adhesion 
molecule 1; PO: post-operative; RIPC: remote ischaemic preconditioning. 

 
Descriptive data according to group allocation for each time point is summarised in Table 7.2. 

 
Variable Intervention N Mean – SD  Median – IQ range P value 
Baseline RIPC 22 1.06 ± 0.32  0.581 

Control 19 1.13 ± 0.45  
PO1 RIPC 25 1.03 ± 0.45  0.750 

Control 23 0.99 ± 0.36  
PO2  RIPC 24  0.93 (0.71-1.30) 0.699 

Control 21  1.01 (0.81-1.36) 

PO3  RIPC 15  1.02 (0.86-2.48) 0.551 
Control 17  1.30 (0.95-1.50) 

Table 7.2. Descriptive statistics for plasma Cystatin C values according to group 

allocation for each time point. Data is expressed in mean – SD or median – IQ range as 
appropriate. Abbreviations: IQ: interquartile; PO: post-operative; RIPC: remote ischaemic 

preconditioning, SD: standard deviation. 
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There was no significant difference in Cystatin C values between RIPC and control groups at 

any time point (Figure 7.8). 

 
Figure 7.8. Plasma Cystatin C levels according to group allocation for each time point.  

Abbreviations: PO: post-operative; RIPC: remote ischaemic preconditioning. 
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7.6 Summary of key findings 

 Cystatin C levels were higher in cyanotic patients. 

 Age and weight correlated negatively to Cystatin C at PO2 and PO3 time points. 

 CPB duration correlated to Cystatin C at PO2 and PO3 time points. 

 Aortic clamp duration correlated to Cystatin C at PO2. 

 cTnI values correlated to Cystatin C at corresponding PO2 and PO3 time points. 

 Creatinine levels correlated to Cystatin C at all post-operative time points. 

 There was no significant difference according to RIPC or control allocation for any time 

point. 

  

7.7 Discussion 

Renal impairment is a common complication of major surgeries such as cardiac interventions 

and children going through cardiac surgery using CPB are at risk (Skippen and Krahn, 2005). 

Cystatin C has been identified as an indicator of renal function with the ability to reflect 

glomerular filtration and predict AKI at early stages (Zappitelli et al, 2015). 

In our study, Cystatin C levels decreased immediately after surgery to then increase and peak 

by the second day after surgery. These differences between time points were significantly 

different during initial repeated measures analysis however they were not significant between 

pairs after post hoc analysis with appropriate corrections.   

Our results showed a correlation of Cystatin C levels to weight and age, with values being lower 

in older children. Cystatin C patterns according to age seem to be different in adults with the 

marker increasing with age (Köttgen et al, 2008); while in adolescents from 12 to 19 years of 

age Cystatin C decreased as they grew older (Groesbeck et al, 2008). This contradicts claims 

that age does not affect Cystatin C levels. 

Cystatin C was correlated to creatinine values, this correlation became stronger as Cystatin C 

increased at post-operative time points. This link is to be expected as Cystatin C has been 

established as a reliable marker of renal function, particularly after cardiac surgery (Zhu et al, 

2006; Kiessling et al, 2014).  
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In the present study Cystatin C did not only correlate to creatinine but to CPB and aortic clamp 

duration, as well as to cTnI values, which suggests the processes taking place affect kidneys and 

myocardium in a similar way. Similar associations were described before after paediatric 

surgery, defining ischaemia and myocardial injury as independent predictors of Cystatin C 

levels (Vassalos et al, 2011).       

RIPC has been widely investigated in relation to renal IRI with a recent large multicentre trial 

reporting a lower rate of AKI and requirement of renal replacement therapy in patients at risk 

of renal damage after RIPC (Zarbock et al, 2015), previous meta-analysis however did not find 

significant effects on kidney function (Li et al, 2013; Yang et al, 2014).   

Experience in paediatric patients has not produced positive results with two studies finding no 

difference in AKI occurrence or in the levels of renal markers (Pedersen et al, 2012; Jones et al, 

2013). 

In the present study Cystatin C levels tended to be higher in control patients compared to RIPC 

two days after surgery, however this was not statistically significant. Two RIPC studies, 

including a paediatric trial have looked at Cystatin C activity finding no benefit from the 

intervention (Choi et al, 2011; Pedersen et al, 2012). 

RIPC did not have a significant effect in renal markers explored as part of the clinica l 

surveillance in Section 3.2.4 including urea, creatinine and electrolyte balance. Cystatin C 

values obtained corroborate this lack of effect in renal function. 

 

Conclusion 

RIPC did not have a significant effect in Cystatin C levels or renal function. Cystatin C presented 

a link to other renal parameters and to the extent of myocardial injury.  
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Chapter 8. NO metabolites - cGMP 

8.1 Introduction 

Respiratory dysfunction is a side effect of cardiac surgery, partially due to surgical factors such 

as wound pain and pleural effusion, nevertheless CPB is responsible for the majority of 

detrimental pulmonary effects taking place as IRI is established and inflammatory reactions are 

triggered leading to interstitial pulmonary oedema and abnormal gas exchange with clinica l 

manifestations ranging from fever and cough to pulmonary injury and respiratory failure 

requiring prolonged mechanical ventilation and ICU stay (reviewed by Apostolakis et al, 2010).  

In children presenting with CHD, characteristics of the heart defect can cause a baseline 

pulmonary pathology including high blood flow and pulmonary hypertension leading to 

increased pulmonary vascular resistance; after CPB pulmonary endothelial dysfunction occurs, 

further affecting pulmonary function and having an impact in patient recovery (Schulze-Neick 

et al, 2001). 

 

Nitric Oxide and cyclic guanosine monophosphate  

NO is a free radical produced endogenously, it controls vascular tone acting as a potent 

endothelium  relaxing factor, in addition it is a signalling mediator taking part in the regulat ion 

of the cardiovascular, nervous and immune systems, it mediates inflammation, inhibits platelets 

and regulates smooth muscle proliferation  (reviewed by Chen et al, 2013; Zhao et al, 2015).  

In the lungs NO is synthesised by eNOS in the endothelium, it regulates blood flow and controls 

ventilation and perfusion, its activity has been linked to hypoxia, oxidative stress and 

inflammation (reviewed by Chen et al, 2013). NO is oxidised into its major metabolites nitrite 

and nitrate in a process influenced by particular interactions within organs and body 

compartments, with circulating nitrite and nitrate representing a constant proportion of the total 

NO endothelial synthesis (reviewed by Kelm, 1999). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Apostolakis%20E%5BAuthor%5D&cauthor=true&cauthor_uid=19549041
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cGMP is a second messenger that interacts with NO as an upstream mediator, it is recognised 

that this interaction has an important role in the maintenance of vascular tone with alterations in 

this pathway causing cardiovascular pathologies including systemic and pulmonary 

hypertension (reviewed by Chen et al, 2013). 

cGMP is synthesised after enzymatic activity stimulated by NO and natriuretic peptides, it 

triggers protein kinases and ion channels acting in cardiovascular homeostasis and electrolyte 

transport (Feil et al, 2003). cGMP is hydrolysed and inactivated by phosphodiesterases with 

phosphodiesterase 5 (PDE-5) predominantly acting in the lung (reviewed by Chen et al, 2013). 

A low response of eNOS, NO and cGMP during hypoxia results in heightened vascular 

resistance due to pathological vascular constriction as the pathway fails to produce NO and 

triggers ROS instead (reviewed by Chen et al, 2013). Studies have shown that pulmonary 

hypertension patients present low levels of NO and lower expression of eNOS (Girgis et al, 

2005; Malinovschi et al, 2011) while PDE-5 has been found to be highly expressed in similar 

circumstances (Wharton et al, 2005). 

The NO-cGMP interaction principle has been identified as a potential therapeutic source, 

inhaled NO is used in clinical practice as therapy for postoperative pulmonary endothelia l 

dysfunction and pulmonary hypertension (reviewed by Checchia et al, 2012). In spite of its wide 

use, no clear recommendations for paediatric patients after cardiac surgery has been made based 

on the existing evidence as larger clinical trials are required (Bizzarro et al, 2014). 

PDE-5 inhibitors such as sildenafil have the ability to restore NO-cGMP activity, this has made 

them the focus of research finding sildenafil to reduce oxidative stress in pulmonary 

hypertension (Semen et al, 2016). Conflicting evidence exists regarding the use of sildenafi l 

before and after cardiac surgery in paediatric patients, finding beneficial results regarding 

pulmonary hypertension (Palma et al, 2011), while further research reported no improvement 

in pulmonary endothelial function and a negative impact in ventricular function and oxygenation 

(Vassalos et al, 2011).     

cGMP activity has been linked to cardioprotection elicited by cardiac conditioning with 

favourable results in animal studies in which acidosis during reperfusion was delayed (Inserte 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Checchia%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=22298229
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et al, 2011); furthermore cGMP has been identified as a mediator for late preconditioning 

(Kodani et al, 2002). 

 

8.2 Aims 

To describe the activity of cGMP and NO metabolites before and after CPB and to analyse the 

effects of RIPC in paediatric patients going through CHD corrective surgery. 

 

8.3 Materials and Methods  

Blood samples were obtained from the right atrium, pre-bypass samples were drawn after 

heparin infusion and post-bypass samples were obtained before protamine administration, both 

drugs of standard use during the bypass process. Samples were spun in a centrifuge for 10 

minutes at 2000 g to obtain plasma which was aliquoted and stored at -70°C. 

 

8.3.1 Nitrc oxide metabolites quantitation 

NO metabolites, nitrite and nitrate were quantified using a commercially available colorimetr ic 

Nitric oxide assay kit by Abcam® (catalogue number ab65328) following the manufacture r´s 

instructions.  

This assay measures total nitrite/nitrate concentration by initially converting nitrate into nitrite 

through the action of nitrate reductase; then Griess reagents are used to convert nitrite into a 

deep purple azo compound which is then measured. 

Nitrite and nitrate measurements were done separately for duplicate pre and post-bypass EDTA 

plasma samples obtained from the right atrium. 
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Nitrite or nitrate standards were reconstituted into a 100mM solution using 1.1 ml assay buffer, 

a 1mM solution was then prepared in order to generate a standard curve range of dilut ions 

producing: 0, 2, 4, 6, 8 and 10 mmol/well concentrations. 

EDTA plasma samples did not go through any treatment or dilution before the assay; 85 μl of 

sample or standards were added to each well and blank wells contained 115 μl assay buffer.  

5 μl of enzyme cofactor were added to the standard and sample wells and 5 μl nitrate reductase 

were added to standard and sample wells for nitrate measurement only. 

Plates were covered with an adhesive strip and incubated for 1 hour at room temperature, during 

incubation nitrate converts to nitrite if nitrate reductase was added to the reaction.  

5 μl of enhancer were then added to standard and sample wells and plates were incubated for 10 

minutes at room temperature. A Griess reaction was then produced by adding 50 μl Griess 

reagent R1 and R2 to standard and sample wells, where nitrite reacts with sulphanilamide 

producing a diazonium salt which then reacts with N-(1-napthyl) ethylenediamine producing an 

azo dye the intensity  of which can be measured (reviewed by Coneski and Schoenfisch, 2012).  

The optical density (OD) of each well was swiftly measured using a microplate reader and 

Dynex technologies revelation 4.25 software using a test filter of 550. 

The reader generated OD measurements after subtracting blank values which represent the 

background reading. The best fir for the standard curve in this assay was obtained through linear 

regression (Figure 8.1). 

The standard curve used for nitrate quantitation failed on initial analysis, however an adequate 

curve was produced on a later attempt. Due to limited availability of plasma samples it was not 

possible to repeat the assay, hence the valid OD measurements obtained from the initial analysis 

were used in order to generate nitrate concentration values by comparing them to the valid 

standard curve using linear regression analysis. As nitrate values were required to be comparable 

to nitrite measurements a similar linear regression model was used for its analysis. 
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Figure 8.1. Standard curve for nitrite assay. A linear regression equation was used in order 
to produce the best fit curve for the standards. 

 

All samples were analysed in duplicate, OD values per well were then averaged before being 

fitted to the appropriate standard curve.  

Final concentration was calculated using the formula: 

𝑛𝑖𝑡𝑟𝑎𝑡𝑒 𝑜𝑟 𝑛𝑖𝑡𝑟𝑖𝑡𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = (
𝐴

𝐵
) ∗ 𝐷 

 

Where     A= amount of nitrate or nitrite in the sample well (nmol). 
                B= sample volume added to the well (85 μl) 

                D= dilution factor (1)  
 
Obtaining a final concentration on nmol/μl. 

 

As nitrate measurements include the nitrate present in the original sample which converted to 

nitrite plus the nitrite originally present in the sample, final nitrate concentration was obtained 

after subtracting the nitrite concentration from the overall nitrate measurement. 
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8.3.2 cGMP quantitation 

cGMP was quantified in pre and post-bypass plasma samples obtained from the right atrium 

using a competitive enzyme immunoassay by R&D Systems (catalogue number KGE003) 

following the manufacturer´s instructions.  

Competitive assays are based on the use of a fixed amount of labelled antigen, in this case 

cGMP, which will compete for binding sites in a limited amount of a determined antibody with 

the cGMP present in the sample, hence the proportion of labelled antigen that binds to the 

antibody is indirectly proportional to the analyte’s concentration in the sample (reviewed by 

Wild, 2013) 

150 μl of calibrator diluent were added to the non-specific binding (NSB) wells, and 100 μl were 

added to the zero standard (B0) wells of a 96 well microplate pre-coated with a goat anti-rabbit 

polyclonal antibody.  

The standard was reconstituted in deionised water producing a stock solution of 5000 pmol/ml 

which was diluted in calibrator diluent in order to create a dilution series of 500, 167, 56, 18.5, 

6.2 and 2.1 pmol/ml.  

Samples were diluted using a 1/20 factor (25 μl sample in 475 μl reagent diluent). 100 μl of 

diluted samples were added to each well followed by the addition of 50 μl cGMP conjugate 

producing a slight violet colouration; this fixed amount of horseradish peroxidase conjugated to 

cGMP competes with the cGMP present in the plasma specimens.  

50 μl of primary antibody solution were then added excluding the NSB wells; this rabbit 

polyclonal antibody provides the binding sites that the conjugate and sample cGMP compete 

for. Wells with the primary antibody turned to a slight turquoise colour.  

Plates were covered with an adhesive strip and incubated for 3 hours on a horizontal orbital 

microplate shaker at high speed and room temperature. During incubation the polyclona l 

antibody binds to the goat anti-rabbit antibody coated to the microplate. 
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The microplates were then washed using a squirt bottle and the buffered surfactant washing 

buffer provided in the kit for 4 times in order to remove excess conjugate and unbound sample, 

followed by decanting of wash buffer residue and blotting the plates against clean paper towels. 

In order to determine the bound enzyme activity, 200 μl of substrate solution provided in the kit 

were added to each well. Plates were incubated for 30 minutes away from direct light at room 

temperature, producing a blue colouration of the wells. 

Colour development was then stopped adding 50 μl of stop solution to each well, this changed 

colouration from blue to yellow. 

The optical density (OD) of each well was immediately determined using a microplate reader 

and Dynex technologies revelation 4.25 software with a test filter of 450 nm and wavelength 

correction of 550 nm. 

The reader generated OD measurements after subtracting blank values which represent 

background reading. Using a 4 Parameter Logistic regression model the software produces a 

sigmoid curve with mean OD values for duplicate standard measurements which represent 

known cGMP concentrations; as it is a competitive assay the intensity of the colour is inversely 

proportional to cGMP concentration in the sample, hence lower OD values are linked to higher 

concentrations (Figure 8.2). 

 

Figure 8.2. cGMP assay standard curve. The competitive basis of the assay produces an 
inverse sigmoid curve where lower OD measurements represent higher cGMP concentrations.  
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8.4 Statistical analysis 

The signed ranked Wilcoxon test for paired samples was used in order to evaluate differences 

between time points.  

Correlation analysis to demographic characteristics including weight, age, gender and cyanosis 

status, as well as to post-operative cTnI, CPB and aortic clamp duration, and length of intubation 

were tested using the Pearson test for normally distributed data while the Spearman correlation 

test was used for non-parametric data. 

Independent samples t-test or Mann Whitney test were used to compare variation according to 

RIPC or control allocation for each time point according to data distribution. 

Statistical analysis was performed using SPSS Software version 23 at a significance level of 5% 

(2 tailed). 

 

8.5 Results 

General analysis 

8.5.1 NO metabolites 

Descriptive data for nitrite and nitrate levels before and after bypass is presented in Table 8.1.  

Marker Time point N Descriptive 

Nitrate Pre-bypass 40 14.62(9.70-17.55) 

 Post-bypass 40 12.613(8.79-15.94) 

Nitrite Pre-bypass 40 3.62(2.88-5.64) 

 Post-bypass 40 8.25±3.77 

Table 8.1. Descriptive statistics for plasma nitrate and nitrite levels according to time  

point. Data expressed in mean – SD or median – IQ range as appropriate. Abbreviations: IQ: 

interquartile; SD: standard deviation. 
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Thirty nine patients presented complete measures for both time points, variation was not 

significant between nitrate time points (p=0.054), while nitrite pre and post-bypass 

measurements were significantly different (p˂0.0001) (Figure 8.3). 

  
Figure 8.3. Plasma nitrate and nitrite levels according to time point. Abbreviations: NO2-: 
nitrite; NO3-: nitrate.  

 
 

Nitrate values before bypass correlated negatively to age (rs= -0.378, p=0.016) and weight (rs= 

-0.466, p=0.002) (Figure 8.4). 

 

  
Figure 8.4. Correlation of pre-bypass nitrate levels to age and weight. Abbreviations: NO3-
: nitrate.   
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Nitrite levels after bypass correlated negatively to cyanotic status (r= -0.528, p˂0.0001), 

analysis of means between cyanotic and non-cyanotic status resulted in a significant difference 

(10.03±3.42 vs 6.08±3.02, p<0.0001) (Figure 8.5).  

 

 
Figure 8.5. Plasma nitrite levels according to cyanosis status after CPB. Abbreviations : 
NO2-: nitrite; CPB: cardiopulmonary bypass.  

 
 

In addition post-bypass nitrite levels were positively correlated to CPB duration (r=0.346, 

p=0.029) and to length of intubation (rs=0.448, p=0.004) (Figure 8.6). 

 

  
Figure 8.6. Correlation of post-bypass nitrite levels to CPB duration and length of 

intubation. Abbreviations: NO2-: nitrite; CPB: cardiopulmonary bypass.  
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Post-bypass nitrite levels also showed a positive correlation to post-operative cTnI 

measurements (PO1: rs=0.426, p=0.006) and PO2 (r=0.349, p=0.029) (Figure 8.7). 

 

 
Figure 8.7. Correlation of post-bypass plasma nitrite levels to post-operative cTnI values. 

Abbreviations: cTnI: cardiac troponin I; NO2-: nitrite.   
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8.5.2 cGMP 

Descriptive statistics for cGMP plasma levels according to time point are shown in Table 8.2.  

 

Time point N Median – IQ range 

Pre-bypass 42 361.34 (327.95-411.70) 

Post-bypass 41 341.23 (301.74-372.28) 

Table 8.2. Descriptive statistics for plasma cGMP levels according to time point. Data 

expressed in median and IQ range. Abbreviations: IQ: interquartile. 
 

Forty one patients presented complete measures for both time points, variation was significant 

between pre and post-bypass measures (p=0.012) (Figure 8.8). cGMP levels did not present a 

significant correlation to any of the analysed variables.  

 
Figure 8.8. Plasma cGMP levels according to time point. Abbreviations: cGMP: cyclic 

guanosine monophosphate. 
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RIPC analysis 

Two cases were excluded from analysis for RIPC as parents asked for the intervention to be 

stopped before its completion due to discomfort.  

 

8.5.3 NO metabolites – RIPC  

Descriptive data for NO metabolite values according to RIPC and control group for both time 

points is shown in Table 8.3. 

 

 

Variable Time 

point 

Group N Mean – SD  Median – IQ range P 

value 

Nitrate Pre-bypass RIPC 20  14.04 (7.85-16.75) 0.687 

Control 19  14.56 (10.47-18.72) 

Post-

bypass 

RIPC 20  11.81 (5.495-17.004) 0.411 

Control 19  13.60 (9.23-16.42) 

Nitrite Pre-bypass RIPC 20  4.92 (3.20-6.11) 0.149 

Control 19  3.29 (2.75-5.26) 

Post-

bypass 

RIPC 20 8.47 ± 3.79  0.524 

Control 19 7.70 ± 3.63  

Table 8.3. Descriptive statistics for plasma nitrate and nitrite values according to group 

allocation for each time point. Data is expressed in mean – SD or median – IQ range as 
appropriate. Abbreviations: IQ: interquartile; RIPC: remote ischaemic preconditioning; SD: 

standard deviation. 

 

Nitrate and nitrite levels were not significantly different according to group allocation for any 

time point (Figure 8.9). 
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Figure 8.9. Plasma nitrate and nitrite levels according to group allocation for each time  

point. Abbreviations: NO2-: nitrite; NO3-: nitrate; RIPC: remote ischaemic preconditioning. 
 

 

8.5.4 cGMP – RIPC  

Descriptive information on cGMP according to group allocation for each time point is shown 

in Table 8.4. 

 

Time point Intervention N Mean – SD Median – IQ range P value 

Pre-bypass RIPC 21 359.19 ± 50.94  0.500 

Control 20 371.79 ± 66.78  

Post-bypass RIPC 20  335.01 (301.16-351.57) 0.341 

Control 20  346.12 (303.15-402.98) 

Table 8.4. Descriptive statistics for plasma cGMP values according to group allocation for 

each time point. Data is expressed in mean – SD or median – IQ range as appropriate. 
Abbreviations: cGMP: cyclic guanosine monophosphate; IQ: interquartile; RIPC: remote 
ischaemic preconditioning. 
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RIPC or control allocation did not result in significant variation of cGMP levels before or after 

bypass (Figure 8.10). 

Figure 8.10. Plasma cGMP levels according to group allocation for each time point.  

Abbreviations: cGMP: cyclic guanosine monophosphate; remote ischaemic preconditioning. 
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8.6 Summary of key findings 

 Baseline nitrate correlated negatively to weight and age. 

 Nitrite increased after CPB. 

 Post-bypass nitrite was higher in cyanotic patients. 

 Post-bypass nitrite correlated to CPB duration, length of intubation and cTnI levels. 

 There was no significant difference in any of the parameters according to allocation to 

RIPC or control groups. 

 

8.7 Limitations 

The standard curve used for nitrate quantitation failed on initial analysis, valid OD 

measurements obtained from the initial analysis were used in order to generate nitrate 

concentration values by comparing them to a valid standard curve obtained later using linear 

regression analysis. As nitrate values were required to be comparable to nitrite measurements a 

similar linear regression model was used for its analysis. 

Nitrate and nitrite levels were very low compared to the standard curve values, hence these 

values should be interpreted with caution. 

 

8.8 Discussion 

Lungs are some of the organs most affected by the ischaemic and inflammatory process of CPB. 

Having an impact in patient outcome and recovery, conservation of pulmonary function is 

crucial. 

Although NO is majorly involved in inflammatory and vascular responses, its activity along 

with that of cGMP are involved in the molecular and subcellular processes contributing to 

pulmonary hypertension and lung dysfunction (Malinovschi et al, 2011; Bubb et al, 2014).  

This study aimed to analyse the activity of these markers in CHD patients before and after the 

inflammatory process of bypass and to assess the effects of RIPC in their activity. 

Nitrate levels before bypass correlated to weight and age, reducing its levels as age increased; 

population studies have found an influence of age in NO metabolite levels in serum, however 
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in adults NO metabolite levels increased with age, peaking at 50-59 years (Ghasemi et al, 2008). 

Different patterns have also been reported according to gender, with levels increasing in males 

as they age while females presented a reduction until the menopausal stage (Kawakatsu et al, 

2002).  

Our results showed overall extremely low values of NO metabolites present in plasma, nitrate 

levels tended to be reduced after CPB, however this did not reach statistical significance, while 

nitrite increased significantly after CPB. 

NO is a key mediator during inflammatory responses to CPB and during the development of IRI 

(reviewed by Zhou et al, 2015), however the quantitation of its metabolites in blood samples 

has not shown differences linked to CPB exposure during surgery in previous research (Viaro 

et al, 2008).   

It has been suggested that the inflammatory response would not be fully developed until several 

hours after CPB with the possibility that differences could have become apparent later 

(Palomero et al, 2009). 

In spite of the low values, nitrite presented a correlation to CPB duration, as well as to intubation 

length and cTnI levels. This suggests an overall influence of CPB on nitrite activity and a link 

between nitrite, the extent of injury inflicted to the myocardium and even patient outcome.  

Nitrite levels showed a relationship to cyanotic status, presenting higher values in cyanotic 

patients after CPB; an analysis of NO metabolites in cyanotic adult CHD patients concluded 

values were significantly higher in cyanotic patients compared to healthy controls, the primary 

metabolite however, was nitrate (Han et al, 2007). 

Analysis in paediatric patients found increased levels of nitrate and nitrite in cyanotic patients 

compared to acyanotic CHDs (Buchoorn et al, 2001); interestingly the mechanisms for this 

difference seem to be based on a downregulation of eNOS activity while iNOS is enhanced 

(Ferreiro et al, 2001).   

cGMP tended to be lower after bypass without being statistically significant, it did not correlate 

to any variables. cGMP – NO activity has the potential to reduce oxidative stress, this is 

supported by the use of PDE-5 inhibitors which increase cGMP (Semen et al, 2016). The actual 
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therapeutic efficacy and safety of PDE-5 inhibition has not been established (Palma et al, 2011; 

Vassalos et al, 2011). 

RIPC did not have any significant effect in the levels of NO metabolites or cGMP. NO activity 

had previously been analysed through measures of iNOS and eNOS expression in the 

myocardial tissue without finding significant results in an adult preconditioning trial (Wagner 

et al, 2010), blood quantitation of NO metabolites has not been done before in the RIPC context 

in clinical trials. 

Animal studies have confirmed the participation of NO during the RIPC protective process 

mainly through iNOS activation, resulting in cardiac injury reduction (Wang et al, 2001; Xiao 

et al, 2001; Li et al, 2004). In a similar way, cGMP has delayed reperfusion acidosis contributing 

to cardioprotection after conditioning and has been particularly identified as a mediator of late 

preconditioning (Kodani et al, 2002; Inserte et al, 2011). 

NO presents dual roles within IRI development and cardiac protection, a balance of its activity 

is one of the factors leading to the final injury in the heart and function of other organs includ ing 

lungs.  

Conclusion 

The results obtained in this study linked nitrite levels to myocardia l injury and suggested a link 

to patient outcome. RIPC did not result in a significant variation of NO metabolites or cGMP.   
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Chapter 9. Asymmetric dimethylarginine 

9.1 Introduction 

Asymmetric dimethylarginine (ADMA) is an intracellular amino acid with the ability to inhib it 

NO synthesis, produced after post-translation methylation of arginine by the enzyme protein 

arginine methyltransferase (PRMT), ADMA is released into the cytosol as a product of normal 

protein turnover; ADMA is present in tissues, plasma and urine, it has been linked to endothelia l 

dysfunction and hence identified as a potential marker for cardiovascular disease (reviewed by 

Blackwell, 2010).   

PRMTs are located in the cellular nucleus and have a role in gene transcription and RNA 

processing, presenting two types, PRMT I has ADMA as its major product, PRMT II forms 

symmetric dimethylargininde (SDMA) while monomethyl-L-arginine (MMA) can be produced 

by both types of enzymes. PRMT I is expressed in the heart, endothelium and smooth muscle 

and can be upregulated by light density lipoprotein (LDL) and shear stress (reviewed by Alpoim 

et al, 2015). 

ADMA is metabolised by dimethylarginine dimethylaminohydrolase (DDAH) into citrulline 

and dimethyl-amine with only 10% of human ADMA production being excreted in urine (Achan 

et al, 2003) while SDMA is completely excreted in urine (reviewed by Blackwell, 2010). 

Oxidative stress, high homocysteine or glucose levels and inflammatory mediators such as TNF-

α are thought to intervene with DDAH function resulting in high ADMA levels (reviewed by 

Alpoim et al, 2015). 

ADMA interferes with NO synthesis from arginine by competing with NOS, with increased 

ADMA significantly lowering endothelial NOS activity and NO production (Faraci et al, 1995; 

Segarra et al, 2001). While SDMA does not affect NO production, both ADMA and SDMA 

compete for NOS transport adding to the overall inhibitory effect (Closs et al, 1997). 

ADMA has been shown to cause a dose dependant rise in blood pressure after its arterial 

administration in guinea pigs, in addition healthy volunteers receiving ADMA presented a dose 

dependent decrease in blood flow, an effect counteracted by L-arginine administration (Vallance 

et al, 1992). A similar study in human volunteers determined that ADMA increased blood 
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pressure and reduced heart rate and cardiac output (Achan et al, 2003). The circulatory effects 

of ADMA involve kidney function as well, affecting renal perfusion and sodium excretion 

without altering the renin-angiotensin system (Kielstein et al, 2004). 

The endothelium is able to absorb large amounts of ADMA, causing circulating concentrations 

to be much lower than cellular levels, hence variations in plasma could have an important 

intracellular effect in NO production contributing to cardiovascular disease. Effects of ADMA 

have related it to several pathological processes including diabetes, hypercolesterolaemia, 

chronic kidney disease, hypertension, atherosclerosis and heart failure (reviewed by Blackwell, 

2010; Alpoim et al, 2015).  ADMA has been found to be a good outcome predictor after 

myocardial infarction and in intensive care patients (O´Dwyer et al, 2006; Zeller et al, 2008).  

The importance of NO activity during the establishment of IRI has been clearly characterised, 

in that context the intervention of ADMA in NO synthesis could play a role in the 

physiopathology of IRI. ADMA has been linked to renal, lung and gastric injury after ischaemia 

and reperfusion finding that NO activity and oxidative stress were related to accumulation of 

the amino acid (Nakayama et al, 2014; Wu et al, 2011; Magierowski et al, 2014).    

A mouse model of cardiac IRI found increased tissue ADMA, low tissue NO levels and reduced 

DDAH activity in a process mediated by ICAM-1 and low eNOS activity; in addition DDAH 

overexpression and administration of L-arginine resulted in an important injury reduction 

(Stühlinger et al, 2007).  The involvement of ADMA in IRI was further explored in rat hearts 

finding that its levels were consistently increased after ischaemia and reperfusion in cardiac 

tissue and serum (Burma et al, 2014; Coskun et al, 2014). 

 

9.2 Aims 

This study aimed to describe ADMA and SDMA values before and after surgery using CPB in 

paediatric patients requiring CHD correction and to evaluate the effects of RIPC in ADMA 

activity. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=St%C3%BChlinger%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=17559823
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9.3 Materials and Methods 

Baseline samples were taken after anaesthesia induction before surgery. An early postoperative 

sample was drawn at PICU arrival of the patient (PO1) followed by an early morning sample on 

the following day (day 2 – PO2) and the day after (day 3 – PO3). Samples were spun within 4 

hours of extraction in a centrifuge for 10 minutes at 2000 g to obtain plasma which was aliquoted  

and stored at -70°C. 

ADMA-SDMA quantitation 

In order to detect ADMA and SDMA through chromatography reagents were prepared as 

follows: 

Borate buffer 50mM 

1.6 g boric acid were dissolved in 500 ml deionised water and pH was adjusted to 8.5 using 

potassium hydroxide (2M). 

Borate buffer 200nM 

2.6 g boric acid were dissolved in 200ml deionised water and pH was adjusted to 8.5 using 

potassium hydroxide (2M). 

Ammonia-methanol solution 

50 ml ammonia were mixed with 250 ml methanol and 200 ml deionised water. 

Derivatising agent 

10 mg phthaldialdehyde were dissolved in 200 μl of methanol, this was added to 1.8 ml 200mM 

borate buffer followed by the addition of 10 μl mercaptopropionic acid under the protection of 

a fume hood. A dilution of 1:5 in 200 mM borate buffer was performed prior to use. 
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Mobile phase 

2.05 g of sodium acetate were dissolved in 454 ml of deionised water, pH was adjusted to 6.3 

using acetic acid and 46 ml of acetonitrile were added followed by filtering and degassing of 

the mixture. 

Sample preparation 

200 μl standards or plasma samples were put into glass tubes and mixed with 80 μl interna l 

standard and 20 μl borate buffer. 

Solid phase extraction 

Solid phase extraction cartridges were primed with 2ml methanol followed by 2 ml 50mM 

borate buffer. Samples and standards were then added onto columns followed by the addition 

of 1 ml borate buffer. Columns were washed with 3ml deionised water and 3 ml methanol. 

Samples were then eluted into fresh glass tubes with 3 ml ammonia-methanol solution. 

Samples were dried in a heating block at 80°C for approximately 30 minutes. 

Cartridges were reutilised after washing them with 3ml methanol and 2ml borate buffer. 

Derivatisation 

Once the samples were completely dry, 100 μl deionised water were added to each tube and 

mixed thoroughly. 100 μl derivatising agent dilution were added and mixed. The samples were 

then covered and left to stand in the dark for 15 minutes to ensure the reaction was completed 

before being transferred to Macrovials Target DP Clear (Thermo Scientific). 

Chromatography 

Samples were loaded into an Alliance 2475 instrument, mobile phase was pumped through the 

column at a rate of 1.5 ml/minute, excitation and emission wavelengths were 340nm and 455 

nm, EUFS was 32000. 
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9.4 Statistical analysis 

A repeated measures ANOVA was used in order to test for differences between time points for 

the normally distributed ADMA values applying post hoc tests using the Bonferroni correction. 

SDMA data was not normally distributed, hence repeated samples Friedman analysis of variance 

was performed in order to test for differences between time points with post-hoc comparisons 

using Wilcoxon signed rank tests with Bonferroni correction for multiple testing. 

Correlation analysis of post-operative measurements to demographic characteristics includ ing 

weight, age, gender and cyanosis status, as well as to post-operative cTnI and CPB and aortic 

clamp duration were tested using the Pearson test (r) for normally distributed data or Spearman´s 

rank correlation test (rs) for non-parametric data. 

Independent samples t-test or Mann-Whitney tests were carried out in order to determine 

differences between RIPC or control groups for each time point according to data distribution.  

Statistical analysis was performed using SPSS Software version 23 at a significance level of 5% 

(2 tailed). 

 

9.5 Results 

 

9.5.1 Perioperative analysis 

ADMA levels did not correlate to gender, age, weight, cyanotic status, CPB or aortic clamp 

duration times. PO2 ADMA presented a positive correlation to cTnI levels at the corresponding 

time point (rs=0.505, p=0.001) (Figure 9.1).  
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Figure 9.1. Correlation of PO2 ADMA to PO2 cTnI.  Abbreviations: ADMA: asymmetr ic 
dimethylarginine; cTnI: cardiac troponin I; PO2: post-operative 2.   

 
SDMA presented a negative correlation to cyanosis status at all time points (Baseline: rs= -

0.368, p=0.018; PO1: rs= -0.479, p=0.001; PO2: rs= -0.481, p=0.001; PO3: rs= -0.526, p=0.005), 

SDMA was significantly higher in cyanotic patients at all time points, PO3 levels according to 

cyanosis are shown in Figure 9.2. 

 
 
Figure 9.2. PO3 SDMA according to cyanosis status.  Abbreviations: PO3: post-operative 3; 
SDMA: symmetric dimethylarginine. 

 
 

A negative correlation of SDMA was seen to age at baseline (rs= -0.480, p=0.001), PO1 (rs= -

0.510, p<0.0001) and PO3 (rs= -0.484, p=0.011); and to weight at all time points (Baseline: rs= 

-0.584, p<0.0001; PO1: rs= -0.517, p<0.0001; PO2: rs= -0.390, p=0.012; PO3: rs= -0.658, 

p<0.0001). 



241 
 

 

A positive correlation to CPB duration at PO1 (rs=0.356, p=0.019) PO2 (rs=0.573; <0.0001), 

PO3 (rs=0.547, p=0.003), and to aortic cross clamp duration for PO1 (rs=0.404, p=0.008), PO2 

(rs=0.506, p=0.001) and PO3 (rs=0.661, p<0.0001) was present.  

In addition SDMA levels showed a positive correlation to cTnI levels at corresponding time 

points PO1 (rs=0.471, p=0.001), PO2 (rs=0.772, p<0.0001) and PO3 (rs=0.828, p<0.0001) 

(Figure 9.3).   

 
Figure 9.3. Correlation of SDMA to cTnI at post-operative time points. Abbreviations : 

cTnI: cardiac troponin I; PO: post-operative; SDMA: symmetric dimethylarginine.   
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Samples of forty five patients were used for analysis, descriptive statistics for ADMA are shown 

in Table 9.1. 

Time point N Mean – SD 

Baseline 41 0.663±0.146 

PO1 43 0.626±0.171 

PO2 41 0.509±0.137 

PO3 27 0.492±0.152 

Table 9.1. Descriptive statistics for plasma ADMA values according to time point. Data 
expressed in mean – SD. Abbreviations: PO: post-operative; SD: standard deviation. 

 

Twenty five patients presented complete measures for all time points. A repeated measures 

ANOVA was used, Maucchly´s test of Sphericity indicated that the assumption of sphericity 

had not been violated, X2(2)=4.720, p=0.451. There was a significant difference between time 

points (p<0.0001), post hoc tests using the Bonferroni correction determined that ADMA levels 

varied significantly between baseline and PO2 (p<0.0001), and baseline and PO3 (p<0.0001). 

Figure 9.4 presents the variation between time points. 

 
Figure 9.4. ADMA variation according to time points. Abbreviations: ADMA: asymmetr ic 
dimethylarginine; cTnI: PO: post-operative.   
 

 
 

 
 
 



243 
 

 

Table 9.2 presents descriptive statistics for SDMA according to time points.  

 

Time point N Median – IQ range 

Baseline 41 0.51(0.43-0.62) 

PO1 43 0.53(0.47-0.66) 

PO2 41 0.75(0.50-0.90) 

PO3 27 0.74(0.52-1.10) 

Table 9.2. Descriptive statistics for plasma SDMA values according to time point. Data 
expressed in mean – SD. Abbreviations: PO: post-operative; SD: standard deviation. 

 

Twenty five patients presented complete measures which were analysed using the Friedman 

repeated measures test which determined there was a statistical significant variation between 

time points in SDMA levels (X2(2)=31.512, p<0.0001). Post hoc analysis with, Wilcoxon 

signed rank test was performed applying Bonferroni correction, resulting in a significance level 

at p<0.0083. Variation was significant between baseline – PO2 (p<0.0001), baseline – PO3 

(p<0.0001), PO1 – PO2 (p<0.0001) and PO1 – PO3 (p=0.001). Figure 9.5 shows the variation 

of SDMA according to time points. 

 
Figure 9.5. SDMA variation according to time points. Abbreviations: cTnI: PO: post-

operative; SDMA: symmetric dimethylarginine.   
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9.5.2 RIPC analysis 

Two cases were excluded from analysis for RIPC as parents asked for the intervention to be 

stopped before its completion due to discomfort. 

Figure 9.6 shows the variation of ADMA according to RIPC or control allocation across time 

points.  

 
Figure 9.6. Variation of ADMA values according to group allocation. Mean values are 

represented. Abbreviations: ADMA: asymmetric dimethylarginine; PO: post-operative; RIPC: 
remote ischaemic preconditioning. 

Forty three patients were included in the analysis of ADMA according to group allocation to 

RIPC or control. Table 9.3 summarises descriptive information. 

 

Time point Intervention N Mean - SD P value 

Baseline RIPC 20 0.635±0.112 0.143 

 Control 19 0.704±0.171  

PO1 RIPC 22 0.613±0.149 0.522 

 Control 19 0.649±0.203  

PO2 RIPC 20 0.481±0.137 0.163 

 Control 19 0.544±0.140  

PO3 RIPC 11 0.444±0.105 0.116 

 Control 15 0.539±0.169  

Table 9.3. Descriptive statistics for plasma ADMA values according to group allocation 

for each time point. Data is expressed in mean – SD. Abbreviations: ADMA: asymmetr ic 
dimethylarginine; PO: post-operative; RIPC: remote ischaemic preconditioning, SD: standard 

deviation. 
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There was no significant difference between RIPC and control ADMA levels for any time 

point (Figure 9.7). 

 

 
Figure 9.7. Plasma ADMA according to group allocation for each time point. 
Abbreviations: ADMA: asymmetric dimethylarginine; PO: post-operative; RIPC: remote 
ischaemic preconditioning. 
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Figure 9.8 shows the variation of SDMA according to RIPC or control allocation across time 

points.  

 
Figure 9.8. Variation of SDMA values according to group allocation. Mean values are 

represented. Abbreviations: PO: post-operative; RIPC: remote ischaemic preconditioning; 
SDMA: symmetric dimethylarginine. 

 

SDMA values were compared between RIPC and control groups for every time point, Table 9.4 

shows descriptive data for SDMA. 

 

Time point Intervention N Mean - SD Median – IQ range P value 

Baseline RIPC 20 0.495±0.086  0.100 

 Control 19 0.555±0.133   

PO1 RIPC 22 0.524±0.105  0.078 

 Control 19 0.586±0.115   

PO2 RIPC 20  0.55(0.48-0.86) 0.158 

 Control 19  0.76(0.53-1.00)  

PO3 RIPC 11  0.58(0.37-1.34) 0.721 

 Control 15  0.74(0.53-1.06)  

Table 9.4. Descriptive statistics for plasma SDMA values according to group allocation 

for each time point. Data is expressed in mean – SD or median – IQ range as appropriate. 
Abbreviations: PO: post-operative; RIPC: remote ischaemic preconditioning, SD: standard 

deviation; SDMA: symmetric dimethylarginine. 
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Differences in SDMA values between control and RIPC groups were not statistically significant 

(Figure 9.9). 

 
Figure 9.9. Plasma SDMA according to group allocation for each time point. Abbreviations : 
PO: post-operative; RIPC: remote ischaemic preconditioning. SDMA: symmetr ic 

dimethylarginine. 

 

 

9.6 Summary of key findings 

 ADMA correlated to cTnI at PO2. 

 SDMA correlated negatively to weight and age after surgery. 

 SDMA correlated to cTnI, CPB and aortic clamp duration after surgery.  

 SDMA was higher in cyanotic patients. 

 ADMA and SDMA varied across time points. 

 ADMA and SDMA were not significantly different according to RIPC or control 

allocation. 
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9.7 Discussion 

ADMA has gained attention as a potential marker for renal and cardiac disease (Alpoim et al, 

2015). As ADMA interferes with NO activity, it is reasonable for it to be involved in 

cardiovascular processes and in this case in the development of IRI. 

The chromatography method used for this study allowed for the simultaneous quantitation of 

the arginine methylated derivatives ADMA, SDMA and homoarginine (Blackwell et al, 2009). 

ADMA and SDMA were analysed showing that ADMA presented measurable values at baseline 

which were lowered immediately after surgery to then increase and peak the day after surgery, 

and reduce its values below baseline levels by the second day after surgery. This pattern was 

similar to that observed in cell adhesion molecules (see Section 12.3.4). 

At its highest point (PO2), ADMA correlated to cTnI suggesting a link to the degree of injury 

suffered by the myocardium. Previous research in a mice model or IRI reported increased 

ADMA and low NO levels in tissue in relation to ICAM-1 activity (Stühlinger et al, 2007), 

increased levels were also found in serum consistently after IRI in rats (Burma et al, 2014; 

Coskun et al, 2014). Analysis in paediatric CHD revealed that patients presenting pulmonary 

hypertension had higher levels of ADMA than other CHD patients (Sanli et al, 2012). 

SDMA profile is less known, it interferes to a degree with NO activity by reducing L-arginine 

availability; in addition it is influenced by ROS, which potentially could involve it in numerous 

vascular processes (reviewed by Mangoni, 2009). SDMA has been better studied regarding renal 

function, with one meta-analysis describing it as a potentially suitable marker of glomerular 

filtration (Kielstein et al, 2006).  

In the current study SDMA levels presented an increasing trend along post-operative times, they 

decreased according to age and weight, and were correlated to cTnI levels, CPB and aortic clamp 

duration, revealing an involvement not only in inflammatory responses but in the injury process. 

In addition, SDMA values were influenced by cyanosis at all time points including baseline, 

reaching significantly higher values than in acyanotic patients. Higher values of L-arginine and 

its derivatives ADMA and SDMA have been documented in patients presenting chronic hypoxia 

(chronic obstructive pulmonary disease) compared with acutely hypoxic patients (acute lung 

injury) (Molnar et al, 2013).   
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A correlation of SDMA plasma levels to echocardiographic E/A ratio and NTproBNP in chronic 

heart failure patients was found (Tang et al, 2008); although our patients have a different 

pathophysiological background, these variables could be further explored.  

Our study revealed RIPC had no influence in the activity of ADMA or SDMA. Levels of these 

markers have not been previously evaluated in cardiac RIPC clinical trials. One renal study 

found that the percent change of ADMA was significantly lower in the RIPC group compared 

to control linked to AKI prevention (Igarashi et al, 2013). 

ADMA has potential as a cardiovascular marker, a large meta-analysis considering long term 

outcome concluded there is an association of ADMA circulating values and CVD, however it 

emphasised the need to clarify this association (Willeit et al, 2015).  

In spite of the focus being placed on ADMA, the present results showed a correlation of SDMA 

to injury and inflammatory variables that ADMA did not have. This is the first analysis of 

methylated arginine derivatives in the context of cardiac IRI in paediatric patients and we have 

found links that motivate further investigation. 

 

Conclusion 

ADMA and SDMA showed links to the inflammatory and injury process taking place after 

cardiac surgery using CPB. RIPC did not significantly affect the activity of arginine derivatives.  
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Gene expression analysis 

Chapter 10. Heat shock proteins 

10.1 Introduction  

Heat shock proteins were first observed as transcriptional activity presented in a characterist ic 

chromosomal puffing pattern after heat exposure of the salivary glands of the fruit fly,  

Drosophila busckii (Ritossa, 1962). Twelve years later HSPs were discovered (Tissières et al, 

1974) and nowadays are known to be induced by numerous types of stress, having a function to 

protect against stress. 

It has been established that HSPs are highly conserved across eukaryotic and prokaryotic 

organisms within all cell types and play a role in basic cellular mechanisms as molecular 

chaperones, proteins that interact with other proteins in order to stabilize them or help them 

reach its active conformation. Their main function is to assist in protein folding, unfolding and 

to maintain cellular protein homeostasis (reviewed by Hartl et al, 2011; Saibil, 2013). 

HSPs are mainly classified according to their molecular weight in kilodaltons (kDa), they 

include HSP-100, HSP-90, HSP-70, HSP-60, HSP-40 and small HSPs (sHSPs). Most HSPs act 

on non-native proteins through cycles of ATP binding and hydrolysis in order to promote 

folding or unfolding while others such as sHSPs protect subunits only until conditions for 

folding are achieved (reviewed by Saibil, 2013). 

 

10.1.1 Induction and Synthesis 

HSPs can be induced after cellular exposure to different types of insults or “stress” other than 

heat, including hypoxia (Patel et al, 1995), ischaemia (Jin et al, 2014), as well as viral and 

bacterial infection (Collins and Hightower, 1982; Varano Della Vergiliana et al, 2013).  

HSPs transcription is mediated in mammals by the heat shock transcription factor 1 (HSF1), 

which is present in the cytosol as a monomer and plays a role in metabolism, development and 

ageing in normal conditions; when acute protein damaging stress takes place, HSF1 is 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Varano%20Della%20Vergiliana%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=23704948
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phosphorylated and translocates to the nucleus where it forms homotrimer complexes that bind 

to the promoter regions of HSP genes, leading to their transcription; HSF1 activity is transient 

and stops along with stress relief; the transcriptional activity of HSF1 has been linked to cancer 

cells in which it seems to be permanently activated (reviewed by Vihervaara and Sistonen, 2014; 

Dai and Sampson, 2016). 

While HSF1 is the main known transcription factor controlling HSP expression, it does not 

regulate all HSPs; not all HSPs are heat inducible and this could play a part in HSF1 

involvement. A strong interaction with HSP-90 and HSP-70 has been reported with a possible 

suppression activity of HSP-70 on HSF1 expression while the expression of CRYAB or small 

heat shock protein B5 was not related to HSF1 (Tang et al, 2016).  

 

10.1.2 Function 

Proteostasis, the control of systems in order to obtain an adequate balance between synthesis, 

folding, unfolding, degradation and turnover of proteins is a process vital for the appropriate 

performance of the proteome and cell survival, ensuring proteins are present in their active 

conformation when required (reviewed by Saibil, 2013).  

HSPs are essential for the success of this process, as they mediate it while they contribute to 

clearing mechanisms including autophagy and lysosomal degradation. HSPs have a role in most 

cellular functions and are present in all cellular compartments such as cytoplasm, nucleus, 

endoplasmic reticulum (ER), cytosol and mitochondria (reviewed by Doyle et al, 2013).   

Chaperones are involved in several stages of the protein quality control network, as polypeptide s 

rise from the ribosome HSPs enable co-translational protein folding. Part of the newly created 

pool of proteins are not released from the ribosome in their native (folded and operative) 

conformation, in which case some polypeptides are able to reach their native form by 

spontaneous folding or through the intervention of chaperones such as HSP-60, HSP-70 and 

HSP-90, while others fail to achieve it (Willmund et al, 2013; reviewed by Preissler and 

Deuerling, 2012).  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Vihervaara%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24421309
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vihervaara%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24421309
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Events such as oxidative stress, cellular damage and certain pathological processes can lead to 

unfolding and inactivation of proteins and it is also the function of HSP-60, HSP-70 and HSP-

90 to mediate the reactivation of non-native proteins (reviewed by Mayer, 2010; Priya et al, 

2013, ). 

These chaperones are not highly specific to particular protein substrates and due to the 

disordered structure of misfolded, unfolded, partially folded or aggregated polypeptides, 

information on their interaction with chaperones is not available, however chaperones seem to 

be very dynamic and this process linked to ATPases can easily fluctuate and adapt (reviewed 

by Saibil, 2013).   

Degradation of proteins that cannot be refolded and reactivated is part of the homeostatic system 

taking place and ATP-dependent proteases require the intervention of chaperones to achieve it 

(reviewed by Sauer and Baker, 2011).  

sHSPs, HSP40, HSP70 and HSP90 have the additional property of binding to non-native 

proteins in order to slow misfolding and aggregation as protein aggregates can be cytotoxic and 

cause cell death and pathological outcomes (reviewed by Saibil, 2013; Zhang et al, 2015).  

A role of HSPs in the unfolding of defective proteins and disaggregation has also been described, 

showing rescue properties within the proteome (reviewed by Priya et al, 2013; Mattoo and 

Goloubinoff, 2014). HSP-100 in primitive organisms and HSP-70 in higher eukaryotes have 

been shown to be able to disaggregate such compounds acting in association with co-chaperones 

by extracting tangled polypeptides and releasing non-native forms that can then be refolded, 

degraded or aggregated again (Glover and Lindquist, 1998; Mattoo et al, 2013). The ER plays 

a primordial role in protein production and quality control, if it becomes overwhelmed by 

misfolded polypeptides apoptosis can be triggered by the unfolded protein response (reviewed 

by Korennykh and Walter, 2012). 

The functions described so far take place within the cell, in addition extracellular presence of 

HSPs has been established in physiological and pathological conditions, with cell signalling and 

immunological processes as their known function (reviewed by Binder, 2014).  

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Korennykh%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23057742
http://www.ncbi.nlm.nih.gov/pubmed/?term=Korennykh%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23057742
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Immunity 

HSPs work as mediators within the innate and adaptive immune system, playing a role in antigen 

presentation, expression of innate receptors, cytokine activity, tumour surveillance and 

autoimmunity. HSPs have been linked to both inflammatory and anti-inflammatory processes 

and particular responses seem to depend on the nature of the stimulus and on the type of cell 

that the HSP interacts with, as well as the presence of other mediators; hence pathogenic derived 

HSPs will have different activity to self-stress proteins, which seem to regulate and resolve 

inflammation (reviewed by Pockley et al, 2008). 

Important immunological components require the protein folding properties of HSPs, includ ing 

most TLRs and integrins (Wu et al, 2012). As the function of these receptors and mediators are 

crucial to appropriate immune activity, a lack of NF-ĸB mediated activation and cytokine 

release expected after TLR activity has been observed, as well as the occurrence of 

immunosuppression in mice models which was linked to a lack of HSP gp96 due to 

inappropriate lymphopoiesis (Staron et al, 2010). 

The protein binding properties of HSPs including cytosolic HSP-70, HSP-90 and ER gp96 or 

HSP-90B1 have been proven to act in peptides derived from antigenic proteins within the cell 

including those resulting from viruses and bacteria antigens (Ag) from infected cells (Basta et 

al, 2005; Rapp and Kaufmann, 2004), transfected cells (Binder et al, 2007), alloantigens from 

mismatched major histocompatibility complex (MHC) cells (Arnold et al, 1995) and from 

tumour cells (Ishii et al, 1999), mediating immune responses. 

HSPs transport these antigenic peptides to the cell surface where MHC class I molecules can 

present them to lymphocytes leading to the activation of CD8+ T cells. As an alternative, Ags 

being chaperoned by HSPs can be released to the extracellular space where the complex is taken 

by antigen presenting cells (APC), MHC class I molecules on the surface of APCs then present 

the complex to T lymphocytes completing cross-presentation and eliciting a stronger T cell 

response as a complex compared to cross-presentation of the Ag alone (reviewed by Tsan and 

Gao, 2009). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Rapp%20UK%5BAuthor%5D&cauthor=true&cauthor_uid=15039390
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaufmann%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=15039390
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These processes are important for tumour immunosurveillance, which relies on cross-

presentation of Ag, furthermore HSPs seem to aid co-stimulation through APC activity and by 

facilitating tumour rejection (reviewed by Binder, 2014). Possible therapeutic options based on 

this principle, using tumour derived HSPs have already been tested in melanoma patients and 

are very promising (Testori et al, 2008).  

HSPs have the ability to activate certain specific immunoreceptors, HSP-60 and HSP-70 use 

receptors such as TLRs, CD14 and CD40, potentiating immune response (reviewed by Pockley 

et al, 2008). Initial studies reported significant in vitro induction of cytokine production by HSPs 

however these findings were later attributed to contamination of the HSP preparations used; 

when experiments were performed with highly purified preparations the cytokine induction 

properties were lost (reviewed by Tsan and Gao, 2009). On the other hand in vivo studies, in 

which such contamination is unlikely, have found cytokine induction mediated by HSPs (Chen 

et al, 2002). 

Self-reactive HSPs, with no pathologic components can also interact with APCs in the absence 

of inflammatory activity, be transported to the cell surface and interact with low affinity T 

lymphocytes which can recognise a wide range of endogenous antigens and trigger anti-

inflammatory activity instead of the adaptive response to pathological Ags (reviewed by 

Pockley et al, 2008).  

A link has been established between HSPs and autoimmune pathologies such as rheumato id 

arthritis (RA), where synovial tissue concentration of HSPs was higher in affected joints only 

(Huang et al, 2009). Further studies found that the release of IL-4 and IL-10 by HSP-60 

stimulated T cells had beneficial effects in RA patients, as the stimulated T cells of the Th2 class  

showed anti-inflammatory effects, while the pathologically stimulated Th1 variety related to 

detrimental effects (van Roon et al, 1997; de Kleer et al, 2003).  
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Heat Shock Protein Families  

Classified according to their molecular weight HSPs vary in distribution and functionality, this 

account will focus on the HSPs most relevant to cardiac ischaemia, IRI, RIPC and the research 

performed. 

 

10.1.3 Heme oxygenase-1 (HSP-32) 

Heme oxygenases (HO) are highly conserved enzymes with the function of catalysing the 

degradation of heme, a hemoprotein iron prosthetic group containing iron which has the ability 

to catalyse the production of free radicals, a function that is strictly controlled while heme is 

bound to hemoproteins; however in its free form it can cause the release of significant amounts 

of ROS under oxidative stress stimulation (reviewed by Igarashi and Watanabe-Matsui, 2014). 

Heme degradation uses nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor 

and its products include carbon monoxide (CO), iron (Fe) and biliverdin which is then converted 

into bilirubin by biliverdin reductase (reviewed by Agarwal and Bolisetty, 2013). 

With two isoforms expressed in humans, the constitutive HO-2 and the stress induced HO-1, 

HOs play a key role in controlling free heme mediated oxidative stress with HO-1 providing a 

rapid response increasing heme catabolism rate and thus preventing apoptosis while HO-2 

provides with the basal control of heme, it is not induced and offers limited protection in stress 

situations (reviewed by Gozzelino et al, 2010). 

First described in a rat model in 1968 by Tenhunen et al, HO-1 weighs 32 kDa, it is expressed 

in all tissues at low levels in normal conditions and can be highly inducible. Located in the ER, 

mitochondria, nucleus and specialised domains within the plasma membrane of the cell, it has 

been suggested that specific subcellular locations correspond to different aspects of HO-1 

function, with heme degradation taking place at the ER, mitochondria and cellular membrane 

while gene transcription would occur at the nucleus (reviewed by Dunn et al, 2014). 

HO-1 expression is fundamentally controlled at the level of transcription, however mRNA 

stabilization takes place during acidosis and hypoxia while its enzymatic function can be altered 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Igarashi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24681888
http://www.ncbi.nlm.nih.gov/pubmed/?term=Watanabe-Matsui%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24681888
http://www.ncbi.nlm.nih.gov/pubmed/?term=Agarwal%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23874015
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bolisetty%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23874015
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during hyperoxia. The interaction of several transcription factors and cytokines control HO-1 

expression including mitogen activated protein kinases (MAPKS), nuclear factor E2-related 

factor 2, the transcriptional repressor Bach1, PKC, PKA, Akt, NK-ĸB and HIF-1 among others 

(Czibic et al, 2008; reviewed by Gozzelino et al, 2010; Kim et al, 2011).  

Cytoprotection 

HO-1 provides cellular protection and part of the mechanisms have been attributed to the effects 

of the end products of heme degradation. Biliverdin and its subsequent metabolite bilirubin can 

go into a cycle in which bilirubin acting as an antioxidant can be oxidised into biliverdin and 

then recycled back into bilirubin in an amplification series (Barañano et al, 2002). In addition 

bilirubin has been shown to prevent IRI (Adin et al, 2005).  

Fe on the other hand can contribute to the production of free radicals when released after heme 

degradation, however it can be neutralised  by several pathways including the fast expression of 

the Fe sequestering molecule FtH which prevents TNF induced apoptosis, hence Fe could 

promote cellular protection through the secondary upregulation of FtH (reviewed by Gozzelino 

et al, 2010).   

The last heme degradation product, CO acts as a signalling molecule presenting anti-apoptotic 

and anti-inflammatory features with the ability to amplify HO-1 response (reviewed by Dunn et 

al, 2014). With similar functions to NO, CO acts as a neurotransmitter, it is a vascular smooth 

muscle relaxant, controls blood pressure and inhibits platelet activation and aggregation 

(reviewed by Olas, 2014). CO has been proven to prevent ischaemia (Fujita et al, 2001), IRI 

(Zhao et al, 2014) and to aid angiogenesis (Deshane et al, 2007). 

A combination of the effects of all these metabolites has an impact in apoptosis; FtH stimulus 

and hence the control of labile Fe inhibit the transcription of proinflammatory genes, CO triggers 

a transient oxidative reaction through cytochrome c oxidase and leads to the suppression of 

caspase activation while independently HO-1 mediates the suppression of the mitochondria l 

intrinsic apoptotic pathway (reviewed by Gozzelino et al, 2010). 
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In addition to the action of these metabolites, evidence of independent cytoprotection towards 

oxidative stress exerted by HO-1 has been described involving the induction of nuclear 

transcription factors linked to a nuclear localisation of the enzyme (Lin et al, 2007).  

Cardiac Involvement 

HO-1 effects play an important role in cardiovascular disease and response to ischaemia and 

IRI, providing antioxidant protection, anti-inflammatory activity, preventing apoptosis and 

detrimental vascular proliferation and remodelling, exerting antithrombotic activity and having 

a vascular relaxant effect (reviewed by Fredenburgh et al, 2015). 

HO-1 is thought to be involved in the heart´s susceptibility to ischaemia as a polymorphism in 

its gene promoter region has been linked to higher incidence of coronary artery disease (Kaneda 

et al, 2002) with reduced bilirubin levels in serum adding to this vulnerability; HO-1 activity 

reduces acute inflammatory responses, oxidative stress, ventricular dysfunction, fibrillation and 

overall cellular death and infarct size, in addition reducing ventricular remodelling after 

ischaemia and reperfusion (reviewed by Czibic et al, 2014).    

HO-1 seems to have an important role in IRI as demonstrated in an initial model of targeted 

heterozygous disruption of the gene, resulting in reduced ventricular recovery, increased 

creatine kinase release and infarct size, becoming more vulnerable to IRI (Yoshida et al, 2001). 

Further HO-1 overexpression studies showed an important reduction in apoptosis rate, lower 

inflammatory infiltration, oxidative damage, infarct size and better ventricular function (Yet et 

al, 2001; Vulapalli et al, 2002).  

Vascular lesions are inhibited by HO-1 through anti-proliferative effects in vessels as shown in 

a HO-1 overexpression model of femoral artery injury which favoured vascular relaxation and 

reduced arterial remodelling, while absence of HO-1 resulted in augmented proliferation and 

increased formation of vascular lesions (Duckers et al, 2001). Furthermore, a recent placental 

endothelial study showed that IRI and vascular smooth muscle growth can be restricted by the 

HO-1/bilirubin pathway through an increase in CO release (Onda et al, 2015).  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Fredenburgh%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=25827602
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Strong protective activity through maintainance of endothelial homeostasis and resistance to 

injury has been associated to HO-1 and its anti-apoptosis and anti-inflammatory effects (Mylroie 

et al, 2015).  

HO-1 expression in patients going through coronary artery bypass procedures was not affected 

by cardioplegia or reperfusion and was not different between groups in a RIPC study (Czibic et 

al, 2008). 

HO-1 has been identified as a promising target for gene and drug induced modulation in order 

to avoid ischaemia and IRI producing favourable results (Tang et al, 2005; Lakkisto et al, 2009). 

Its antioxidant properties have been repeatedly proven, having a protective effect against 

hypoxia, limiting cardiac damage after ischaemia through the conservation of mitochondria l 

membrane potential (Issan et al, 2014). Enhanced HO-1 expression has been proven after RIPC 

in several organs accompanied by protective effects against IRI (Jancsó et al, 2007; Zeynalov 

et al, 2009; Peng et al, 2011). 

The benefits of HO-1 seem to require a careful balance of its activity and of the products of 

heme degradation as damaging effects involving the metabolites CO and bilirubin have been 

reported, with CO causing an increased expression of NOS contributing to IRI of the 

myocardium (Meyer et al, 2015). Bilirubin has been associated to mitochondrial protection, 

however causing ER stress and low metabolic and proliferative activity in hepatic cells 

(Müllebner et al, 2015). 

 

10.1.4 HIF-1 

HIF-1 is a transcription factor key to oxygen metabolism, it has a function in adaptation to 

reduced oxygen availability, thus playing an important role in RIPC; HIF-1 is made up of two 

subunits: HIF-1β, which is constitutively expressed and HIF-1α which is upregulated as a 

response to hypoxia (reviewed by Semenza, 2012). HIF-1 however does not act by itself, it 

requires the intervention of the oxygen sensors prolyl hydroxylases (PHDs) and factor inhibit ing 

HIF, with the latter leading to the activation of HIF-1α subunit which would then form an 

heterodimer with HIF-1β in order to regulate the transcription of numerous target genes involved 

http://www.ncbi.nlm.nih.gov/pubmed/?term=M%C3%BCllebner%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25942605
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in the adaptive response to hypoxia, characterising the HIF-PHD pathway as an important 

component of RIPC cardioprotection (reviewed by Martin-Puig et al, 2015). 

Based on its influence in the expression of secondary genes such as IL-10, HIF-1 has classically 

been linked to the late phase of protection (Cai et al, 2013); however its deactivation has been 

shown to influence early phase efficacy as well, relating to aspects of endothelial cells and 

showing a connection to both phases of the process (Sarkar et al, 2012). 

The mechanisms through which HIF-1α would contribute to early cardioprotection are not clear, 

however PKC seems to have a role on modulating its activity; HIF-1α could influence ROS 

activity and affect adenosine induced effects by upregulating the enzyme CD73, which 

facilitates the generation of extracellular adenosine, as well as adenosine A2B receptor 

(reviewed by Ong and Hausenloy, 2012). However, HIF-1α influence in early RIPC remains 

unclear as its inhibition did not alter RIPC effects in a rat model (Kalakech et al, 2013).  

The activity of HIF-1α as a transcription factor has been linked to its influence in several 

downstream target genes which have been identified as mediators of late RIPC includ ing 

erythropoietin, HO-1, adiponectin and iNOS (reviewed by Ong and Hausenloy, 2012), it has 

been related to a reduction of mitochondrial oxidative stress preventing MPTP opening (Ong et 

al, 2014). 

A human study involving 32 patients undergoing CPB demonstrated a protective effect, 

obtaining lower troponin and influencing the circulating levels of inflammatory mediators in 

relation to RIPC, which was also linked to higher concentrations of HIF-1α before CPB 

(Albrecht el al, 2013). 

   

10.1.5 HSP-60 

The HSP-60 family, also known as chaperonins are highly conserved molecules across species 

subdivided into two groups: Group I are present in bacteria (GroEL) and eukaryotic 

myochondria (HSP-60) whereas Group II are localised in archae thermosome subunits and 

eukaryotic cytoplasm. This account and research will focus on the mitochondrial HSP-60 
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(HSPD1), one of the most abundant chaperones within the mitochondria, that has also been 

identified in other subcellular locations as well as in extracellular spaces and the blood stream 

(reviewed by Gammazza et al, 2012).  

HSP-60 is heat inducible and although it is controlled by HSF-1, it is not the only transcript ion 

factor influencing its expression (Tang et al, 2016); under stress conditions cytoplasmic HSP-

60 can be swiftly imported into the mitochondria by HSP-70 in order to aid cellular surviva l 

(Itoh et al, 2002). 

Structure 

Classically, chaperonins present a common structure formed by twin heptameric rings joined to 

form a cylindrical structure, within each ring a cavity is used to bind non-native or unfolded 

proteins in a self- contained manner in order to prevent their aggregation, these proteins would 

then be folded to their native form in an ATP dependent process (reviewed by Boshoff, 2015). 

Chaperonins require the activity of co-chaperonins in order to work, with a single heptameric 

ring of 10 kDa subunits co-chaperonins bind to chaperonins in order to create a lid structure that 

allows the chamber to expand and to fold proteins when ATP is bound (Saibil et al, 1996). The 

complex forms a cage type structure that allows one molecule in at a time preventing any 

disruptions to folding as well as avoiding aggregation or rebinding, it is also thought to 

accelerate the folding process while controlling energy usage (reviewed by Hartl et al, 2011). 

Most of what is known of chaperonin structure and mechanisms comes from the well-stud ied 

chaperonin GroEL and its co-chaperonin GroES in Eschericha coli, however the human 

equivalent HSP-60 presents a single ring structure and interacts differently with its co-

chaperonin HSP-10, presenting different affinity and stability in its structure while conserving 

functionality and the need for ATP hydrolysis (Nisemblat et al, 2015). 

HSP-10 (HSPE) is very highly conserved, presenting a similar structure across species; it is 

mainly localised in the mitochondria but is also present in the cytosol, cell surface, extracellular 

space and blood; in addition to its co-chaperonin function it limits immune reactions thus aiding 

autoimmunity and facilitating pregnancy while assisting tumour formation by supressing 

apoptosis (reviewed by Jia et al, 2011). 
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Function 

HSP-60 provides transport, intervenes in the early stages of folding and refolding of proteins 

and under stress conditions prevents denaturation, however when proteins are beyond repair it 

can aid denaturation as well (reviewed by Saibil et al, 2013).   

HSP-60 can accumulate in the cytosol causing dual apoptotic effects; when the accumulation is 

caused by mitochondrial release the chaperonin interacts with caspase-3 resulting in the 

induction of apoptosis. However when cytosolic accumulation is not caused by mitochondria l 

release HSP-60 does not interact with caspase-3 and has an anti-apoptotic effect (Chandra et al, 

2007). 

HSP-60 has been found to form cytosolic complexes with the apoptotic molecules bcl-2-like 

protein 4 (Bax), bcl-2 homologous antagonist/killer (Bak) and B-cell lymphoma-extra large 

(Bcl-XL) in normal conditions, after apoptosis induction the HSP-60/Bax complex separates, 

Bax reaches the mitochondria and cytochrome-C is released triggering apoptosis through the 

caspase cascade, hence the initial cytosolic complex is thought to inhibit apoptosis and HSP-60 

to have an important regulatory role (Gupta and Knowlton, 2005).  

Immunity 

In immunity HSP-60 can elicit pro and anti-inflammatory responses subject to its concentration 

as moderate levels of the chaperonin result in anti-inflammatory actions through TLR2 

signalling to CD4+, CD25+ regulatory T cells while a high HSP-60 concentration leads to TLR4 

activation in dendritic cells and macrophages producing maturation of dendritic cells, antigen 

presentation and release of inflammatory cytokines.  In addition HSP-60 is involved in the 

resolution of inflammation through specific regulatory T cells mediated by suppressive 

cytokines while B cells participate at the innate and adaptive response with the ability to mediate 

inflammatory responses through antibodies, antigen presentation and anti-inflammatory effects 

via IL-10 production (reviewed by Quintana and Cohen, 2011). 

The highly conserved nature of HSP-60 suggests that bacteria contain similar forms which are 

potent triggers for antibodies in the human organism. Autoantibodies to HSP-60 have been 
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characterised and linked to diabetes and arthritis among other autoimmune disorders, entailing 

potential for therapy development (Imatoh et al, 2009; Zonneveld-Huijssoon et al, 2012).  

Cardiac Involvement 

Apoptotic control within cardiac myocytes has been demonstrated as HSP-60 reduction resulted 

in a marked increase in apoptosis, after hypoxia apoptosis was triggered seemingly due to a 

redistribution of HSP-60 from the cytosol to the plasma membrane; in addition, HSP-60 levels 

decreased during reoxygenation, showing a picture of the possible activity of HSP-60 during 

cardiac IRI (Knowlton and Gupta, 2003). 

HSP-60 presents dual potential according to its location and concentration; extracellular HSP-

60 could have a detrimental effect as presented in an IRI mouse model showing HSP-60 

associated apoptosis mediated by TLR2 and TLR4 (Heiserman et al, 2015). Furthermore, it 

induced inflammation and cytokine production after cardiac ischaemia in rat hearts (Tian et al, 

2013).  

The extracellular transport of HSP-60 could be partly mediated by exosomes, lipid vesicles 

transporting molecules between cells, as reported in cardiomyocytes under stress circumstances 

such as IRI and oxidative stress where exosome production increased along with their 

extracellular release of HSP-60 (Malik et al, 2013). 

  

10.1.6 HSP-70 

The ubiquitous and highly conserved HSP-70 is the most abundant chaperone, with 13 human 

members, HSP-70 is present in several cellular compartments, it coordinates unfold ing, 

disaggregation, refolding and degradation of proteins while cooperating with a range of 

cofactors fulfilling several different functions including translocation through organelle 

membranes (reviewed by Saibil et al, 2013). 

HSP-70 interacts with most proteins in aggregated, unfolded or misfolded forms and does not 

seem to interact with folded proteins, however it can regulate the activity and stability of certain 

native proteins as well (reviewed by Mayer, 2013). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Zonneveld-Huijssoon%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22562976
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The HSP-70 family includes several members varying slightly in their molecular weight and 

localisation, HSP-78 and HSP-75 act as chaperones in the ER and mitochondria respectively 

while the better known HSP-73 (HSC70) and HSP-70 (HSP-72) are located in the nucleus and 

cytoplasm, they perform similar functions promoting cellular survival with the constitutiona l 

HSP-73 maintaining homeostasis in normal circumstances while HSP-70 is an inducible isoform 

presenting heightened expression during stress (reviewed by Noble et al, 2008). 

Structure 

HSP-70 is formed by a N-terminal nucleotide binding domain (NBD) and a C-terminal substrate 

binding domain (SBD), the NBD or ATPase domain contains a hydrophilic pocket to which 

ATP is bound while the SBD includes a substrate binding subdomain β (SBDβ) which 

recognises target proteins by binding to hydrophobic residues, and an α-helical subdomain 

(SBDα) which acts as a lid for SBDβ (reviewed by Mayer and Kityk, 2015). 

SBD arrangement is importantly different in its open or closed conformations which affects the 

interaction with NBD and with substrate proteins. In the open conformation, mediated by ATP 

binding, SBDα is separated from SBDβ and both subdomains are attached to different sections 

of the NBD (Kityc et al, 2012; Qi et al, 2013). This stabilises the SBD, presenting a high rate 

of substrate association and dissociation reflected on fast binding and release kinetics resulting 

in a low affinity for polypeptides (Mayer et al, 2000).  

After ATP is hydrolysed by the NBD, the ADP linked closed conformation takes place with 

SBD acting as a lid and causing low peptide association and dissociation rates leading to high 

peptide affinity allowing HSP-70 to limit aggregation (reviewed by Mayer and Kityk, 2015). 

Co-chaperones 

HSP-70 functions through an ATP dependent process which presents at a very low hydrolys is 

rate thus limiting its activity; in order to improve hydrolysis rate HSP-70 works with co-

chaperones such as J-domain proteins (JDPs) also known as HSP-40 which stimulate HSP-70 

ATPase activity up to 1000 fold, or nucleotide exchange factors (NEFs) which promote protein 

substrate release.  JDPs additionally contribute to the process by binding to substrate proteins 

and preventing its aggregation while it delivers the protein to HSP-70, it targets specific sites 
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within the chaperone and seems to be an important HSP-70 recruiter. The activity of NEFs 

promoting the release of substrates allows them to complete folding or to be re-bound by HSP-

70 and repeat the process until its appropriate native conformation is achieved (reviewed by 

Kampinga and Craig, 2010; Saibil et al, 2013). 

Function 

Chaperone 

The main function of HSP-70 is to act as a chaperone for aiding protein folding, refolding, 

transport and degradation of misfolded and unstable proteins. Seemingly the state of the protein 

substrate that HSP-70 binds to and the activity of its co-chaperones lead to differe nt 

physiological functions of HSP-70 with a misfolded protein eliciting a different activity than a 

newly synthesised unfolded polypeptide allowing several different functions by the same 

chaperone possibly due to the allosteric mechanisms involved (Zhuravleva and Gierasch, 2015; 

reviewed by Clerico et al, 2015). 

In normal conditions HSP-70 binds to newly forming proteins after ribosome release, acting as 

a holdase in order to avoid premature folding when the protein needs to be transported to their 

destinations in an unfolded state across membranes or until circumstances are adequate for 

correct folding (Chacinska et al, 2009). Holdase activity can also take place in order to avoid 

aggregation after stress causing partially folded proteins to accumulate (reviewed by Clerico et 

al, 2015). It has been suggested that HSP-70 could also actively unfold incorrectly or 

alternatively folded proteins when necessary (reviewed by Mattoo and Goloubinoff, 2014). 

Degradation is mediated by HSP-70 along with co-chaperones, such as HSP-40 when substrate 

proteins have failed to reach their appropriate structure (Summers et al, 2013). An alternate 

phosphorylation pattern has been reported to play a role in balancing protein folding and 

degrading activity for HSP-70 (Muller et al, 2013).   

Signalling Regulation 

HSP-70 is involved in signalling pathways that influence numerous important cellular 

processes; although the mechanisms by which HSP-70 controls cell signalling have not been 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhuravleva%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26038563
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhuravleva%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26038563
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mattoo%20RU%5BAuthor%5D&cauthor=true&cauthor_uid=24760129
http://www.ncbi.nlm.nih.gov/pubmed/?term=Goloubinoff%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24760129
http://www.ncbi.nlm.nih.gov/pubmed/?term=Goloubinoff%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24760129
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well established they seem to be linked to its chaperone activity as important signall ing 

molecules are assisted by HSPs during their formation (reviewed by Sherman and Gabai, 2015). 

Affected pathways include the suppression of kinase cascades influenc ing events such as 

inflammatory response by limiting NF-ĸB (Cao et al, 2012), as well as reducing iNOS and 

NADPH activity and increasing superoxide in neutrophils leading to a limitation in oxidative 

stress (reviewed by Giffard et al, 2008).  

HSP-70 acts extracellularly after either being actively secreted or released by dying cells and 

influences both innate and adaptive immunity; mainly through TLR-2 and TLR-4 activity it can 

elicit different responses influencing antigen presentation and promoting the release of 

inflammatory cytokines, having a positive feedback effect on the further release of HSP-70 (Lee 

et al, 2013; reviewed by Borges et al, 2012). 

HSP-70 furthermore impacts pathways with input in cancer development such as apoptosis and 

cell cycle through its inhibitor OIS as well as transcription factors including HIF-1, NF-ĸB and 

others related to tumour growth and metastasis (Colvin et al, 2014). 

HSP-70 involvement in tumour formation and cancer beyond cell signalling has been 

established by its overexpression in certain types of malignant cells and has been found to be a 

predictor of cancer stage and prognosis (Ciocca et al, 1993; Hwang et al, 2003).  

Anti-apoptotic effects mediated in collaboration with its co-chaperone HSP-40 by stabilis ing 

inhibitors and supressing TNF induction, blocking caspase activation, BAX translocation and 

prevent mitochondrial outer membrane permeability have been reported (Ran et al, 2004; 

reviewed by Sharp et al, 2013). In addition, HSP-70 has been deemed essential for the 

development of cancer in a breast cancer model in which oncogene activation led to 100% 

penetrance in control animals compared to a rare tumour development in HSP-70 knockout 

specimens (Meng et al, 2011). 

The seemingly crucial role of HSP-70 in cancer development makes it a very promising 

candidate for targeted therapy as its expression is significantly elevated in various cancer types 

compared to normal cells and it seems to be unessential for survival as HSP-70 knockout mice 

are viable (reviewed by Sherman and Gabai, 2015).   

http://www.ncbi.nlm.nih.gov/pubmed/?term=Sherman%20MY%5BAuthor%5D&cauthor=true&cauthor_uid=25347739
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gabai%20VL%5BAuthor%5D&cauthor=true&cauthor_uid=25347739
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Cardiac Involvement 

HSP-70 is involved in several cardiac processes concerning both beneficial and pathologica l 

effects. After ischaemia HSP-70 regulates the innate immune response in the heart as well as its 

function after reperfusion; as the chaperone is secreted in the myocardium its extracellular 

activity mediates inflammatory reactions contributing to myocardial dysfunction while cytokine 

induction takes place as an effect of TLR-4 activation in cardiac tissue and macrophages 

(reviewed by Liu et al, 2012). 

On the other hand HSP-70 mediates cardiac tolerance to endotoxins through a supressed TNF-

α response in macrophages and inhibition of ICAM, NF-ĸB and TNF-α within the heart (Zou et 

al, 2008; Su et al, 2010).  

HSP-70 is found during atherogenesis within the developing plaques, playing an apparent 

protective role against cellular stress (Dupont et al, 2008). Further evidence for cardiac 

protection aided by apoptosis inhibition has been identified in diabetes studies in which 

increased cardiac injury was observed and linked to low HSP-70 levels due to insulin 

dysfunction as insulin is important for the maintenance of adequate levels of constitutive HSP-

70 (Chen et al, 2006). 

HSP-70 enhanced expression after late preconditioning has been linked to myocardial protection 

after CPB in a pig model (Yan et al, 2013). Its exogenous administration in a rat model resulted 

in reduced levels of cytokines which transcribed in cardiac protection during ischaemia and 

sepsis conditions (Pasqua et al, 2015). 

Upregulation of the chaperone has been established in the human heart even after short periods 

of cardiac ischaemia after CABG surgery (Taggart et al, 1997). Longer CPB times were linked 

to higher levels of HSP-70, and after open heart surgery adult patients presenting higher levels 

of HSP-70 before surgery showed a link to lower cardiac specific enzymes and injury markers 

aspartate aminotransferase, lactate dehydrogenase (LDH), CK and CK-MB) (Demidov et al, 

1999). Children who did not present such pre-operative up-regulation were linked to an 

important increase in the cardiac injury markers Troponin I, Myoglobin, LDH, CK, CK-

MB (Giannessi et al, 2003). HSP-70 expression related to improvement in right ventric le 
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function in human myocardium resected from tetralogy of Fallot paediatric patients (Peng et al, 

2011), furthermore its protein expression in right atrial tissue was enhanced after RIPC and 

linked to lower cardiac injury markers, better haemodynamic state and lower inflammatory 

markers in a paediatric clinical trial (Zhou et al, 2010).     

Cardiac rhythm dysfunction is a consequence of IRI and the occurrence of atrial fibrillation has 

been linked to lower HSP-70 expression in atrial cells compared to patients with normal sinus 

rhythm after cardiac surgery, furthermore a HSP-70 polymorphism causing increased risk of 

fibrillation after surgery has been reported (Afzal et al, 2008; reviewed by de Jong et al, 2009). 

The cardioprotective effects of HSP-70 against IRI seem to be related to oxidative stress 

resistance secondary to previous exposure to stress in findings that support the early studies that 

identified important changes in HSP-70 expression in the myocardium after preconditioning 

(Kingma, 1999; reviewed by de Jong et al, 2009). A RIPC study in knocked out mice showed 

that late phase RIPC induced the expression of the almost identical subtypes HSP70.1 

(HSPA1B) and HSP70.3 (HSPA1A) through the action of NF-κB, with HSP70.3 providing 

cardiac protection while HSP70.1 had detrimental effects over the exposed heart (Tranter et al, 

2010). 

 

10.1.7 HSP-90 

The ATP-dependent heat shock protein 90 (HSP-90) is one of the most abundant chaperones, it 

is highly conserved across species and has two main isoforms in mammals, cytoplasmic HSP-

90α is induced under stress while HSP-90β is expressed constitutively. Further less known 

analogues are present in other cellular compartments including GRP94 in the ER and TRAP-1 

in the mitochondria (reviewed by Li and Buchner, 2013).  

Having an essential role in eukaryotic cells, HSP-90 mediates the late stage of protein folding 

(Nathan et al, 1997).  HSP-90 works forming complexes with numerous co-chaperones which 

vary according to cellular compartment, this contributes to a very adaptable system with the 

capacity to act on a wide variety of clients (reviewed by Jackson, 2013).  



268 
 

 

HSP-90 assists several different client proteins important for cellular signalling and 

development including protein kinases, steroid hormone receptors and transcription factors , 

hence participating in the integration of signalling, transport, and protein degradation (reviewed 

by Li and Buchner, 2013; Saibil et al, 2013). The interaction between HSP-90 and certain 

important kinases and transcription factors such as p53 and Bcl6 link it to oncogenic processes 

(reviewed by Khurana and Bhattacharyya, 2015).  

It has been suggested that HSP-90 has a role in rescuing mutated proteins with altered properties 

that could participate in adaptation to different circumstances as part of the mechanisms of 

evolution (Jarosz and Lindquist, 2010). 

Induction 

The expression of HSP-90 is enhanced by stress including hypoxia and IRI, it is upregulated in 

a number of cancers and other pathologies such as chronic obstructive pulmonary disease with 

its expression levels having potential as an indicator of prognosis (reviewed by Zuehlke et al, 

2015). 

The inducible HSP-90α is mainly controlled by HSF-1 (Tang et al, 2016), however other 

transcription factors are involved including NF-ĸB (Ammirante et al, 2008), STAT1 following 

interferon-γ stimulation and STAT3 after IL-6 stimulation (reviewed by Taipale et al, 2010).  

Interestingly HSP-90 has an effect on its regulators as it modulates short term HSF-1 effects in 

the expression of HSPs (Leach et al, 2012), while extracellular HSP-90 can trigger inflammation 

by interacting with NF-ĸB and STAT3 (Bohonowych et al, 2014).  

Structure 

HSP-90 is a homodimer of subunits, each subunit is formed by three domains, an N-terminal 

ATP binding domain (N-domain), a middle domain (M-domain) and a C-terminal dimeriza t ion 

domain (C-domain), these domains are linked by flexible regions; all components allow various 

dynamic conformations for the chaperone in order to adapt to different client proteins (reviewed 

by Li and Buchner, 2013; Saibil et al, 2013).   

http://www.ncbi.nlm.nih.gov/pubmed/?term=Jarosz%20DF%5BAuthor%5D&cauthor=true&cauthor_uid=21205668
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jarosz%20DF%5BAuthor%5D&cauthor=true&cauthor_uid=21205668
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zuehlke%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=26071189
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The ATP binding domain contains a fold characteristic of a group of split ATPases, a lid is 

formed which closes over the nucleotide binding pocket during the ATP-bound state and 

remains open during the ADP-bound state (Ali et al, 2006).  

The M-domain comprises catalytic residues that participate in the formation of a composite 

ATPase site, hence it has a role in ATP hydrolysis and it also contributes to the interaction sites 

for co-chaperones and client proteins (Meyer et al, 2004). 

Finally, the C-domain allows the dimerization of HSP-90 subunits in a process during which 

the opening of the C-domain is synchronised with the closing of the N-domain, additionally it 

contains a docking site for the interaction with certain co-chaperones (Ratzke et al, 2010; 

reviewed by Li and Buchner, 2013).   

Cardiac Involvement 

The role of HSP-90 in facilitating cell survival through several pathways has been reported to 

contribute to cardiomyocyte resistance during ischaemia and reperfusion. During ischaemia the 

expression of HSP-90 was enhanced and linked to eNOS phosphorylation and NO production, 

which led to a reduction in infarct size after reperfusion (Chen and Meyrick, 2004; Kupatt et al, 

2004).  

The methylated state of HSP-90 seems to have a role in maintaining the integrity of striated and 

cardiac muscle through mediating stability of muscular bands presenting a potential impact in 

cardiac function (Voelkel et al, 2013). 

HSP-90 has been established as an important mediator of cardiac protection, hypoxic 

preconditioning in vitro studies demonstrated increased cardiomyocyte survival after 

conditioning, related to mitoKATP channels function; an effect that was lost after HSP-90 

inhibition (Jiao et al, 2008). Likewise enhanced HSP-90 expression resulted in cardiac 

protection against serum and glucose deprivation by conserving MMP, reducing toxicity and 

oxidative stress (Wu et al, 2012). 

HSP-90 has been reported to mediate the mitochondrial import of protein kinases presenting 

mitochondrial dependent cardio-protective properties against IRI (Budas et al, 2010). In 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20JX%5BAuthor%5D&cauthor=true&cauthor_uid=14661033
http://www.ncbi.nlm.nih.gov/pubmed/?term=Meyrick%20B%5BAuthor%5D&cauthor=true&cauthor_uid=14661033
http://www.ncbi.nlm.nih.gov/pubmed/?term=Voelkel%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23047121
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addition HSP-90 has a role mediating hydrogen sulphide cardiac protection (Yang et al, 2011), 

while other processes including interaction with anti-apoptotic elements conferred decreased 

ER stress response, promoting cardiac cell survival (Lam et al, 2013).  

HSP-90 and the pathways involved in these processes have therapeutic potential both in 

preventing and treating ischaemic responses. 

 

10.2 Aims 

To analyse the expression patterns of HSPs and HIF-1 in the myocardium of CHD patients 

requiring corrective surgery using CPB before and after hyperoxic incubation, and to assess the 

effects of RIPC on their expression. 

 

10.3 Materials and Methods 

Tissue was obtained from patients during surgical intervention, in cases of ventricular tissue 

resection part of the tissue was immediately processed as a baseline specimen and the rest was 

exposed to 60% O2 incubation for 4 hours in order to mimic hyperoxygenation after CPB; atrial 

samples were only used for baseline analysis due to insufficient amount of tissue. 

Timing of tissue resection depended on surgical protocols and due to particular circumstances 

regarding each case, variability is possible based on the time the tissue was obtained relative to 

CPB and cross clamping, implying longer exposure to hypoxia and inflammatory responses for 

some specimes.  

mRNA was extracted and used in order to obtain cDNA through a RT-PCR reaction, then Q-

PCR analysis was undertaken in order to obtain relative quantification values for each gene. 

Genes used during the assay are shown in Table 10.1. 

Details on materials and methods are described on Chapter 2. 
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 Gene 

name 

Gene 

aliases 

Gene 

Symbol 

Assay 

Design 

Amplicon 

length 

Assay ID 

HO-1 heme 
oxygenase  
1 

HMOX1, 
HO-1, 
HSP32 

HMOX1 Probe spans 
exons 

82 Hs01110250
_m1 

HSP-60 heat shock 
60kDa 
protein 1  

CPN60,  
HSP65, 
HuCHA60,  

HSPD1 Probe spans 
exons 

81 Hs01036753
_g1 

HSP-70 heat shock 

70kDa 
protein 1A 

HSP70-

1A, 
HSP70I, 

HSP72, 
HSPA1 

HSPA1

A 

Both 

primers and 
probe map 

within a 
single exon 

124 Hs00359163

_s1 

HSP-90 heat shock 
protein 

90kDa 
alpha  

EL52, 
HSP86, 

HSP89A,  
HSPC1 

Hsp89 

HSP90A
A1 

Both 
primers and 

probe map 
within a 

single exon 

133 Hs00743767
_sH 

HIF-1 hypoxia 
inducible 

factor 1, 
alpha 
subunit  

HIF-1A 
HIF-1α  

MOP1 
PASD8 

HIF1A Probe spans 
exons 

76 Hs00153153
_m1 

Table 10.1. Genes analysed and assay information. Abbreviations: HIF-1: hypoxia inducib le 

factor 1: HO-1: heme oxygenase-1; HSP: heat shock protein. 

 

10.4 Statistical analysis 

The data did not present a normal distribution, hence non-parametric tests were used.  

Spearman analysis was used in order to determine correlation between demographic 

characteristics including patients´ gender, age, weight, cyanosis status, and to cTnI levels. 

Expression variation according to tissue type was analysed using Mann Whitney tests, while 

Wilcoxon signed-rank test for paired measures was used to explore differences before and after 

tissue incubation. 

Mann Whitney tests were used to determine differences according to RIPC or control allocation 

for each time point at baseline and after incubation. All analyses were performed using SPSS 

version 23 software, a p value <0.05 (two tailed) was considered significant.  
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10.5 Results 

Fifty patients were recruited for the study, demographic data can be seen in Table 3.1.  

10.5.1 General analysis 

The four HSPs analysed, and HIF-1 were expressed in the myocardial tissue (Figure 10.1). 

 
Figure 10.1. mRNA gene expression in myocardium of CHD patients at baseline. Figure 

shows the median for RQ values of each gene. Abbreviations: HIF-1: hypoxia inducible factor 

1: HO-1: heme oxygenase-1; HSP: heat shock protein; RQ: relative quantification.  

 

Weight correlated to HO-1 (rs=0.393, p=0.029), HSP-70 (rs=0.433, p=0.015) and HSP-90 

(rs=0.420, p=0.019), while age correlated positively to HSP-70 (rs=0.525, p=0.002) and HSP-

90 expression (rs=0.494, p=0.005) (Figure 10.2). In addition HSP-90 correlated to cyanotic 

status (rs=0.422, p=0.18), having a higher expression in acyanotic patients (p=0.020). There was 

no correlation to cTnI levels. 
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Figure 10.2. Correlation of HSPs to patient demographic and baseline characteristics .  

Abbreviations:  HO-1: heme oxygenase-1; HSP: heat shock protein; RQ: relative quantificat ion. 
 

 

Expression according to tissue type 

Table 10.2 shows descriptive characteristics of gene expression according to ventricular or atrial 

tissue. HO-1 and HSP-70 expression was significantly higher in atrial tissue while all other 

analysed genes did not present a significant variation (Figure 10.3).  

 

Gene N Tissue Median - IQ range P value 

HO-1 22 Ventricle 0.57(0.26-0.93) 0.010 

9 Atrium  1.64(0.66-3.12) 

HSP-60  22 Ventricle 6.03(3.04-7.57) 0.292 

9 Atrium  2.50(2.28-8.21) 

HSP-70  22 Ventricle 3.71(2.71-5.61) 0.020 

9 Atrium  8.11(5.32-14.30) 

HSP-90  22 Ventricle 7.95(6.76-19.52) 0.716 

9 Atrium  15.33(8.16-17.33) 

HIF-1 22 Ventricle 2.72(1.42-11.19) 0.064 

9 Atrium 1.25(0.56-2.95) 

Table 10.2. Descriptive statistics for mRNA gene expression according to ventricular or 

atrial tissue in CHD patients. Data is expressed as mean and standard deviations. 

Abbreviations: HIF-1: hypoxia inducible factor 1: HO-1: heme oxygenase-1; HSP: heat shock 

protein. 
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Figure 10.3. mRNA gene expression according to ventricular or atrial tissue in CHD 

patients. Abbreviations: HIF-1: hypoxia inducible factor 1: HO-1: heme oxygenase-1; HSP: 

heat shock protein; RQ: relative quantification. 
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Expression after tissue incubation 

Descriptive characteristics of analysed gene expression before and after tissue incubation at 

60% O2 concentration are presented in Table 10.3.  

 

Gene N Time point Median – IQ range P value 

HO-1 15 Baseline  0.394(0.25-0.64) 0.001 

15 Incubated  3.72(1.31-6.39) 

HSP-60  15 Baseline  5.54(3.04-6.66) 0.125 

15 Incubated  3.86(2.54-5.36) 

HSP-70  15 Baseline  3.25(2.59-4.39) 0.001 

15 Incubated  19.90(9.99-28.18) 

HSP-90 15 Baseline  7.371 (6.068-10.429) 0.691 

15 Incubated  8.206 (6.816-9.893) 

HIF-1 15 Baseline  1.534 (1.133-3.497) 0.650 

15 Incubated  1.933 (1.237-3.224) 

Table 10.3. Descriptive statistics for mRNA gene expression in the myocardium before and 

after incubation. Data is expressed as median and IQ range. Abbreviations: HIF-1: hypoxia 

inducible factor 1: HO-1: heme oxygenase 1; HSP: heat shock protein; IQ: interquartile. 

 

HO-1 and HSP-70 expression was significantly higher after incubation, all other genes did not 

present significant variation (Figure 10.4). 
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Figure 10.4. mRNA gene expression in the myocardium before and after incubation.  

Abbreviations: HIF-1: hypoxia inducible factor 1; HO-1: heme oxygenase 1; HSP: heat shock 

protein; RQ: relative quantification. 
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10.5.2 RIPC analysis 

Forty-eight patients were analysed according to intervention allocation. Descriptive data on 

gene expression according to patient allocation to RIPC or control is summarised in Table 

10.4. 

 

Gene Time point Intervention N Median – IQ range P value 

HO-1  Baseline  RIPC 14 0.45(0.31-0.93) 0.206 

 Control 15 0.77(0.39-1.64) 

Incubation RIPC 9 3.715(1.916-6.394) 1.000 

 Control 6 4.091(1.306-6.248) 

HSP-60 Baseline  RIPC 14 3.95(2.69-6.28) 0.050 

Control 15 6.83(4.74-8.81) 

Incubation  RIPC 9 3.735(2.539-5.287) 1.000 

Control 6 4.034(3.621-5.354) 

HSP-70 Baseline  RIPC 14 4.29(2.71-7.85) 0.793 

Control 15 4.96(2.74-7.06) 

Incubation  RIPC 9 20.512(8.803-28.184) 0.864 

Control 6 19.181(13.102-25.703) 

HSP-90 Baseline RIPC 14 9.23(7.37-17.27) 0.760 

Control 15 16.41(6.07-40.30) 

Incubation RIPC 9 8.775(7.223-9.893) 0.689 

Control 6 8.182(6.816-9.820) 

HIF-1 Baseline RIPC 14 1.79 (1.12-3.08) 0.222 

Control 15 2.95 (1.42-11.19) 

Incubation RIPC 9 1.484(1.133-2.451) 0.181 

Control 6 2.338(1.933-3.224) 

Table 10.4. Descriptive statistics for HSP mRNA expression in the myocardium before and 

after incubation according to group allocation. Data is expressed as mean and standard 
deviations. Abbreviations: HIF-1: hypoxia inducible factor 1; HO-1: heme oxygenase 1; HSP: 
heat shock protein; RIPC: remote ischaemic preconditioning. 

 

The expression of HO-1 (Figure 10.5), HSP-60 (Figure 10.6), HSP-70 (Figure 10.7), HSP-90 

(Figure 10.8) and HIF-1 (Figure 10.9) were not differentially expressed according to RIPC or 

control allocation.  

The expression of all genes was not different according to group allocation at baseline when 

ventricular and atrial specimens were analysed separately. 
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Figure 10.5. HO-1 mRNA myocardial expression before and after incubation according to 

intervention group allocation. Abbreviations: HO-1: heme oxygenase 1; RIPC: remote 
ischaemic preconditioning; RQ: relative quantification.  

 
Figure 10.6. HSP-60 mRNA expression in the myocardium before and after incubation 

according to group allocation. Abbreviations: HSP-60: heat shock protein 60; RIPC: remote 

ischaemic preconditioning; RQ: relative quantification. 
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Figure 10.7. HSP-70 mRNA expression in the myocardium before and after incubation 

according to group allocation. Abbreviations: HSP-60: heat shock protein 70; RIPC: remote 

ischaemic preconditioning; RQ: relative quantification. 

 
Figure 10.8. HSP-90 mRNA expression in the myocardium before and after incubation 

according to group allocation. Abbreviations: HSP-90: heat shock protein 60; RIPC: remote 

ischaemic preconditioning; RQ: relative quantification. 
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Figure 10.9. HIF-1 mRNA expression in the myocardium before and after incubation 

according to intervention allocation. Abbreviations: HIF-1: hypoxia inducible factor 1; RIPC: 
remote ischaemic preconditioning; RQ: relative quantification. 

 

 

10.6 Summary of key findings 

 HSPs were expressed in the myocardium of CHD patients. 

 HO-1 expression correlated to weight, while HSP-70 and HSP-90 expression correlated 

to weight and age. 

 HSP-90 presented a higher expression in acyanotic patients. 

 HO-1 and HSP-70 presented a higher expression in atrial tissue. 

 HO-1 and HSP-70 presented a higher expression after hyperoxic incubation for 4 hours.  

 The analysed genes did not show a significant differential expression after RIPC 

compared to controls. 
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10.7 Limitations 

The number of available atrial tissue specimens was lower to that on the ventricular group. A 

comparison including additional atrial samples may increase the power to define gene 

expression differences according to tissue type. 

 

10.8 Discussion 

This study demonstrated that the four HSPs analysed and HIF-1 were expressed in the 

myocardium at baseline conditions, with HSP-90 presenting the highest expression while HO-

1 showed the lowest activity. It is to be noted that although baseline tissue was not exposed to 

any experimental conditions, the stress stimulus of surgery, CPB and ischaemia had already 

started when tissue was resected which could have influenced expression patterns. 

Expression of HSP-70 and HSP-90 increased with weight and age, while HO-1 correlated to 

weight suggesting that heat shock response in children may be lower than that seen in adult 

patients, furthermore younger and smaller children such as neonates could be prone to 

presenting a lower protective activity from these chaperones. 

HSP-90 presented a higher expression in acyanotic patients. HSP-90 has been characterised as 

a protective factor and as RIPC stimulus is based on acute hypoxia, the chronic hypoxia cyanotic 

patients are exposed to could attenuate the response as pathways may have adapted and the 

triggering stimulus could have a higher threshold.    

Expression of HSPs did not seem to have an effect on cardiac injury represented by cTnI 

measures. 

With the exception of HSP-60, the analysed genes tended to present a higher expression in atrial 

tissue, with HO-1 and HSP-70 reaching statistical significance. It should be noted that the atrial 

resection component in the trial was implemented later in the study after an ethics amendment, 

furthermore atrial tissue was only resected in patients who were not already having ventricular 

tissue resected, hence the sample size for atrial tissue is smaller than the ventricular tissue 

available (9:22).   
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Previous microarray profiling research identified HSP-60, HSP-70 and HSP-90 both in the right 

atrium and left ventricle (Barth et al, 2005). 

Once again with the exception of HSP-60, genes tended to have a higher expression after 4 hours 

of incubation at 60% O2 concentration with HO-1 and HSP-70 reaching statistical significance. 

These results are consistent with previous work performed by our laboratory group. 

These expression patterns suggest that hyperoxia had an increasing effect in the expression of 

these genes; considering that after CPB patients are exposed to re-oxygenation at 100% O2 

concentration, it could be inferred that HO-1 and HSP-70 activity would be considerably 

enhanced.   

Consistently, HSP-70 has been found to be induced after hypoxia/re-oxygenation episodes with 

an inhibitory effect on apoptotic pathways (Terui et al, 2004), in addition its enhanced 

expression has been related to better post-operative right ventricle function in TOF patients, 

setting it as a potential protective mediator (Peng et al, 2011).  

A tendency of HSP-60 to lower expression was seen after incubation; HSP-60 reduction after 

re-oxygenation has been previously described and linked to an increase in apoptosis, setting this 

reduction as a possible factor in the occurrence of IRI.  (Knowlton and Gupta, 2003).  

Expression of all genes tended to be higher at baseline in the control group compared to RIPC, 

however differences were not statistically significant at baseline or after incubation.    

RIPC animal studies have linked increased extracellular HSP-60 levels to cardioprotection 

(Malik et al, 2013), however there is no previous experience on tissue expression on RIPC trials.  

HSP-70 did not vary significantly in the RIPC group, this is in discordance to previous findings 

by Zhou et al, 2010, who performed the only previous dual protocol including early and late 

phase RIPC and reported higher HSP-70 expression in the RIPC group along with lower cardiac 

injury markers. The difference might be explained by the methods of the study as Zhou et al 

assessed HSP-70 protein expression through Western blot, in addition the analysis was 

performed using atrial tissue only.   
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HIF-1 did not show significant variation for any of the analysis performed in spite of being an 

important transcription factor acting during hypoxia and regulating HO-1. HO-1 was altered by 

hyperoxic incubation and it should be noted that baseline measurements showed a higher 

expression of HIF-1 compared to HO-1 which could have influenced the variation in HO-1 

expression afterwards. 

Previous studies linked HIF-1 expression to RIPC finding related oxidative stress reduction 

(Ong et al, 2014), lower inflammatory mediators and cTn levels in relation to HIF-1 in a RIPC 

clinical trial (Albrecht et al, 2013). The present results do not confirm these findings as RIPC 

had no significant effect on HIF-1 expression.    

 

Conclusion 

Hyperoxygenation had an enhancing effect on the expression of HO-1 and HSP-70, there was 

no significant effect of RIPC on the expression of the analysed genes. The implications of these 

expression patterns are yet to be elucidated. 
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Chapter 11. Small HSPs 

11.1 Introduction 

Small HSPs (sHSPs) have subunit molecular masses between 12-43 kDa, they are formed by a 

highly conserved α-crystallin domain (ACD) formed by β strands, located in the C-terminal 

domain, a less or non-conserved N-terminal domain (NTD) and short C-terminal extension 

(CTE) (reviewed by Haslbeck and Vierling, 2015).  

sHSPs form homo or hetero oligomers using ACD as the main building block while NTD and 

CTE are structurally important for the assembly of large oligomers. CTE carries a conserved 

segment that attaches to hydrophobic sections of monomers forming tetra or hexamers that can 

then bind to other similar complexes through NTD contacts resulting in large oligomer 

formation (reviewed by Haslbeck and Vierling, 2015). These oligomers are reversible 

complexes, which are important for sHSPs response to high temperatures as parts of its segments 

become exposed and available to bind to non-native structures (reviewed by Zhang et al, 2015). 

Ten sHSPs (HspB1 – HspB10) have been identified in humans which are further classified as 

class I when their expression is ubiquitous to all cell types or class II when their expression is 

restricted to certain tissue types (Taylor and Benjamin, 2005). Table 11.1 shows sHSPs, human 

genome organisation (HUGO) and alternative nomenclature, classification, molecular weight, 

heat induction status and tissue distribution as well as individual functions in addition to their 

chaperone activities. Class I sHSPs are mainly heat inducible and function in stress conditions 

aiding cell survival while Class II types play a role in development, differentiation and 

specialised tissue functions.  

sHSPs are ATP-independent “holdase” chaperones that stop native substrate proteins from 

establishing irreversible aggregations in order to release them when conditions become adequate 

for refolding through the action of ATP-dependent chaperones such as HSP-70 (reviewed by 

Zhang et al, 2015).  

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Haslbeck%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25681016
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vierling%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25681016
http://www.ncbi.nlm.nih.gov/pubmed/?term=Haslbeck%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25681016
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vierling%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25681016
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HUGO 

name  

Aliases Molecular 

Weight 

kDa 

Class Localisation Heat 

Induced 

Function 

HSPB1 HSP-27 22.8 I Ubiquitous Yes Stabilise 
cytoskeleton, 

antiapoptotic, 
antioxidant 

HSPB2 MKBP 20.2 II Cardiac and 

skeletal 
muscle 

No Myofibrillar 

integrity, 
antiapoptotic 

HSPB3 HSPL27 17 II Cardiac and 

skeletal 
muscle 

No Myofibrillar 

integrity 

CRYA
A 

HSPB4 
α-A 

crystalli
ne 

19.9 II Lens of the 
eye 

No Genomic 
stability,lens 

refractive index 

CRYA

B 

HSPB5 

α-B 
crystalli

ne 

20.2 I Ubiquitous Yes Stabilise 

cytoskeleton, 
cell cycle, cardio 

protection, 
antiapoptotic 

HSPB6 HSP-20 16.8 I Ubiquitous No Smooth muscle 
relaxation, 

cardioprotection, 
antiapoptotic 

HSPB7 Cardiov

ascular 
HSP 

18.6 II Cardiac and 

skeletal 
muscle 

No Myofibrillar 

integrity 

HSPB8 HSP-22 21.6 I Ubiquitous Yes Autophagy  

HSPB9 None 17.5 II Testis No Testis cancer 

antigen 

ODFI  HSPB10 28.3 II Testis No Elastic 
cytoskeletal 
structure 

Table 11.1. sHSPs nomenclature, molecular weight, classification, localisation and 

function. Abbreviations: HUGO: human genome organisation; HSP: heat shock protein. Table 
modified from Taylor and Benjamin, 2005; Bakthisaran and Tangirala, 2015. 

 

sHSPs play a role in cardiac and neuro protection, angiogenesis, anti-inflammatory and anti-

apoptotic reactions as well as participating in cellular functions including protein folding and 

degradation, cell differentiation, cell cycle and signalling pathways as well as preserving 

integrity of the cytoskeleton (reviewed by Bakthisaran and Tangirala, 2015).  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Bakthisaran%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25556000
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tangirala%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25556000
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bakthisaran%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25556000
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tangirala%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25556000
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A role in splicing, the process by which introns are removed and exons are joined together in 

order to create mRNA, has also been reported with sHPS facilitating splicing recovery after 

stress through association to splicing speckles in stress situations (Marin-Vinader et al, 2006). 

In addition sHSPs seem to form complexes with these speckles and denatured proteins in order 

to store them until conditions improve (reviewed by Vos et al, 2009).  

HSP-27 protein expression in the cardiac tissue of TOF patients was analysed in a RIPC 

paediatric clinical trial, however no difference was found between treatment groups (Pepe et al, 

2013).  

 

11.1.1 HSP-20 (HSPB6) 

HSP-20 was first described as part of a heterocomplex together with HSP-27 and CRYAB (Kato 

et al, 1994). Weighing 17 kDa it is ubiquitously expressed in most cell types, it is not heat 

inducible and fulfils different functions including regulation of smooth muscle relaxation, 

cardiac contractility and inhibition of platelet aggregation and has been linked to 

cardioprotective activity and to pathological processes such as Alzheimer´s disease and cancer 

(reviewed by Dreiza et al, 2010; Edwards et al, 2011).  

HSP-20 does not form large oligomers, smaller quaternary structures have been reported 

conserving chaperone functions for this HSP as well as for HSPL27 and HSP-22 (Bukach et al, 

2004; den Engelsman et al, 2009; Kim et al, 2004). HSP-20 tetramers are formed due to broad 

inter dimer patching made possible by tripeptide motifs located in a NTD section adjacent to the 

ACD (Weeks et al, 2014); this structural mechanism could be extrapolated to other sHSPs that 

form similar complexes.  

HSP-20 interacts with other sHSPs including HSPB1, HSPB5, HSPB8 and the structurally less 

related HSPB2 suggesting HSP-20 could be universally compatible with other sHSPs (reviewed 

by Mymrikov et al, 2011).  
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HSP-20 undergoes posttranslational modification through phosphorylation which results in 

conformational changes that affect its interaction with other proteins including chaperone targets 

and causing disassociation of oligomers (reviewed by Dreiza et al, 2010; Mymrikov et al, 2011). 

Cardiac Involvement 

Cardiac anti-ischaemic, anti-apoptotic and anti-hypertrophic activity has been established for 

HSP-20 in relation to IRI (reviewed by Edwards et al, 2011). These cardioprotective effects are 

dependent on the phosphorylation of a PKA/PKC site in the NTD section of the chaperone 

(serine 16), in a process directed by the A-kinase-anchoring protein and tightly regulated by 

cyclic AMP (cAMP) (Edwards et al, 2012). Phosphorylated HSP-20 inhibits cardiac apoptosis 

(Fan et al, 2004), facilitates autophagy activation, a catabolic process of damaged organelle 

degradation and recycling which is upregulated during IRI, it plays an important role for cellular 

survival (Qian et al, 2009) and prevents hypertrophic responses (Martin et al, 2014b).  

HSP-20 interacts with important apoptotic signalling molecules, overexpression of HSP-20 

resulted in an increased ratio of Bcl-2/Bax, preventing Bax translocation from the cytosol to the 

mitochondria, avoiding cytochrome c release and caspase 3 activation in an IRI transgenic 

mouse model linked to reduced apoptosis as confirmed by the measurement of DNA 

fragmentation, resulting in reduced infarction and better functional recovery of the heart (Fan et 

al, 2005). 

Hypertrophic cardiac stimuli such as constant β-adrenergic signalling and aortic constriction are 

linked to the expression of HSP-20 presenting high levels of the serine 16 phosphorylated 

variation, which in addition to the benefits already described has been linked to preventing 

hypertrophic response with mice models of HSP-20 overexpression showing smaller heart size 

increase along with lower levels of hypertrophic markers including BNP; this seems to be linked 

to HSP-20 mediated suppression of the apoptotic signalling molecule apoptosis signal-

regulating kinase 1 (ASK1) (Fan et al, 2006).  

Further mechanisms for hypertrophy prevention involve cAMP and phosphodiesterase 4 

(PDE4), PDE4 hydrolyses cAMP, a second messenger with inotropic, chronotropic, pro-

hypertrophy and apoptotic activities within cardiomyocytes which lead to the activation of PKC 
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mediated phosphorylation. HSP-20 forms a complex with PDE4, which maintains low 

surrounding levels of cAMP, thus preventing HSP-20 phosphorylation (reviewed by Edwards 

et al, 2011). Phosphorylation can then only be achieved if PDE4 becomes saturated or if the 

complex is disrupted leading to the protective effects of phosphorylated HSP-20. This was seen 

in animal models showing attenuation of action potential prolongation, prevention of cardiac 

remodelling, improved contractility and reduced perivascular fibrosis (Martin et al, 2014b).  

A newly identified complex of HSP-20 and protein kinase D1 (PKD1), a kinase activated by 

chronic adrenergic signalling, hypertension and pressure overload, seems to play a significant 

role in the development of cardiac hypertrophy as well (Sin et al, 2015). 

In addition, HSP-20 has been reported to act in myofilament contraction, translocating to the 

myofilaments after β-adrenergic stimuli and favouring the cycling of Ca2+ in the ER, achieving 

improved cardiac function (reviewed by Martin et al, 2014a).  

A role of HSP-20 in myocardial angiogenesis has also been established, with the chaperone 

achieving increased proliferation, migration and tube formation when applied on human 

umbilical vein endothelial cells while interacting with the vascular endothelial growth factor 

(VEGF) (Zhang et al, 2012). 

The importance of HSP-20 for myocardial survival has been further supported by the 

contribution of its inhibition to IRI mediated by mir-320, a micro RNA (mRNA) capable of 

downregulating HSP-20 expression, as its activity was linked to an increased susceptibility to 

IRI (Ren et al, 2009). 

 

11.1.2 HSP-22 (HSPB8) 

HSP-22 was first identified in human melanoma cells as a H11 protein kinase, it is heat inducib le 

and expressed in all tissues, however higher levels have been found in smooth, skeletal and 

cardiac muscle, neurological tissue, lungs, kidneys and prostate cells (reviewed by Acunzo et 

al, 2012). HSP-22 structurally differs from other sHSPs as it is enriched in β-strands and lacks 

the characteristic β2 strand present in other sHSPs (Kazakov et al, 2009). 
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Involved in cellular signalling, recognition and regulation, HSP-22 interacts with glycolyt ic 

enzymes and protein kinases and forms hetero-oligomers with HSP-27, HSPB2, HSPB3, 

HSPB5, HSPB6 and HSPB7 (Fontaine et al, 2005; Sun et al, 2004), interactions that are 

influenced by the phosphorylation status of the chaperone binding to HSP-22 (Sun et al, 2006). 

HSP-22 seems to deter the build-up of insoluble aggregates, either through preventing their 

aggregation or facilitating degradation of misfolded proteins (reviewed by Mymrikov et al, 

2011).   

HSP-22 can be phosphorylated by PKC, extracellular-signal-regulated kinase (ERK1) and 

cAMP dependent protein kinases at different sites, with ERK1 and cAMP activity resulting in 

important structural changes, causing a decrease in its chaperone function although precise 

mechanism and consequences for HSP-22 phosphorylation are yet to be investigated (reviewed 

by Acunzo, 2012; Mymrikov et al, 2011). 

In addition to the chaperone functions described for sHSPs, HSP-22 has been linked to immune 

processes, apoptosis and cancer pathways as well as to cardiac cell survival and hypertrophy. 

Cardiac involvement 

HSP-22 has been characterised as one of the genes within a profile of surviving myocardium 

after chronic repeated ischaemia in the human heart (Depre et al, 2004). Cardioprotective effects 

have been further recognised in HSP-22 overexpression models (Depre et al, 2006).  

The mechanisms by which HSP-22 aids cardiomyocyte survival have not been completely 

characterised, however an involvement of apoptotic pathways has been established as HSP-22 

activates Akt, which prevents apoptosis through inhibitory phosphorylation of proapoptotic 

molecules. A second mechanism for survival involves glucose metabolism, assisted by 

increased translocation of the glucose transporter GLUT to the plasma membrane mediated by 

the activation of AMP dependent protein kinase as well as a larger content of glycogen within 

the myocardium (reviewed by Mymrikov et al, 2011). 

HSP-22 has been reported to potentiate the bone morphogenetic protein (BMP) signall ing 

pathway, BMPs are growth factors important for cardiac development with less known function 
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in the developed heart which nevertheless is involved in PI3K/Akt activation; a direct link has 

been established between HSP-22 expression and influence on this pathway which seems to be 

necessary for myocardial survival, placing HSP-22 as a protein kinase regulator (Sui et al, 

2009).   

HSP-22 overexpression models present with a high iNOS expression (Depre et al, 2006), which 

could be one of the most important aspects of HSP-22 mediated cardioprotection. In a process 

seemingly dependent on HSP-22 translocation to the cardiac mitochondria, a high expression of 

HSP-22 augmented the mitochondrial capacity to produce NO, stimulating oxidative 

phosphorylation in normal conditions and reducing it along with the production of ROS after 

ischaemia, producing similar results to those expected from RIPC and establishing HSP-22 as 

an important mediator with therapeutic potential (Laure et al, 2012; Rashed et al, 2015).  

Interestingly, a dual cardiac effect of HSP-22 in apoptosis has been reported as transduction of 

low doses of adenovirus carrying HSP-22 resulted in cell hypertrophy mediated by the PI3 –Akt 

pathway while high doses led to apoptosis induction through inhibition of casein kinase 2 (Hase 

et al, 2005).  Several studies performed in cancer cell lines have shown the dual pro and anti-

apoptotic effect of HSP-22  leading to the assumption that its effects vary according to the cell 

line and level of expression of the chaperone (reviewed by Acunzo et al, 2012; Shemetov et al, 

2008). 

   

11.1.3 Cardiovascular HSP (HSPB7) 

HSPB7 was first identified through bioinformatic algorithms as majorly expressed in 

cardiovascular and insulin sensitive tissues, finding a link to cardiomyopathies (Krief et al, 

1999). HSPB7 is mainly expressed in cardiac and skeletal muscle, it has a molecular weight of 

18.6 kDa and is not heat inducible (reviewed by Bakthisaran et al, 2015). It is located in the 

cytosol and a high association to myofibrils has been proven as a response to ischaemia 

(Golenhofen et al, 2004). 

Basic characteristics seem to differentiate HSPB7 from other sHSPs, it does not seem to form 

oligomers within cells and has been identified in mono or dimeric forms and its anti-aggrega tion 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Golenhofen%20N%5BAuthor%5D&cauthor=true&cauthor_uid=15480735
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properties do not seem to depend on HSP-70 collaboration (Vos et al, 2010). HSPB7 presents 

an association to splicing speckles in non-stress conditions and lacks the property of refolding 

heat denatured proteins, suggesting that this association to speckles is not related to HSPB7 

chaperone activities (Vos et al, 2009).  

Although a strong link to cardiovascular tissues has been established, the functions and 

mechanisms of HSPB7 have not been studied in depth. A controlling role in early cardiac 

morphogenesis in zebrafish embryos has been established resulting in serious morphologica l 

defects after HSPB7 depletion (Rosenfeld et al, 2013). 

HSPB7 has been identified as a risk gene for the development of idiopathic dilated 

cardiomyopathy in a large study after microarray screening of 2000 genes, implying a strong 

importance of HSPB7 to the development of this pathology and to cardiac processes in general 

(Stark et al, 2010). Further genome-wide association analysis linked certain variants of the gene 

to dilated cardiomyopathy and cardiac failure (Cappola et al, 2011; Villard et al, 2011). 

Levels of HSPB7 have been reported to rise and decrease rapidly after cardiac ischaemic events 

in animal models and human patients, with high levels being linked to increased risk of acute 

coronary syndrome, presenting potential for its use as an early biomarker (Chiu et al, 2012). 

In addition to its cardiovascular effects, HSPB7 has been recognised as the most potent sHSP 

to prevent CAG triple expansion resulting in elongation of the glutamine (polyQ) tract within 

proteins; this expansion is responsible for neurodegenerative diseases such as Huntington 

disease, which are characterised by protein misfolding and aggregation contributing to protein 

toxicity (Vos et al, 2010). 

 

11.2 Aims 

To analyse the expression patterns of sHSPs in the myocardium of CHD patients requiring 

corrective surgery using CPB before and after hyperoxic incubation, and to assess the effects of 

RIPC on their expression. 
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11.3 Materials and Methods 

Tissue was obtained from patients during surgical intervention; ventricular tissue was divided 

and part of it was immediately processed as a baseline reference, the remaining tissue was 

incubated at 60% O2 for 4 hours; atrial tissue was only used for baseline analysis due to 

insufficient available tissue. 

mRNA was extracted from the myocardial tissue and used in order to obtain cDNA through a 

RT-PCR reaction followed by Q-PCR analysis in order to obtain relative quantification values 

for each gene. Genes used during the assay are shown in Table 11.2. Details on materials and 

methods are described on Chapter 2. 

 Gene 

name 

Gene 

aliases 

Gene 

symbol 

Assay 

Design 

Amplicon 

length 

Assay ID 

HSP-20 heat shock 

protein, 
alpha-

crystallin-
related, B6 

Hsp20 HSPB6 Probe spans 

exons 

96 Hs00328933_

m1 

HSP-22 heat shock 
22kDa 

protein 8 

HSP22, 
CMT2L, 

DHMN2
, E2IG1, 

H11, 
HMN2, 
HMN2A

, PP1629 

HSPB8 Probe spans 
exons 

66 Hs00205056_
m1 

HSP-27 heat shock 
27kDa 

protein 
family, 
member 7 

(cardiovas
cular) 

RP11-
5P18.6, 

cvHSP 

HSPB7 Probe spans 
exons 

79 Hs00205296_
m1 

Table 11.2. Genes analysed and assays used. Abbreviations: HSP: heat shock protein. 

11.4 Statistical analysis 

Correlation to gender, age, weight, cyanosis status, and post-operative cTnI levels were explored 

using Pearson analysis (r) in normally distributed data and Spearman analysis in non-parametric 

data (rs).   
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Expression variation according to tissue type was analysed using the Mann Whitney test. Paired 

samples t-test or the non-parametric Wilcoxon signed-rank test for paired measures were used 

to explore differences before and after tissue incubation. 

Mann Whitney tests or independent samples t-test were used as appropriate in order to determine 

differences according to RIPC or control allocation for each time point at baseline and after 

incubation. 

Analysis was performed using SPSS version 23 software, a p value <0.05 (two tailed) was 

considered significant.  
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11.5 Results 

Fifty patients were recruited for the study, demographic data and its analysis can be seen in 

Tables 3.1 and 3.2.  

11.5.1 General analysis 

The three sHSPs analysed were expressed in the myocardial tissue (Figure 11.1). 

 
Figure 11.1. sHSP mRNA expression in myocardium of CHD patients. Figure shows the 

median for RQ values of each gene. Abbreviations: HSP: heat shock protein; RQ: relative 

quantification.  

 

HSP-20 expression correlated to weight (rs=0.444, p=0.012) and age (rs=0.486, p=0.006). 

HSPB7 expression correlated to PO1 cTnI levels (rs=0.357,p=0.049) (Figure 11.2). 
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Figure 11.2. Correlation of HSP-20 to age and HSPB7 to cTnI levels. Abbreviations: cTnI: 
cardiac troponin I; HSP-20: heat shock protein 20; HSPB7: cardiovascular heat shock protein; 
PO1: post-operative 1. 

 
 

Expression according to tissue type 

Descriptive data for the expression of each gene according to tissue type is shown in Table 11.3. 

 

Gene N Tissue Mean – SD Median – IQ range P value 

HSP-20  22 Ventricle  1.55(0.87-3.54) 0.313 

9 Atrium  1.12(0.55-2.15) 

HSP-22 22 Ventricle 6.391 ± 3.809  0.816 

9 Atrium 6.010 ± 4.810  

HSPB7 22 Ventricle 6.326 ± 3.585  0.057 

9 Atrium 3.514 ± 3.579  

Table 11.3. Descriptive statistics for sHSP mRNA expression according to ventricular or 

atrial tissue in CHD patients. Data is expressed as mean - SD or median – IQ range as 
appropriate. Abbreviations: HO-1: heme oxygenase 1; HSP: heat shock protein; HSPB7: 
cardiovascular HSP; IQ: interquartile; SD: standard deviation.  

 

Expression of the sHSPs analysed did not vary according to atrial or ventricular tissue (Figure 
11.3).  
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Figure 11.3. sHSP mRNA expression according to ventricular or atrial tissue in CHD 

patients. Abbreviations: HO-1: heme oxygenase 1; HSP: heat shock protein; HSPB7: 

cardiovascular HSP; RQ: relative quantification. 
 

Expression after tissue incubation 

Descriptive characteristics of sHSPs expression before and after tissue incubation at 60% O2 

concentration are presented in Table 11.4. 

Gene N Time point Median – IQ range P value 

HSP-20 15 Baseline  1.73(0.87-3.54) 0.061 

15 Incubated  0.95(0.44-1.85) 

HSP-22 15 Baseline  6.411 (3.425-8.389) 0.047 

15 Incubated  2.950 (2.132-6.610) 

HSPB7 15 Baseline  4.746 (3.819-8.914) 0.012 

15 Incubated  2.996 (2.053-4.390) 

Table 11.4. Descriptive statistics for sHSP mRNA expression in the myocardium before 

and after incubation. Data is expressed as median and IQ range. Abbreviations: HO-1: heme 

oxygenase 1; HSP: heat shock protein; HSPB7: cardiovascular HSP; IQ: interquartile. 
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Expression of HSP-22 and HSPB7 was significantly lower after incubation (Figure 11.4). 

 

 
Figure 11.4. sHSP mRNA expression in the myocardium before and after incubation.  

Abbreviations: HO-1: heme oxygenase 1; HSP: heat shock protein; HSPB7: cardiovascular 

HSP; RQ: relative quantification. 
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11.5.2 RIPC analysis 

Forty-eight patients were analysed according to intervention allocation. Descriptive data on 

sHSPs expression according to patient allocation to RIPC or control is summarised in Table 

11.5. 
 

Gene Time 

point 

Interven

tion 

N Mean – SD Median – IQ range  P 

value 

HSP-20  Baseline  RIPC 14  1.13(0.65-2.46) 0.315 

Control 15  1.73(0.99-4.35) 

Incubation  RIPC 9  1.577 (0.438-1.845) 0.955 

Control 6  0.945 (0.642-1.120) 

HSP-22 Baseline RIPC 14 5.375 ± 3.570  0.173 

Control 15 7.484 ±4.448  

Incubation RIPC 9  2.830 (2.210-3.770) 0.776 

Control 6  3.613(2.126-7.518) 

HSPB7 Baseline RIPC 14 5.366 ± 3.9008  0.599 

Control 15 6.116 ± 3.703  

Incubation RIPC 9  2.996(2.669-3.288) 0.955 

Control 6  2.780(2.047-4.390) 

Table 11.5. Descriptive statistics for sHSP myocardial mRNA expression before and after 

incubation according to intervention group allocation. Data is expressed as mean – SD, or 

median – IQ range as appropriate. Abbreviations: HO-1: heme oxygenase 1; HSP: heat shock 

protein; HSPB7: cardiovascular HSP; IQ: interquartile; RIPC: remote ischaemic 

preconditioning; SD: standard deviation. 

 

Variation according to group allocation was not significantly different for HSP-20 (Figure 

11.5), HSP-22 (Figure 11.6) or HSPB7 (Figure 11.7). 
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Figure 11.5. HSP-20 mRNA myocardial expression before and after incubation according 

to intervention group allocation. Abbreviations: HSP-20: heat shock protein 20; RIPC: remote 

ischaemic preconditioning; RQ: relative quantification.  

 
Figure 11.6. HSP-22 mRNA myocardial expression before and after incubation according 

to intervention group allocation. Abbreviations: HSP-22: heat shock protein 20; RIPC: remote 

ischaemic preconditioning; RQ: relative quantification.  
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Figure 11.7. HSPB7 mRNA myocardial expression before and after incubation according 

to intervention group allocation. Abbreviations: HSPB7: cardiovascular heat shock protein; 
RIPC: remote ischaemic preconditioning; RQ: relative quantification.  

 

11.6 Summary of key findings:  

 All analysed sHSPs were expressed in the myocardium of CHD patients. 

 HSP-20 expression correlated to weight and age. 

 HSPB7 correlated to cTnI release. 

 sHSPs did not present a differential expression according to tissue type. 

 HSP-22 and HSPB7 presented a lower expression after tissue hyperoxic incubation. 

 sHSPs did not vary significantly according to RIPC or control allocation.  

 

11.7 Limitations 

The limited availability of atrial tissue may have lowered the power of our analysis to determine 

differential gene expression between tissue types. 
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11.8 Discussion 

The present study demonstrated that HSP-20, HSP-22 and HSPB7 are expressed in the 

myocardium of CHD patients without exposure to any experimental conditions. HSP-22 

expression was the highest within this group. 

HSP-22 expression increased according to age and weight, furthering the concept that the 

activity of certain HSPs is enhanced as body systems mature.  

Expression of cardiovascular HSPB7 at baseline presented a correlation to cTnI levels after 

surgery, which represent the extent of cardiac injury. As the analysed tissue was resected during 

the ischaemic phase of CPB, HSPB7 expression would not reflect the complete extent of injury 

after reperfusion. HSPB7 in plasma has been characterised as an early marker of injury as its 

levels increase and decrease rapidly after cardiac ischaemic events (Chiu et al, 2012). Therefore, 

an early manifestation of the ischaemic process taking place during CPB could explain the link 

between HSPB7 expression and later cardiac injury. 

The expression of the analysed sHSPs tended to be lower in atrial tissue, however this did not 

reach statistical significance, these differences could be better explored by increasing the 

number of atrial specimens for the analysis. Microarray gene profiling determined that HSPB7 

was equally present in the right atrium and left ventricle (Barth et al, 2005). 

Hyperoxic incubation for 4 hours resulted in a tendency to a lower expression of the analysed 

sHSPs with HSP-22 and HSPB7 presenting significant differences.  

HSP-22 studies have mainly found cardioprotective effects regarding its activity, contributing 

to cardiomyocyte survival and apoptosis inhibition (Depre et al, 2006; Mymrikov et al, 2011). 

Based on this, the reduction in HSP-22 expression after hyperoxic incubation could represent 

part of the mechanisms taking place after high O2 reperfusion contributing to the establishment 

of IRI.  

HSPB7 has been closely linked to cardiovascular processes and is believed to play a role in the 

pathogenesis of dilated cardiomyopathy (Rosenfeld et al, 2013; Stark et al, 2010); however its 

participation in ischaemic events is less known. HSPB7 has been profiled in array analysis of 

rat ischaemic myocardium in response to reperfusion and in humans during off pump CABG 
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surgery (Gene Expression Omnibus – GEO profiles, National Center for Biotechno logy 

Information -NCBI). The results in this study might provide with a first time insight into the 

expression of HSPB7 during CPB and ischaemia in paediatric patients. 

Regardless of the potential benefits involving the activity of sHSPs, the intervention did not 

result in differential expression of any of the analysed genes according to RIPC or control 

allocation; expression levels tended to be higher in the control group at baseline, without 

presenting a marked pattern after incubation. 

Pro-survival effects of HSP-20 and a link to cardiac protection have been previously described 

(Edwards et al, 2011), while its inhibition has been identified as a contributing factor to the 

development of IRI (Ren et al, 2009).  

HSP-20 presented the lowest baseline expression values among sHSPs; it could be hypothes ised 

that the ischaemic process had inhibited its activity, however this remains to be explored. In 

addition our results did not demonstrate variation in its activity after incubation or regarding 

RIPC. 

 

Conclusion 

Hyperoxygenation had an inhibitory effect on the expression of HSPB7 and HSP-22. RIPC did 

not exert effects in the expression of sHSPs in this study. 
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Chapter 12. Inflammatory pathways 

12.1 Introduction 

Pro-inflammatory mediators such as cytokines activate TLRs in the cellular membrane which 

communicate with myeloid differentiation primary response gene 88 (MYD-88) in the 

intracellular space triggering IKK and MAPK signalling pathways; IKK activates the 

transcription factor NF-κB which mediates the upregulation of inflammatory genes such as IL-

6 and IL-8 further enhancing the inflammatory response (reviewed by Tornatore et al, 2012). 

 

12.1.1 TLR pathway 

TLRs are a family of highly conserved trans-membrane glycoproteins with a role in innate 

immunity, they identify and bind to micro-organisms eliciting the production of inflammatory 

cytokines and upregulating the expression of other stimulating factors; in addition they interact 

with endogenous ligands resulting in regulation of immune and inflammatory responses 

(reviewed by Manavalan et al, 2011). 

The structure of TLRs consists of an extracellular domain responsible for recognising specific 

ligands, a transmembrane component and an intracellular toll/interleukin-1 receptor domain 

responsible for initiating intracellular signals (reviewed by Kawai and Akira, 2006).  

TLRs use widely conserved motifs in micro-organisms called pathogen associated molecular 

patterns (PAMPs) in order to recognise pathogens, in addition they are able to recognise stress 

or damage associated molecular patterns (DAMPs) allowing them to trigger inflammatory 

reactions (reviewed by Chang, 2010).  

Ten types of TLR named from TLR-1 to TLR-10 have been identified in humans, each of them 

interacting with particular ligands at different cellular locations as shown in Table 12.1. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Akira%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16410796
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TLR Localisation Exogenous ligand Endogenous ligand 

TLR-1 Plasma membrane Bacteria and mycobacteria 

lipopeptides, soluble factors 

- 

TLR-2 Plasma membrane Bacteria: lipoprotein, 
lipopeptides, lipoteichoic acid, 

soluble factors, porins, 
peptidoglycan, glycolipids 
Virus: proteins, hemagglutinin 

Yeast: zymosan 

HSP-60, HSP-70, 
HSP.96, HMGB1, 

hyaluronic acid 

TLR-3 Endolysosome  ssRNA and dsRNA viruses mRNA 

TLR-4 Plasma membrane Lipopolysaccharide in Gram- 
bacteria, envelope and fusion 

viral proteins, Chlamydia 
pneumonia HSP-60, 
Glycoinositolphospholipids in 

Trypanosoma cruzi, Taxol 

HSP-22, HSP-60, HSP-
70,HSP-96, HMGB1, β-

defensin 2, hyaluronic 
acid, heparin sulfate, 
fibrinogen, surfactant 

protein A 

TLR-5 Plasma membrane Flagellin in Gram+ of Gram- 
bacteria 

- 

TLR-6 Plasma membrane Bacteria: diacyl lipopeptides, 

phenol-soluble modulin 
lipoteichoic acid, heat-liable 

soluble factor.  
Zymosan in saccharomyces   

- 

TLR-7 Endolysosome  ssRNA viruses Endogenous RNA 

TLR-8 Endolysosome  ssRNA viruses Endogenous RNA 

TLR-9 Endolysosome  Unmethylated CpG motifs in 

bacteria and viruses, hemozoin 
in Plasmodium 

Endogenous DNA 

TLR-
10 

Extracellular  Unknown, may interact with 
TLR-2 an TLR-1 

- 

Table 12.1. TLRs localisation and ligands. Abbreviations: dsRNA: double stranded RNA; 

HMGB1: high mobility group box 1; HSP: heat shock protein; mRNA: messenger RNA; 
ssRNA: single stranded RNA; TLR: toll like receptor. Table modified from Manavalan et al, 

2011 (published under creative commons CC-BY licence), with information by Chang, 2010. 

 

After PAMP or DAMP recognition, TLR signalling starts with the activation of MYD-88 in a 

cascade that leads to the upregulation of NF-ĸB and activating protein 1 (AP-1), two important 

mediators responsible for gene upregulation of inflammatory and stress pathways (reviewed by 

Kawai and Akira, 2006; Tornatore et al, 2012) (Figure 12.1).  
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Figure 12.1. TLR – MYD-88 signalling pathway. Abbreviations: AP-1: activating protein 1; 
COX-2: cyclooxygenase-2; IKK: IκB kinase; iNOS: inducible nitric oxide synthase; IRAK: IL-

1R associated kinases; JNK: cJun N-terminal kinase; MAPK: mitogen-activated protein kinases; 
MYD-88: molecule myeloid differentiation primary response protein 88; NF-ĸB: nuclear factor 

ĸ B; SOD: superoxide dismutase; STAT: Signal transducer and activator of transcript ion; 
TAK1: transforming growth factor b activated protein kinase 1; TLR: toll like receptor; TRAF6: 
tumour necrosis factor receptor associated factor 6. Original figure based on information by 

Kawai and Akira, 2006; Deguine and Barton, 2014. 

 

The canonical adaptor for all TLRs is MYD-88 which plays a central role within inflammatory 

pathways, linking TLRs to IL-1R associated kinases (IRAK); IRAK 4 and IRAK1 are 

phosphorylated and dissociate from MYD-88 leading to the activation of tumour necrosis factor 

receptor associated factor 6 (TRAF6) which stimulates transforming growth factor β activated 

protein kinase 1 (TAK1), triggering the IκB kinase (IKK) complex finally leading to NF-ĸB 

activation. Simultaneously TAK1 phosphorylates members of the MAP kinase (MAPK) family 

which activate cJun N-terminal kinase (JNK) and p38 which in turn upregulate AP-1 (reviewed 

by Kawai and Akira, 2006; Deguine and Barton, 2014).  
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In addition to MYD-88 signalling, an alternative pathway is used by TLR-3 and TLR-4 through 

adaptor  toll/IL1 receptor domain containing adaptor inducing interferon-β (TRIF) which results 

in the activation of interferons as well as NF-ĸB and AP-1 (reviewed by Hyun et al, 2013). 

Cardiac involvement 

TLRs are expressed in circulating blood cells, endothelium and in myocardial cells; during 

ischaemia and reperfusion TLR action is started by DAMPs creating a positive feedback circuit 

enhancing inflammation and cardiomyocyte death which triggers the release of more cytokines 

feeding into the process (reviewed by Arslan et al, 2010).  

TLR-2 and TLR-4 have been identified as having a role in the pathogenesis of IRI. A mouse 

model compared the effects of ischaemia and reperfusion between wild type and TLR-2 

knockout animals resulting in similar levels of CK, however wild type animals presented a 

marked left ventricular contractile dysfunction along with higher levels of TNF and IL-1 (Sakata 

el al, 2007).  

Bone marrow transplant experiments between wild type and TLR-2 knock out mice in IRI 

showed that the final infarct size correlated with the expression of TLR-2 in circulat ing 

leukocytes, an effect that was abolished after the administration of a TLR-2 antagonist resulting 

in reduced infarct size and preserved cardiac function (Arslan et al, 2010). TLR-2 inhibit ion 

was further proven to be beneficial using a humanised anti-TLR2 antibody in a pig model of IRI 

(Arslan et al, 2012). In addition TLR-2 has been linked to coronary endothelial dysfunction after 

ischaemia suggesting that TLR-2 activity within the heart, circulation, and the endothelium 

contribute to the establishment of IRI (Favre et al, 2007).    

TLR-4 involvement with cardiac IRI was first established in TLR-4 deficient mice presenting 

reduced myocardial injury (Oyama et al, 2004); this was confirmed by blocking TLR-4 activity 

which resulted in reduced IRI and inflammatory mediators (Shimamoto et al, 2006).  

Further IRI research related to transplant found that TLR-4 deficient mice presented lower 

troponin, TNF, IL-1, IL-6, I-CAM and iNOS levels as well as reduced NF-ĸB nuclear 

translocation and neutrophil infiltration (Kaczorowski et al, 2007). Additional evidence linked 

TLR-4 activity to the release of I-CAM and V-CAM and to pathologic remodelling of non-

http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaczorowski%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=18049113
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ischaemic myocardium after ischaemia and reperfusion with TLR-4 deficient mice presenting 

better cardiac function (Zhai et al, 2015). 

The endogenous ligand high mobility group box 1 (HMGB1) interacts with TLR-4 and seems 

to be the main DAMP involved in the process (reviewed by Pourrajab et al, 2015). Animal 

models of IRI have shown upregulation of TLR-4 mediated by HMGB1 resulting in apoptosis 

induction through TLR-4 related cytokine and inflammatory mediators release (Ding et al, 

2013).  

The mechanisms involved seem to include the JUN, NF-ĸB and AP-1 pathway as reduced 

activity of these mediators resulted in smaller infarct size (Chong et al, 2004), similar results 

were obtained after modulation of downstream MAPK signalling (Zhao et al, 2009). 

Previous analysis by our research group compared myocardial expression between cyanotic and 

acyanotic patients finding a differential expression with higher levels of TLR-2 and TLR-4 in 

chronic cyanotic patients while MYD-88 expression remained constant. There was no difference 

when the tissue was exposed to high oxygen levels after excision.  

TLRs in preconditioning 

TLR-2 and TLR-4 involvement in IRI and cardiac protection have been established, in addition 

to them TLR-9 has a particular role in mediating cardiac and brain protection against IRI 

(reviewed by Pourrajab et al, 2015). 

A study on direct preconditioning found that the protective effects seen in wild type mice were 

lost in TLR-2 deficient mice, which was not the case in TLR-4 deficient animals suggesting that 

TLR-2, but not TLR-4, would play a protective role in the preconditioning process (Dong et al, 

2010).   

Further research has shown that the use of a TLR2 agonist provided with preconditioning effects 

reducing infarct size after ischaemia and reperfusion through a limitation in chemokine release 

leading to reduced leukocyte recruitment (Mersmann et al, 2010). Similarly, stimulation of 

TLR-2 by administration of its ligands before ischaemia in mice resulted in cardioprotection 

(Ha et al, 2010). In addition, blocking of HMGB1 resulted in a reduction in IRI in a process 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Pourrajab%20F%5BAuthor%5D&cauthor=true&cauthor_uid=26056605
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dependant on TLR-2 as its inactivation caused loss of the protective effect (Mersmann et al, 

2013). 

This apparently dual influence of TLR-2 in IRI could be due to unbalanced reactions which 

often become detrimental in the immune system (reviewed by Lepper and Bals, 2012). 

The inhibition of TLR-4 has been established as a mechanism of preconditioning resulting in 

lower levels of cytokines such as TNF-α as shown in an IRI rat model (Yu et al, 2010); further 

investigation found that down regulation of protein and mRNA expression of TLR-4 was linked 

to reduced infarct size and CK levels after preconditioning (Yang et al, 2011). 

 

 12.1.2 NF-κB  

NF-κB is a transcription factor with an important role in coordinating immunity and 

inflammation, it responds to redox activity and triggers the expression or inhibition of secondary 

genes acting as regulators (Tranter et al, 2010).  

NF-ĸB is located in the cytoplasm in an inactive state due to the action of its inhibitors IκBα 

and p100 proteins; after an activating stimulus such as stress, IκBα and/or p100 are 

phosphorylated by IKKβ or IKKα respectively; this allows NF-ĸB to reach the nucleus and join 

its specific DNA binding sites which regulate the transcription of target genes includ ing 

cytokines and receptors such as IL-2, IL-6, IL-8, TNF-α cyclooxygenase-2 (COX-2), and NOS 

among others which in turn control the activity of NF-ĸB, constituting a regulatory circle that 

amplifies inflammatory responses (reviewed by Sarkar et al, 2008).   

A higher expression of NF-ĸB as a response to TNF-α has been linked to apoptosis inhibit ion 

while low activity is related to the induction of apoptosis (Van Antwerp et al, 1996).  

NF-κB was first shown to bind DNA and interact with the immunoglobulin ĸB or light chain 

promoter of B lymphocytes (Sen and Baltimore, 1986); however its functions are not limited to 

B lymphocytes or the light chain, in fact it has been shown to be widely expressed in all cell 

types and to fulfil numerous direct and regulatory tasks. 

NF-κB activity can be described as a signalling system involving 5 homologous proteins or 

subunits: p65 (RelA), RelB (RelB), c-Rel (Rel), p105/p50 (NFKB1) and p100/p52 (NFKB2). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Lepper%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=22511737
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lepper%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=22511737
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These units contain a homology domain that allows homo and hetero dimerization, nuclear 

translocation and association to inhibitory proteins and DNA binding, different combinations 

result in different transcription factor functionality (reviewed by Hoffman and Baltimore, 2006; 

Van der Heiden et al, 2010). 

 

NF-κB pathways and activity have been linked to oncogenic and metabolic disorders as 

maintenance of inflammatory responses contribute to pathological development; furthermore 

NF-κB has been shown to control glycolysis and respiration systems hence regulating energy 

homeostasis showing a direct link to ageing, cancer and possible therapies (reviewed by 

Tornatore et al, 2012). 

In the cardiovascular system NF-κB regulates immunity, inflammation, cell surviva l, 

differentiation, proliferation and angiogenesis; according to the type of stimulus it can regulate 

the transcription of pro-inflammatory genes or that of inhibitors of apoptotic processes 

(reviewed by Van der Heiden et al, 2010). Table 12.2 shows a summary of the main target genes 

for NF-κB. 

Classification Target Genes 

Cytokines TNF-α, IL-1RA, IL-6, IL-8, IL-10, IL-12.  

Cell adhesion  I-CAM1, V-CAM1, Selectins 

Enzymes COX-2, NADPH 

Transcription factors P53, IĸBα, p105, p100, HIF-1 

Growth factors IL-2, c-Myc, TRIF 

Acute phase proteins CRP 

Immunoreceptors TLR-2, TLR-9 

Antigen presentation Complement components 

Apoptosis AI, Bcl-2, caspase-11 

Angiogenesis VEGF, MMP-9 

Stress response HSP-32, HSP-70, HSP-90, iNOS, SOD 

 

Table 12.2. NF-κB target genes and their function. Abbreviations: AI: apoptosis inhibitor; 
Bcl-2: B-cell lymphoma 2; COX-2: cyclo-oxygenase-2; CRP: C reactive protein; I-CAM: 
intercellular adhesion molecule; IL: interleukin; IL-1RA: IL-1R antagonist; iNOS, inducib le 

NO synthase; MMP-9: Matrix metallopeptidase 9 NADPH: nicotinamide adenine dinucleo tide 
phosphate; p53: SOD, superoxide dismutase; TLR: toll like receptor; TNF-α: tumour necrosis 

factor α TRIF: TIR (Toll/IL-1-R)-domain-containing adapter-inducing interferon-β; V-CAM: 
vascular cellular adhesion molecule; VEGF: vascular endothelial growth factor. Table modified 
from Van der Heiden et al, 2010 based on information by Ammirante et al, 2008; Tranter et al, 

2010; NFKB transcription factors www.nf-kb.org. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20der%20Heiden%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20175746
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NF-κB has been linked to cardiac protection when activated early, before ischaemia and 

reperfusion have been established; some of the genes involved in NF-κB signalling pathways 

act in the process of late RIPC, including  HSPs, TLRs as well as angiogenesis, apoptosis and 

metabolic mediators including iNOS and COX-2 (Tranter et al, 2010). However, the role of NF-

κB in the heart has not been completely elucidated as its activity also relates to pathologica l 

processes such as heart failure, where its late activation by TNF-α and chronic influence 

contribute to the pathological process (reviewed by Dhingra et al, 2010).   

NF-κB up-regulation of HSP-70.1 and HSP-70.3 has been shown to contribute to the protective 

effect of RIPC in microarray analysis, linked to reduced infarct size in mice models; HSP-70.1 

however seemed to have a dichotomous role, contributing to cardioprotection after RIPC while 

promoting injury when the RIPC stimulus was not present (Tranter et al, 2010; Wilhide et al, 

2011). 

NF-κB activation after ischaemia and reperfusion can contribute to the establishment of injury 

through upregulation of inflammatory mediators (Ling et al, 2013). Experiments in animals 

presenting a subunit NF-κB deletion resulted in lower cytokine activity and apoptosis along with 

increased Ca2+ reuptake by the sarcoplasmic reticulum (Zhang et al, 2013). In addition, it has 

been found to contribute to IRI through regulation of genes inhibiting the protective RISK 

pathway (Xing et al, 2016). 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Dhingra%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20559771
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12.2 Preliminary experiments 

12.2.1 Aims 

To compare NF-κB expression between cyanotic and acyanotic patients and to analyse its 

expression pattern before and after incubation at hypoxic, normoxic and hyperoxic conditions. 

12.2.2 Materials and methods 

Patients requiring corrective cardiac surgery were recruited in order to perform two different 

analysis: a comparison of gene expression between cyanotic and acyanotic patients and a 

differential gene expression analysis before and after incubation at different O2 concentrations. 

Tissue was resected as part of the surgical procedure during aortic cross clamp, for the cyanosis 

status experiment samples without previous exposure to any experimental conditions were used.  

For the second experiment samples obtained during surgery were divided into an immed iate 

baseline sample after collection in theatre, a second sample processed after transportation to the 

laboratory in a flask with medium previously equilibrated to 2% O2, and subsequent samples 

incubated at hypoxic (2% O2), normoxic (20% O2) and hyperoxic (60% O2) conditions for 4 

hours. 

mRNA was then extracted from the tissue samples. The stages of work described in this 

experiment so far were performed by Susan Walker as part of her PhD work within our 

laboratory group for work in other genes.  

As part of this thesis work cDNA was obtained from the mRNA samples through a RT-PCR 

reaction and Q-PCR was performed in order to obtain RQ values for NF-ĸB as described on 

Chapter 2. 
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12.2.3 Statistical analysis 

Cyanotic vs acyanotic comparison was performed using an independent sample t-test.  

For the second experiment analysis was divided into two sections: a comparison of time points 

at baseline (theatre collection), laboratory arrival and post-incubation for each O2 concentration 

used, and a second comparison between the three O2 concentrations used for incubation. 

Friedman repeated measures test was used with post-hoc analysis for significant results 

(p<0.05).  

12.2.4 Results 

Gene expression analysis according to cyanosis status 

Twelve patients were recruited for cyanosis status analysis, Table 12.3 shows their demographic 

characteristics. 

Patient Age (months) Gender Diagnosis Cyanosis status 

3(1) 13 Female  TOF Cyanotic 

4(1) 14 Male TOF Cyanotic 

9(1) 14 Male TOF Cyanotic 

10(1) 11 Male TOF Cyanotic 

11A 12 Female  TOF Cyanotic 

16A 11 Male TOF Cyanotic 

23A 13 Female  Fallot variant Cyanotic 

5(1) 7 Male Subaortic stenosis Acyanotic  

6(1) 148 Female Subaortic stenosis Acyanotic  

7(1) 32 Male Subaortic stenosis Acyanotic  

8(1) 1 Male Truncus arteriosus Acyanotic  

18(a) 11 Female Subaortic stenosis Acyanotic  

Table 12.3. Demographic characteristics of patients participating in cyanosis status 

analysis. Abbreviations:TOF: tetralogy of Fallot.  

 

NF-κB expression in cyanotic (n=7) vs acyanotic (n=5) patients was not statistica l ly 

significantly different (1.46±0.52 vs 0.83±0.66, p= 0.089) (Figure 12.2). 
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Figure 12.2. NF-ĸB expression according to cyanosis status . Abbreviations: NF-ĸB: nuclear 
factor kappa B; RQ: relative quantification. 

 

Incubation at differential O2 concentrations 

 

Ten patients were recruited for the experiment, demographic data can be seen on Table 12.4. 

 Patient Age (months) Gender Diagnosis 

32 72 Male TOF 

33 10 Male TOF 

34 16 Female  TOF 

35 6 Female  TOF 

36 77 Female  TOF 

37 11 Male TOF 

38 15 Male Aortic onstruction 

39 1 Male Truncus arteriosus 

41 60 Male TOF 

45 14 Female VSD 

Table 12.4. Demographic characteristics of patients participating in O2 incubation 

analysis. Abbreviations:TOF: tetralogy of Fallot; VSD: ventricular septal defect. 

 

Eight patients presented complete measurements for all time points, descriptive information is 

summarised in Table 12.5.  
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Time point Median – IQ range 

Baseline 3.13(1.92-4.16) 

Laboratory arrival 0.48(0.23-1.27) 

2% O2 incubation 0.46()0.21-1.08 

20% O2 incubation 0.65(0.28-0.91) 

60% O2 incubation 0.88(0.72-2.48) 

Table 12.5. Descriptive statistics for NF-ĸB gene expression analysis before and after 

differential O2 incubation. Abbreviations: NF-ĸB: nuclear factor kappa B; O2: oxygen. 

 

Table 12.6 shows X2 and p value results for repeated measures Friedman test, analysis resulted 

in non-significant variations for all the variables explored (Figure 12.3). 

Comparison X2, P value P value 

Baseline- laboratory arrival-2% O2 incubation 5.250 0.072 

Baseline- laboratory arrival-20%O2 incubation 3.250 0.197 

Baseline- laboratory arrival -60% O2 incubation 4.000 0.135 

Table 12.6. Results for NF-ĸB for differences between time points using related samples 

Friedman tests and post-hoc analysis with Bonferroni correction. Abbreviations: BL: 
baseline; NF-ĸB: nuclear factor kappa B; O2: oxygen; X2: chi square. 
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Figure 12.3. NF-ĸB expression according to time points before and after O2 incubations . 

Abbreviations: NF-ĸB: nuclear factor kappa B; O2: oxygen; RQ: relative quantification. 

 

All patients (n=10) presented complete data for incubation at 2%, 20% and 60% O2 

concentration, descriptive information is summarised in Table 12.7. Repeated measures 

Friedman test was used in order to determine differences between incubation at different O2 

concentrations, resulting in non-significant variation (X2(2)=3.800, p=0.150) (Figure 12.4).  
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Figure 12.4. NF-ĸB gene expression analysis according to differential O2 incubation. 

Abbreviations: NF-ĸB: nuclear factor kappa B; O2: oxygen; RQ: relative quantification. 

 

 

12.3 RIPC Study 

 

12.3.1 Aims 

To analyse the expression patterns of TLRs, MYD-88 and NF-κB in the myocardium of CHD 

patients requiring corrective surgery using CPB before and after hyperoxic incubation, and to 

assess the effects of RIPC on their expression. 

 

12.3.2 Materials and Methods 

Tissue was obtained from patients during surgical intervention and CPB; in cases that required 

ventricular tissue resection as part of the procedure tissue was divided in two parts, a section 

was immediately processed as a baseline reference and the second section was incubated at 60% 

O2 for 4 hours. Atrial samples were used as baseline reference only. 

mRNA was extracted from the tissue from which cDNA was transcribed and used in order to 

perform Q-PCR analysis. Genes analysed and assays used are summarised in Table 12.7. 
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 Gene name Gene 

aliases 

Gene 

symbol 

Assay 

Design 

Amplicon 

length 

Assay ID 

TLR-2 toll-like 
receptor 2 

CD282 
TIL4 

TLR2 Probe spans 
exons 

80 Hs00610101
_m1 

TLR-4 toll-like 

receptor 4 

CD284 

TLR-4 

TLR4 Probe spans 

exons 

89 Hs00152939

_m1 

MYD-
88 

myeloid 
differentiatio
n primary 

response 88 

MYD-
88D 

MYD-
88 

Probe spans 
exons 

104 Hs00182082
_m1 

NF-KB nuclear factor 
of kappa light 

polypeptide 
gene 
enhancer in 

B-cells 1 

EBP-1 
NFKB-

p105 
NFKB 
p105, 

p50 

NFKB1 Probe spans 
exons 

66 Hs00765730
_m1 

Table 12.7. Genes analysed and assay information. Abbreviations: MYD-88: Myeloid 
Differentiation Primary Response 88; NF-ĸB: nuclear factor – ĸB; TLR: toll like receptor. 

 

Details on materials and methods are described on Chapter 2. 

 

12.3.3 Statistical analysis   

Correlations to demographic characteristics including the gender, age, weight and cyanosis 

status of the patient, and to PO1 cTnI levels were determined using the Pearson test in normally 

distributed data (r) or Spearman test in non-parametric data (rs). 

Expression variation according to tissue type was analysed using independent sample t-test or 

the non-parametric Mann Whitney test, while paired samples t-test or Wilcoxon signed-rank test 

were used for the analysis of paired measures in order to explore differences before and after 

tissue incubation. 

Independent samples t-test or Mann Whitney tests were used to determine differences according 

to RIPC or control allocation for each time point at baseline and after incubation. 

Analysis was performed using SPSS version 23 software, a p value <0.05 (two tailed) was 

considered significant.  
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12.3.4 Results 

Fifty patients were recruited for the study, demographic data and its analysis can be seen in 

Tables 3.1 and 3.2.  

General analysis 

All genes analysed were expressed in the myocardial tissue (Figure 12.5). 

 
Figure 12.5. TLR pathway mRNA expression in myocardium of CHD patients . Figure 

shows the median for RQ values of each gene. Abbreviations: MYD-88: Myeloid 

Differentiation Primary Response 88; NF-ĸB: nuclear factor – ĸB; RQ: relative quantificat ion; 

TLR: toll like receptor. 

 

NF-ĸB expression correlated negatively to gender (rs= -0.391, p=0.029), implying that its 

expression was lower in males; variation according to gender was statistically significant (f: 

4.16(2.63-7.85) vs m: 1.94(1.15.3.28), p=0.032) (Figure 12.6). 

There was no correlation or significant difference in the expression of any of the genes between 

cyanotic and acyanotic patients. 
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Figure 12.6. NF-ĸB expression at baseline according to gender. Abbreviation: NF-ĸB: 
nuclear factor kappa B. 
 

NF-ĸB expression also correlated positively to plasma PO1 cTnI levels (rs=0.577, p=0.001) 

(Figure 12.7).  

 
Figure 12.7. PO1 cTnI levels in plasma correlation to NF-ĸB mRNA expression in the 

myocardium at baseline. Abbreviations: cTnI: cardiac troponin I; NF-ĸB: nuclear factor ĸB; 

PO1: post-operative 1; RQ: relative quantification. 
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Expression according to tissue type 

Table 12.8 presents descriptive statistics of gene expression according to tissue type. 

 

Gene N Tissue Mean – SD Median – IQ 

range 

P value 

TLR-2  22 Ventricle  0.35 (0.18-0.45) 0.908 

9 Atrium  0.26 (0.21-0.64) 

TLR-4 22 Ventricle  1.91 (1.17-3.04) 0.004 

9 Atrium  0.51 (0.20-0.85) 

MYD-88 21 Ventricle 1.004 ± 0.503  0.580 

9 Atrium 0.885 ± 0.604  

NF-ĸB  22 Ventricle  3.34(1.89-7.92) 0.018 

9 Atrium  1.47(1.15-2.24) 

Table 12.8. Descriptive statistics for mRNA expression according to ventricular or atrial 

tissue in CHD patients. Data is expressed as mean – standard deviations, or median – 

interquartile range as appropriate. Abbreviations: MYD-88: Myeloid Differentiation Primary 

Response 88; NF-ĸB: nuclear factor – ĸB; TLR: toll like receptor. 

 

TLR-4 and NF-ĸB presented a significantly higher expression in ventricular tissue (Figure 12.8)  
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Figure 12.8. TLR pathway mRNA expression according to ventricular or atrial tissue in 

CHD patients. Abbreviations: MYD-88: Myeloid Differentiation Primary Response 88; NF-

ĸB: nuclear factor – ĸB; RQ: relative quantification; TLR: toll like receptor. 

 
 

Expression after tissue incubation 

 

Table 12.9 shows descriptive data of gene expression values at baseline and after 60% O2 

incubation for 4 hours. 

 

MYD-88 presented a significant reduction in expression after incubation, differences in the 

expression of other genes were not significant (Figure 12.9).  
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Gene N Time point Mean - SD Median – IQ range P value 

TLR-2  14 Baseline   0.34(0.18-0.38) 0.177 

14 Incubated   0.22(0.16-0.29) 

TLR-4 15 Baseline  1.775 ± 1.086  0.798 

15 Incubated  1.8509 ± 1.068  

MYD-88 14 Baseline  0.855 ± 0.3902  0.005 

14 Incubated  0.521 ± 0.257  

NF-ĸB 15 Baseline   3.28(1.89-13.31) 0.955 

15 Incubated   7.46(1.51-15.69) 

Table 12.9. Descriptive statistics for mRNA expression in the myocardium before and after 

incubation. Data is expressed as mean – SD or median – IQ range as appropriate. 

Abbreviations: IQ: interquartile; MYD-88: Myeloid Differentiation Primary Response 88; NF-

ĸB: nuclear factor – ĸB; SD: standard deviation; TLR: toll like receptor. 

 

 
Figure 12.9. mRNA expression in the myocardium before and after incubation.  

Abbreviations: MYD-88: Myeloid Differentiation Primary Response 88; NF-ĸB: nuclear factor 
– ĸB; RQ: relative quantification; TLR: toll like receptor. 
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RIPC analysis 

Forty-eight patients were analysed according to intervention allocation. Descriptive information 

on gene expression according to control or RIPC allocation is presented in Table 12.10. 

 

Gene Time 

point 

Interven

tion 

N Mean – SD Median – IQ range  P 

value 

TLR-2  

 

Baseline  RIPC 14  0.26 (0.18-0.38) 0.357 

Control 13  0.37 (0.21-0.49) 

Incubation  RIPC 8  0.214(0.155-0.294) 1.000 

Control 6  0.224(0.164-0.285) 

TLR-4 Baseline RIPC 14 1.877 ± 1.258  0.503 

Control 15 1.556 ± 1.279  

Incubation RIPC 9 2.020 ± 1.228  0.473 

Control 6 1.597 ± 0.808  

MYD-
88 
 

Baseline RIPC 13 0.983 ± 0.508  0.549 

Control 15 0.872 ± 0.464  

Incubation RIPC 8 0.580 ± 0.257  0.341 

Control 6 0.442 ± 0.258  

NF-ĸB  Baseline  RIPC 14  3.54(1.78-7.92) 0.407 

Control 15  2.24(1.38-5.58) 

Incubation RIPC 9  9.592(2.109-14.381) 0.529 

Control 6  4.757(1.392-15.687) 

Control 6  2.338(1.933-3.224) 

Table 12.10. Descriptive statistics for mRNA expression in the myocardium before and 

after incubation according to intervention allocation. Data is expressed as mean – standard 

deviations, or median – interquartile range as appropriate. Abbreviations: MYD-88: Myeloid 

Differentiation Primary Response 88; NF-ĸB: nuclear factor – ĸB; RIPC: remote ischaemic 

preconditioning; TLR: toll like receptor. 

 

Expression of TLR-2 (Figure 12.10), TLR-4 (Figure 12.11), MYD-88 (Figure 12.12) and NF-

ĸB (Figure 12.13) did not vary according to RIPC or control allocation. 
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Figure 12.10. TLR-2 mRNA expression in the myocardium before and after incubation 

according to intervention allocation. Abbreviations: RIPC: remote ischaemic 

preconditioning; RQ: relative quantification; TLR-2: toll like receptor 2. 

 
Figure 12.11. TLR-4 mRNA expression in the myocardium before and after incubation 

according to intervention allocation. Abbreviations: RIPC: remote ischaemic 

preconditioning; RQ: relative quantification; TLR-4: toll like receptor 4. 
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Figure 12.12. MYD-88 mRNA expression in the myocardium before and after incubation 

according to intervention allocation. Abbreviations: MYD-88: Myeloid Differentia t ion 
Primary Response 88; RIPC: remote ischaemic preconditioning; RQ: relative quantification. 

 
Figure 12.13. NF-ĸB mRNA expression in the myocardium before and after incubation 

according to intervention allocation. Abbreviations: NF-ĸB: nuclear factor – ĸB; RIPC: 

remote ischaemic preconditioning; RQ: relative quantification. 
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12.4 Summary of key findings 

 Preliminary experiments showed no difference in NF-ĸB expression according to 

cyanosis status or after incubation at normoxic, hyperoxic and hypoxic concentrations 

 NF-ĸB baseline expression was higher in females. 

 NF-ĸB baseline expression correlated to cTnI postoperative levels. 

 TLR-4 and NF-ĸB presented higher expression in ventricular tissue. 

 MYD-88 presented a significantly lower expression after hyperoxic incubation. 

 RIPC did not have a significant effect on the expression of any of the analysed genes. 

 

12.5 Limitations 

Ct values representing the number of cycles required for the signal to cross the threshold during 

the Q-PCR reaction for TLR-2 and MYD-88 ranged among high 20s and low 30s values, 

meaning that in some samples the target nucleic acid varied from moderate to low amounts.  

 

12.6 Discussion 

The results showed that TLR-2, TLR-4, MYD-88 and NF-ĸB are expressed in the myocardium 

of CHD patients without exposure to any experimental conditions. Ct values suggesting 

relatively low levels of target cDNA for TLR-2 and MYD-88 were consistent with the low RQ 

values obtained for the expression of these genes. Microarray, RNA sequencing and serial 

analysis of gene expression (SAGE) have determined low levels of cardiac expression for TLR-

2 and MYD-88 in humans (GeneCards). 

NF-ĸB presented the highest baseline expression in this group of genes, interestingly NF-ĸB is 

located downstream to TLRs and MYD-88 and hence negative feedback could be taking place 

while NF-ĸB stimulates downstream inflammatory and stress reactions.   

Previous work by our research group performed in the group of patients presented for the 

cyanotic vs acyanotic preliminary experiment in this chapter found significantly higher TLR-2 
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and TLR-4 expression in cyanotic patients (Walker, 2013), however our results in the RIPC 

group did not confirm differences in the expression of these genes between cyanotic and 

acyanotic groups. 

Results from patients recruited for RIPC analysis confirmed the observation from the 

preliminary experiment in this chapter in which NF-ĸB did not present a significant variation 

according to cyanotic status.  

NF-ĸB expression at baseline presented a correlation to cTnI levels after surgery, as the analysed 

tissue was resected during the ischaemic phase of CPB, NF-ĸB expression could not be a 

response to the damaging conditions of the total time of ischaemia and CPB that postoperative 

cTnI levels reflect. However NF-ĸB levels could have contributed to cardiac injury. 

NF-ĸB has mainly been characterised as a cardioprotective component when activated early as 

it regulates several genes involved in cardioprotection (Tranter et al, 2010); nevertheless dual 

activities have been reported as it is an important component during inflammatory and immune 

reactions and is involved in several pathological processes. Its upregulation of inflammatory 

mediators has been shown to promote IRI (Ling et al, 2013; Zhang et al, 2013); furthermore it 

can increase injury through the inhibition of the salvage RISK pathway by interacting with TNF-

α (Xing et al, 2016).  

NF-ĸB expression was higher in females; the significantly lower weight in female patients 

observed in the study could have influenced the outcome, however a gender based difference in 

NF-ĸB expression cannot be ruled out. A study looking at gender differences in adult rats at 

basal and hypoxic conditions in cardiac fibroblasts found that NF-ĸB expression was higher in 

males at basal conditions and did not vary according to gender after 4 hours of hypoxia, to then 

show a lower expression in females after hypoxia for 16 hours (Zhao and Eghbali-Webb, 2002). 

Expression in ventricular tissue tended to be higher in all genes reaching statistical significance 

for TLR-4 and NF-ĸB. Previous microarray analysis profiling had identified both genes in the 

left ventricle and not in right ventricular samples (Barth et al, 2005).  To our knowledge spatial 

expression of these genes within the myocardium has not been explored before and the 

differences encountered could lead to determining more detailed patterns after further research.  
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Effects of hypoxia and reoxygenation have been reported to depend on the signalling of TLR-

4, MYD-88 and NF-ĸB in the hepatocytes of a mice model (Ding et al, 2013).In our study, 

hyperoxic incubation resulted in a significantly lower MYD-88 expression compared to baseline 

measures, with no effects on the other genes, previous research in our laboratory group had not 

found a significant variation after similar incubation conditions.   

The preliminary experiment comparing time points before and after different O2 concentrations 

did not find significant changes in NF-ĸB expression, this was confirmed after hyperoxic 

exposure in the RIPC study.  

NF-ĸB, TLR-2 and TLR-4 have been found to play both a detrimental and protective role during 

IRI according to the circumstances; NF-ĸB was described as an effector of direct 

preconditioning in an animal study that obtained infarct size reduction, as the effect was lost in 

animals presenting NF-ĸB deletions. One RIPC paediatric study analysed the activation of NF-

ĸB in leukocytes for three randomly selected patients finding that its total quantification was 

inversely related to its inhibitor Iĸ-Bα concentration; no analysis was done on the effects of 

RIPC (Pavione et al, 2012).  

TLR-2 plays a role in the inflammation process taking place during IRI, animal models have 

linked it to ventricular dysfunction, while its inhibition has been found to reduce infarct size 

(Sakata et al, 2007; Arslan et al, 2012). On the other hand, it seems to play a role in 

preconditioning, as TLR-2 deficient mice lost the cardioprotective effects observed in normal 

animals (Dong et al, 2010).  

Reports have consistently described TLR-4 as an inflammatory factor related to injury (Zhai et 

al, 2015), TLR-4 downregulation has been found to be beneficial and was reported as an effect 

of preconditioning (Yu et al, 2010; Yang et al, 2011). However one study using mice models 

found TLR-4 to be an important RIPC mediator through MYD-88 signalling, achieving cardiac 

protection (Wang et al, 2011). 

The described effects of the analysed genes were not confirmed in this study as RIPC had no 

effect on their expression. 
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Conclusion 

There is a potential differential pattern of expression according to ventricular or atrial origin of 

the tissue, hyperoxygenation reduced MYD-88 activity, while RIPC did not result in significant 

up or downregulation of any of the analysed genes. 
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Chapter 13. Hydrogen sulphide 

13.1 Introduction 

Hydrogen sulphide (H2S), similarly to NO and CO is a gaseous signalling molecule or 

gasotransmitter. With a short half live H2S is produced endogenously, diffuses rapidly intra and 

extracellularly and is present in all cellular types. Originally known for its toxicity it is now 

acknowledged that H2S mediates various physiologic and pathological processes including the 

cell cycle, oxidative stress, apoptosis, inflammation, mitochondrial activity and energy 

metabolism, modulating cardiac, neural and gastrointestinal activity (reviewed by Olas, 2015).  

H2S is produced through different pathways, among them cysteine persulphidation has been the 

most extensively studied consisting of the enzymatic activity of cystathionine β-synthase (CBS), 

cystathionine γ-lyase (CSE or CTH), cysteine aminotransferase (CAT) and 3-mercaptopyruvate 

sulfurtransferase which mediate H2S production from cysteine and homocysteine; CBS and 

CTH perform the main enzymatic reactions, they are present in the cytosol and are distributed 

according to tissue types with CBS being highly expressed in the nervous system while CTH is 

majorly present in the cardiovascular system (reviewed by Guo et al, 2013; Kabil et al, 2014). 

H2S has been established as a ion channel regulator including Ca2+ and mitoKATP channels, with 

the latter being an important modulatory mechanism; H2S promotes the opening of mitoKATP 

channels resulting in vasodilation, preventing excessive smooth muscle contraction in the 

vessels and reducing blood pressure (Zhao et al, 2001); vasodilation is further achieved through 

H2S regulation of Ca2+ causing membrane hyperpolarization (Jackson-Weaber et al, 2013). 

Interestingly studies have found that high H2S concentration results in vasodilation while low 

concentrations are able to cause vasoconstriction, in a dose dependent effect due to unknown 

mechanisms (Webb et al, 2008).  

Unlike NO the mechanisms for H2S vasodilation using mitoKATP channels seem  to be 

independent from cGMP mediation as its blockade does not affect results (Tang et al, 2005), 

however levels of cGMP have increased after H2S exogenous administration without a clear 

conclusion on its involvement (reviewed by Bibli et al, 2015). 
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Potent antioxidant activity has been linked to H2S as it intervenes in the production and 

scavenging of ROS and supports endogenous antioxidants systems (reviewed by Kabil et al, 

2014; Bos et al, 2015). Additionally, angiogenesis has been shown to be favoured by H2S 

mediated migration and growth of endothelial cells, producing neovascularisation in a process 

dependent on the Akt pathway in animal models (Cai et al, 2007).  

Similarly to NO, H2S seems to present a dual role, with inflammation, stimulating cytokine 

release ICAM-1 mediation and neutrophil migration through mitoKATP channels dependent 

mechanisms (Dal-Secco et al, 2008), while the same pathways have been reported to cause 

downregulation of inflammatory responses leading to inhibition of foam cell formation, leading 

to a limitation in the development of atherosclerosis (Zhao et al, 2011). 

Pro and anti-apoptotic effects have also been described, with a link between CTH increased 

expression and H2S synthesis leading to apoptosis induction in human endothelium (Yang et al, 

2006); on the other hand apoptosis was prevented by H2S induced activity of NF-ĸB, an effect 

abolished in CTH deficient animals (Sen et al, 2012). 

A combination of the described activity of H2S could contribute to IRI prevention, H2S has been 

recognised as a potential cardioprotective agent that could prevent the development of several 

cardiac pathologies (reviewed by Yu et al, 2014).  

mitoKATP channel opening has a direct effect on IRI as it intervenes in mitochondrial response, 

avoiding membrane potential depletion thus preventing cellular death after reperfusion. This 

was tested in a rat model of IRI which reported that H2S promoted cardiac protection obtaining 

better cardiac function and arrhythmia scores (Zhang et al, 2007). Mitochondrial structure and 

functional conservation has been established as an important mechanism of H2S 

cardioprotection (Elrod et al, 2007). 

Various interventions have been used in order to analyse the effects of H2S in IRI with its 

administration being used as a preconditioning modality. Apoptosis during IRI was reduced 

after the administration of H2S in pigs showing variation in mediators including upregulation of 

MAPK and a decline in caspase 3 activity, reduced apoptosis correlated with lower infarct size 

and better left ventricular function (Osipov et al, 2009).This was further proved in a study of rat 
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IRI which presented reduced apoptosis, infarct size and better ventricular function after H2S 

preconditioning through stress reduction in the endo/sarcoplasmic reticulum (Li et al, 2015). 

Administration of sulphur dioxide resulted in cardioprotection mediated by CTH and H2S after 

altering redox activity (Jin et al, 2013). 

Ischaemic preconditioning caused an upregulation of endogenous H2S resulting in reduced 

duration and degree of arrhythmia, and increased cell viability in isolated rat hearts, these effects 

were lost when PKC or mitoKATP channels were blocked implying their important role in the 

process (Bian et al, 2006). The involvement of mitoKATP channels in H2S mediated 

cardioprotection was confirmed in a metabolic inhibition conditioning study in rat hearts (Pan 

et al, 2008).     

As CBS and CTH are necessary for H2S production, they could be used as markers of its activity, 

CTH mRNA expression in the heart was confirmed in wild type mice and rats, H2S production 

in myocardial tissue was significantly reduced in CTH knockout animals (Fu et al, 2012). CTH 

expression has been shown to correlate directly to H2S production and cardiac protection in mice 

(Shen et al, 2015), in addition CTH overexpression has resulted in the prevention of 

atherosclerosis (Cheung et al, 2014). 

 

 

 

 

 



333 
 

 

13.2 Preliminary experiments 

13.2.1 Aims 

To compare CBS and CTH expression between cyanotic and acyanotic patients and to analyse 

their expression pattern before and after incubation at hypoxic, normoxic and hyperoxic 

conditions. 

13.2.2 Materials and methods 

Patients requiring cardiac surgery for CHD correction were recruited in order to perform two 

different analysis: a comparison of gene expression between cyanotic and acyanotic patients and 

a differential gene expression analysis before and after incubation at different O2 concentrations. 

Tissue was resected during aortic cross clamp as part of the surgical procedure, a cyanosis status 

experiment was performed using myocardium without previous exposure to any experimenta l 

conditions. 

The second experiment divided the samples obtained during surgery into an immediate baseline 

sample after collection in theatre, a second sample processed after transportation to the 

laboratory in a flask previously exposed to 2% O2, and subsequent samples incubated at hypoxic 

(2% O2), normoxic (20% O2) and hyperoxic (60% O2) conditions during 4 hours. 

mRNA was then extracted from the tissue samples. The stages of work described so far were 

performed by Susan Walker as part of her PhD work within our laboratory group for work in 

other genes.  

As part of this thesis work cDNA was obtained from the mRNA samples through a RT-PCR 

reaction and Q-PCR was performed in order to obtain RQ values for CBS and CTH as described 

in Chapter 2. 
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13.2.3 Statistical analysis 

Cyanotic vs acyanotic comparison was performed using an independent sample t-test.  

For the second experiment analysis was divided into two sections: a comparison of time points 

at baseline (theatre collection), laboratory arrival and post-incubation for each O2 concentration 

used, and a second comparison between the three O2 concentrations used for incubation. 

Friedman repeated measures test was used with post-hoc analysis for significant results (p<0.05) 

using Wilcoxon signed-rank tests and Bonferroni correction at a significance level of p=0.0167. 

 

13.2.4 Results 

Gene expression analysis according to cyanosis status 

Twelve patients were recruited for cyanosis status analysis, Demographic characteristics of the 

patients are shown in Table 12.3.  

Table 13.1 presents descriptive data for CBS, CTH and NF-ĸB expression according to cyanosis 

status. 

Gene Cyanosis N Mean – SD P value 

CBS Cyanotic 7 0.94±0.45 0.491 

 Non-cyanotic 5 1.13±0.51  

CTH Cyanotic 7 6.02±2.11 0.002 

 Non-cyanotic 5 2.22±0.72  

Table 13.1. Descriptive statistics for the differential gene expression of CBS and CTH. 

Abbreviations: CBS: cystathionine-β synthase; CTH: cystathionine-γ lyase. 

 

CTH was differentially expressed, presenting higher levels in cyanotic patients; CBS expression 

did not vary significantly (Figure 13.1).    
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Figure 13.1. Expression of CBS and CTH according to cyanosis status. Abbreviations: CBS: 
cystathionine-β synthase; CTH: cystathionine-γ lyase. 

 

 
 

Incubation at differential O2 concentrations 

 

Ten patients were recruited for the experiment, demographic data can be seen on Table 12.4. 

Eight patients presented complete measurements for all time points, descriptive information is 

summarised in Table 13.2.  

Gene Time point Median – IQ range  

CBS Baseline 0.86(0.58-1.40) 

 Laboratory arrival 0.53(0.33-0.70) 

 2% O2 incubation 0.77(0.25-1.21) 

 20% O2 incubation 0.66(0.31-1.52) 

 60% O2 incubation 1.07(0.47-2.24) 

CTH Baseline 3.13(1.92-4.16) 

 Laboratory arrival 1.67(1.45-5.21) 

 2% O2 incubation 2.40(1.63-3.40) 

 20% O2 incubation 3.74(1.86-5.57) 

 60% O2 incubation 6.34(4.19-7.93) 

Table 13.2. Descriptive statistics for CBS and CTH gene expression analysis before and 

after differential O2 incubation. Abbreviations: CBS: cystathionine-β synthase; CTH: 

cystathionine-γ lyase; IQ: interquartile; O2: oxygen. 
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Friedman test was used in order to determine differences between time points for baseline, 

laboratory arrival and incubation. When the differences were significant, post hoc analysis with 

Wilcoxon signed-rank tests and Bonferroni correction were used resulting in a significance level 

at p˂0.0167. Table 13.3 shows the results for the analysis. 

 

Gene Time point X2, P value Significance Post-hoc 

analysis 

P value 

CBS BL-Lab-2% O2 7.000, p=0.030 p˂0.0167 Bl-Lab 
Bl-2% O2 

Lab-2% O2 

0.093 
0.017 

0.575 

 BL-Lab-20% O2 7.000, p=0.030 p˂0.0167 Bl-Lab 
Bl-2% O2 

Lab-2% O2 

0.093 
0.017 

0.327 

 BL-Lab-60% O2 4.000, p=0.135    

CTH BL-Lab-2% O2 1.750, p=0.417    

 BL-Lab-20% O2 1.000, p=0.607    

 BL-Lab-60% O2 5.250, p=0.072    

Table 13.3. Results for CBS and CTH for differences between time points using related 

samples Friedman tests and post-hoc analysis with Bonferroni correction. Abbreviations : 

BL: baseline; CBS: cystathionine-β synthase; CTH: cystathionine-γ lyase; Lab: laboratory 
arrival; O2: oxygen; X2: chi square. 

 

Variation in CBS expression between baseline, laboratory arrival and 2% O2 incubation was 

significant between time points, however after post-hoc analysis differences were not significant 

between any pairs. Similar results were observed between baseline, laboratory arrival and 20% 

O2 incubation. Variation between baseline, laboratory arrival and 60% O2 incubation was not 

significant (Figure 13.2).  
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Figure 13.2. CBS expression according to time points before and after O2 incubation. Post 

hoc analysis of differences between pairs is significant at p<0.0167. Abbreviations: CBS: 
cystathionine-β synthase; O2: oxygen; RQ: relative quantification. 

 

 
Analysis for CTH (Figure 13.3) did not result in any significant differences across time points. 
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Figure 13.3. CTH expression according to time points before and after O2 incubation. 
Abbreviations: CTH: cystathionine-γ lyase; O2: oxygen; RQ: relative quantification. 

 

All patients (n=10) presented complete data for incubation at 2%, 20% and 60% O2 

concentration, descriptive information is summarised in Table 13.2.  

Repeated measures Friedman test was used in order to determine differences between incubation 

at different O2 concentrations. When the differences were significant, post hoc analysis with 

Wilcoxon signed-rank tests and Bonferroni correction were used resulting in a significance level 

at p˂0.0167. Table 13.4 shows the results for the analysis. 
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Gene Time point X2, P value Significa

nce 

Post-hoc 

analysis 

P value 

CBS 2% O2-20% O2-60% O2 2.400, p=0.301    

CTH 2% O2-20% O2-60% O2 16.800, 
p˂0.0001 

p˂0.0167 2% -20% 
2%-60%  

20%-60% 

0.005 
0.005 

0.093 

Table 13.4. Results for CBS and CTH for variation between incubation at different oxygen 

concentration using related samples Friedman tests and post-hoc analysis with Bonferroni 

correction. Abbreviations: CBS: cystathionine-β synthase; CTH: cystathionine-γ lyase; O2: 

oxygen; X2: chi square. 

 

Differences in CTH expression were significant, post hoc analysis revealed that incubation at 

2% and 20% O2 resulted in significantly different expression, similar results were obtained when 

comparing 2% and 60% O2 incubation. There was no significant variation in CTH expression 

between 20% and 60% O2 concentration. Expression of CBS did not vary significantly 

according to incubation using different O2 concentrations (Figure 13.4). 

 

 

Figure 13.4. CBS and CTH gene expression analysis according to differential O2 

incubation. Abbreviations: CBS: cystathionine-β synthase; CTH: cystathionine-γ lyase; O2: 

oxygen; RQ: relative quantification. 
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13.3 RIPC study 

13.3.1 Aims 

This study aimed to analyse the pattern of activity of CBS and CTH in CHD patients requiring 

corrective surgery using CPB and to assess the effects of RIPC on their expression. 

 

13.3.2 Materials and Methods 

Tissue was obtained from patients during surgical intervention, ventricular tissue was divided 

and part of it was immediately processed as a baseline reference, the remaining was incubated 

at 60% O2 during 4 hours; atrial tissue was only used for baseline analysis due to insuffic ient 

available tissue. 

mRNA was extracted from the myocardial tissue and used in order to obtain cDNA through a 

RT-PCR reaction followed by Q-PCR analysis in order to obtain relative quantification values 

for each gene. Genes used during the assay are shown in Table 13.5. 

 Gene name Gene 

aliases 

Gene 

symbol 

Assay 

Design 

Amplicon 

length 

Assay ID 

CBS cystathionine-

beta-synthase 

HIP4 CBS Probe spans 

exons 

59 Hs00163925_

m1 

CTH cystathionase 
(cystathionine 

gamma-lyase) 

CSE CTH Probe spans 
exons 

110 Hs00542284_
m1 

Table 13.5. Genes analysed and assays used. Abbreviations: CBS: cystathionine-β synthase; 
CTH: cystathionine-γ lyase. 

Details on materials and methods are described on Chapter 2.  
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13.3.3 Statistical analysis 

The data did not follow a normal distribution, therefore analysis was performed using non-

parametric tests.  

Spearman analysis was used in order to determine correlation between demographic and 

baseline characteristics including the gender, age, weight and cyanosis status of patients, 

correlations to post-operative cTnI levels were also explored. 

Differences in expression according to tissue type were analysed using Mann Whitney tests.  

Wilcoxon signed-rank test for paired measures was used to explore differences before and after 

tissue incubation. 

Mann Whitney tests were used to determine differences according to RIPC or control allocation 

for each time point at baseline and after incubation. 

Analysis was performed using SPSS version 23 software, a p value <0.05 (two tailed) was 

considered significant.  
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13.3.4 Results 

Fifty patients were recruited for the study, demographic data and its analysis can be seen in 

Tables 3.1 and 3.2.  

General analysis 

The genes coding for both H2S enzymes, CBS and CTH were expressed in the myocardium of 

CHD patients at baseline (Figure 13.5). 

 
Figure 13.5. mRNA expression of hydrogen sulphide enzymes in myocardium of CHD 

patients. Figure shows the median for RQ values of each gene. Abbreviations: CBS: 

cystathionine β-synthase; CTH: cystathionine γ-lyase; RQ: relative quantification.  

 

CBS expression presented a negative correlation to gender (rs= -0.371, p=0.044); variation 

according to gender was significant with f: 4.08 (2.87-5.35) vs m: 1.93(1.67-3.02), p=0.047 

(Figure 13.6). 
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Figure 13.6. CBS expression according to gender. Abbreviations: CBS: cystathionine β-
synthase; RQ: relative quantification. 
 

Expression according to tissue type 

 

Table 13.6 shows descriptive statistics for the analysed genes. 

 

Gene N Tissue Median – IQ range P value 

CBS  22 Ventricle 3.62(1.67-4.80) 0.393 

8 Atrium 2.07(1.85-2.91) 

CTH  22 Ventricle 8.70(4.89-17.05) 0.003 

7 Atrium 3.61(1.72-5.35) 

Table 13.6. Descriptive statistics for mRNA expression of hydrogen sulphide enzymes 

according to ventricular of atrial tissue. Data is expressed in median – IQ range. 

Abbreviations: CBS: cystathionine β-synthase; CTH: cystathionine γ-lyase; IQ: interquartile. 

 

CTH expression was significantly higher in ventricular tissue (Figure 13.7). 
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Figure 13.7. mRNA expression of hydrogen sulphide enzymes according to ventricular or 

atrial tissue. Abbreviations: CBS: cystathionine β-synthase; CTH: cystathionine γ-lyase; RQ: 
relative quantification. 

 
 

 
 
Expression after tissue incubation 

 

Descriptive information for CBS and CTH before and after incubation is shown in Table 13.7. 

 

Gene N Time point Median - IQ range P value 

CBS 15 Baseline  2.91(1.51-4.59) 0.002 

15 Incubated  1.84(1.27-2.32) 

CTH 15 Baseline  6.83(4.89-13.32) 0.307 

15 Incubated  8.59(5.40-14.74) 

Table 13.7. Descriptive statistics for mRNA expression of hydrogen sulphide enzymes in 

myocardium before and after incubation. Data is expressed in median – IQ range. 

Abbreviations: CBS: cystathionine β-synthase; CTH: cystathionine γ-lyase; IQ: interquartile. 

 

After hyperoxic incubation CBS expression was significantly lower compared to baseline 

(Figure 13.8).  
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Figure 13.8. mRNA expression of hydrogen sulphide enzymes in myocardium before and 

after incubation. Abbreviations: CBS: cystathionine β -synthase; CTH: cystathionine γ-lyase; 

RQ: relative quantification. 
 

 

RIPC analysis 

Forty-eight patients were analysed according to intervention allocation. Descriptive information 

on gene expression according to control or RIPC allocation is presented in Table 13.8. 

 

Gene Time 

point 

Interven

tion 

N Median – IQ range P value 

CBS Baseline RIPC 14 2.97(1.67-4.01) 0.222 

Control 15 4.53(2.04-8.81) 

Incubation  RIPC 9 1.840(1.268-2.255) 1.000 

Control 6 1.947(1.589-2.315) 

CTH Baseline  RIPC 14 5.26(4.17-10.16) 0.358 

Control 14 6.66(4.02-33.39) 

Incubation  RIPC 9 6.554(4.168-16.231) 0.607 

Control 6 9.533(8.209-13.905) 

 

Table 13.8. Descriptive statistics for mRNA expression of hydrogen sulphide enzymes in 

myocardium before and after incubation according to intervention group allocation. Data 

is expressed in mean and standard deviations. Abbreviations: CBS: cystathionine β-synthase; 

CTH: cystathionine γ-lyase; RIPC: remote ischaemic preconditioning. 

Expression of CBS (Figure 13.9) and CTH (Figure 13.10) did not vary according to group 

allocation at baseline or after incubation. 
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Figure 13.9. CBS mRNA expression in myocardium before and after incubation.  
Abbreviations: CBS: cystathionine β-synthase; RIPC: remote ischaemic preconditioning; RQ: 
relative quantification. 

 
Figure 13.10. CTH mRNA expression in myocardium before and after incubation.  
Abbreviations: CTH: cystathionine γ-lyase; RIPC: remote ischaemic preconditioning; RQ: 

relative quantification. 
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13.4 Summary of key findings 

 Preliminary experiments resulted in a higher CTH expression in cyanotic patients; 

incubation at different O2 concentrations resulted in different CTH expression patterns. 

 CBS presented a lower expression in females. 

 CTH was significantly higher in ventricular tissue. 

 CBS expression was significantly reduced after hyperoxic incubation. 

 RIPC did not affect the expression of CBS or CTH.  

13.5 Limitations 

Ct values representing the number of cycles required for the signal to cross the threshold during 

the Q-PCR reaction for CBS and CTH were above 30 in all samples; this reflects a low level of 

the target cDNA present in the tissue.  

13.6 Discussion 

In spite of requiring more than 30 cycles to reach the threshold, which means that low target 

nucleic acid was present during the reaction, CBS and CTH RQ values were higher than those 

of other genes presenting better reaction conditions. On account of this CBS and CTH values 

should not be compared to other genes, but only to different aspects of its own expression. CBS 

and CTH expression is present in the human myocardium at low levels as determined by 

microarray, RNA sequencing and SAGE (GeneCards). 

CBS expression was higher in male patients, a significant lower weight was observed in female 

patients recruited in the study, and this could have influenced gene expression patterns; 

however, there was no correlation between CBS expression and weight. Other demographic 

characteristics did not correlate to expression values. 

CBS expression tended to be higher in the ventricle, but it did not reach significance, this 

difference was very marked for CTH which showed a significantly higher expression in 

ventricular tissue. The limited evidence available on atrial and ventricular differences includ ing 

genome profiling studies have not reported CTH findings (Barth et al, 2005). 
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Preliminary experiments presented an initial variation in the expression of CBS before and after 

hypoxic and normoxic incubation, this effect was lost after post-hoc analysis; hyperoxic 

incubation had no effect on CBS expression, however analysis in a bigger sample during the 

RIPC study showed an effect in CBS expression which was significantly reduced after 

incubation at 60% O2 concentration.  

Rat models of IRI have found a consistent reduction of CBS expression after ischaemia and 

reoxygenation which resulted in reduced H2S activity and contributed to liver and renal injury 

(Xu et al, 2009; Teng et al, 2013; Wang et al, 2014). 

Preliminary and RIPC analysis consistently resulted in no significant variation on CTH 

expression before and after incubation. It is to be noted that the preliminary experiment found 

that exposure to normoxic, hypoxic and hyperoxic incubation resulted in differential expression 

patterns for CTH when compared to each other.   

The cardioprotective role of H2S has been established in animal trials achieving infarct size 

reduction through a limitation of endo and sarcoplasmic reticulum stress (Li et al, 2015); 

however, this protective effect might not contribute to RIPC protection as reported in a rat model 

that showed limited contribution of endogenous H2S (Bliksøen et al, 2008). 

CBS has been linked to protection against cardiac IRI in an rat model while interacting with 

HO-1 (Zhu et al, 2008), while cardioprotective effects of CTH expression have been reported 

in mice (Shen et al, 2015).   

To our knowledge this study is the first to explore CBS and CTH expression in human cardiac 

tissue. 

 

Conclusion 

CBS and CTH expression tended to be higher in the control group compared to RIPC, however 

these differences did not reach statistical significance before or after incubation.  

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bliks%C3%B8en%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18455926
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Chapter 14. Apelin 

14.1 Introduction 

The human APJ gene coding for a G protein coupled receptor was discovered and cloned in 

1993, presenting similarities to angiotensin II type 1 receptor, it did not bind to angiotens in 

(O´Dowd et al, 1993). Apelin, the only ligand for APJ remained unknown until it was identified 

in 1998 as a gene coding for a 77 aminoacid preprotein producing several forms of apelin 

(Tatemoto et al, 1998).    

Apelin and APJ are expressed in various tissues, however they have mainly been characteris ed 

in the cardiovascular system presenting important functions as a cardiovascular signall ing 

pathway with influence in physiological and pathological processes (reviewed by Yu et al, 

2014).   

Apelin has also been identified as an adipokine, it is secreted in adipose tissue and has a role in 

energy metabolism and modulates insulin secretion; it is upregulated in obesity and metabolic 

diseases such as diabetes (Boucher et al, 2005). 

APJ and apelin expression is controlled by several mechanisms including endocannabino id 

receptors and lipopolysaccharides in a process involving IL-1 and TNF-α; angiotensin II type 1 

receptor upregulates apelin and APJ while type 2 receptors inhibit their production (Than et al, 

2012). 

Hypoxia and inflammatory mediators such as TNF-α have been shown to induce the expression 

of apelin in hepatic cells (Melgar-Lesmes et al, 2011), with an upregulating effect of hypoxia 

demonstrated in adipocytes through the action of HIF-1α (Geiger et al, 2011). On the other hand 

reoxygenation resulted in lower expression of both genes in human endothelium (Yamagata et 

al, 2012). 

Within the cardiovascular system apelin regulation produces vasodilation, presenting opposing 

activity to that of angiotensin, it has an inotropic effect improving contraction and cardiac 

function, influences fluid homeostasis through the kidney and central activity related to 

vasopressin and it is involved in pathologic events such as heart failure, hypertension, 
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atherosclerosis, coronary disease, atrial fibrillation, myocardial infarction and IRI (reviewed by 

Barnes et al, 2010). 

Contribution of apelin to cardiac protection has been established through several IRI animal 

studies. Administration of the apelin subtypes apelin-36 and apelin-13 during reperfusion 

resulted in infarct size reduction in in vivo and in vitro mice and rat models through the RISK 

pathway and MPTP opening delay (Simpkin et al, 2007). Protective effects involving inhibit ion 

of MPTP opening have been confirmed for apelin-13, which is more potent than other subtypes, 

in a process dependent on the RISK components PI3K/Akt and ERK (Yang et al, 2015). 

A rat model of cardiac ischaemia and reperfusion showed that apelin levels were highly 

upregulated during ischaemia, however went back to baseline after 30 minutes of reperfusion, 

while APJ expression remained unchanged. Apelin-13 was effective in reducing infarct size 

when administered during reperfusion but not during ischaemia. Interestingly PI3K inhibit ion 

did not affect the protective effect suggesting an alternative mechanism for apelin function 

(Kleinz and Baxter, 2008).  

The timing of apelin administration has been additionally assessed finding efficacy in cardiac 

protection when administered after ischaemia only, this suggests apelin could be used as a factor 

for post-conditioning and not preconditioning (Rastaldo et al, 2011). 

Further investigation determined that APJ expression was increased after ischaemia and 

reperfusion at mRNA and protein levels with previous apelin administration improving cardiac 

function; cultured IRI cardiomyocytes presented induced apoptosis as well as APJ and apelin 

upregulation along with lactate dehydrogenase leakage; apelin administration reduced 

apoptosis, ROS, malonaldehyde content and lactate dehydrogenase leakage; in addition SOD 

activity was induced (Zeng et al, 2009). Apelin-13 administration was also linked to a reduction 

in endoplasmic reticulum stress induced apoptosis (Tao et al, 2011). 

Previous investigation in our research group carried out in TOF patients going through surgical 

repair using CPB found that APJ was expressed in all ventricular myocardium samples analysed, 

with expression rising in correlation to ischaemia and cardioplegia duration while there was no 
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difference according to oxygen concentration used for reperfusion in vitro or between cyanotic 

and acyanotic patients (Walker et al, 2014). 

 

14.2 Aims 

To analyse the expression pattern of apelin and APJ in the myocardium of CHD patients 

requiring corrective surgery using CPB before and after hyperoxic incubation, and to assess the 

effects of RIPC on their expression. 

 

14.3 Materials and Methods 

Tissue was obtained from patients during the aortic clamp phase of the surgical intervention, 

atrial tissue was immediately processed, while ventricular tissue was divided into two sections: 

the first one was processed as a baseline reference while the second one was incubated at 60% 

O2 for 4 hours. 

mRNA was extracted from the tissue and after a RT-PCR reaction cDNA was obtained. Q-PCR 

analysis was then performed in order to obtain relative quantification values for each gene. 

Genes used during the assay are shown in Table 14.1. 

Gene 

name 

Gene 

aliases 

Gene 

symbol 

Assay Design Amplicon 

length 

Assay ID 

Apelin  APEL, 
UNQ471, 

XNPEP2 

APLN Probe spans exons 79 Hs00175572
_m1 

Apelin 
receptor 

AGTRL1, 
APJ, 
APJR, 

HG11 

APLNR Both primers and 
probe map within a 
single exon 

98 Hs00270873
_s1 

Table 14.1. Genes analysed and assays used. 

Details on materials and methods are described on Chapter 2. 
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14.4 Statistical analysis 

The data did not follow a normal distribution, therefore analysis was performed using non-

parametric tests.  

Correlations between demographic characteristics, cTnI levels and gene expression were 

determined using Spearman analysis.  

Differences in expression according to tissue type were analysed using Mann Whitney tests.  

Variation before and after tissue incubation was analysed using the Wilcoxon signed-rank test 

for paired measures. 

Mann Whitney tests were used in order to determine differences according to RIPC or control 

allocation at baseline and after incubation. 

Analysis was performed using SPSS version 23 software, a p value <0.05 (two tailed) was 

considered significant.  
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14.5 Results 

Fifty patients were recruited for the study, demographic data and its analysis can be seen in 

Tables 3.1 and 3.2.  

 

14.5.1 General analysis 

Apelin and APJ were expressed in the myocardium of CHD patients (Figure 14.1). 

 
Figure 14.1. Apelin – APJ mRNA expression in myocardium of CHD patients. Figure 

shows the median for RQ values of each gene. Abbreviations: APJ: apelin receptor; RQ: rela tive 

quantification. 

 

APJ correlated negatively to gender (rs= -0.464, p=0.009), the variation according to gender was 

significant with f: 26.99(15.65-58.08) vs m: 12.21(2.30-18.74), p=0.010 (Figure 14.2). 
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Figure 14.2. APJ expression according to gender. Data is expressed in median and 

interquartile range. Abbreviations: APJ: apelin receptor; IQ: interquartile. 

 

Correlations explored resulted in a positive correlation of APJ to PO1 cTnI levels (rs=0.422, 

p=0.018) (Figure 14.3). 

 
 

Figure 14.3. APJ correlation to cTnI. Abbreviations: APJ: apelin receptor; cTnI: cardiac 

troponin I.  
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Expression according to tissue type 

 

Table 14.2 shows descriptive statistics for the analysed genes. 

 

Gene N Intervention Median – IQ range P value 

Apelin 22 Ventricle 5.52 (3.11-12.76) 0.006 

9 Atrium 1.94 (0.63-2.56) 

APJ  22 Ventricle 22.52 (15.68-58.08) ˂0.0001 

9 Atrium 3.18 (2.19-9.20) 

Table 14.2. Descriptive statistics for mRNA expression of Apelin and APJ according to 

ventricular of atrial tissue. Data is expressed in median and interquartile range. Abbreviations : 

APJ: apelin receptor; IQ: interquartile. 

 

 

Both genes presented a significantly higher expression in ventricular tissue (Figure 14.4). 

 

Figure 14.4. Apelin – APJ mRNA expression according to ventricular or atrial tissue. 

Abbreviations: APJ: apelin receptor; RQ: relative quantification. 
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Expression after tissue incubation 

 

Descriptive information for Apelin and APJ before and after incubation is shown in Table 

14.3. 

 

Gene N Time point Median – IQ range P value 

Apelin 15 Baseline  4.74(3.11-12.13) 0.001 

15 Incubated  2.77(1.55-4.64) 

APJ 15 Baseline  25.42(15.88-45.48) 0.001 

15 Incubated  10.99(9.47-20.20) 

Table 14.3. Descriptive statistics for mRNA expression of Apelin and APJ before and after 

incubation. Data is expressed in mean and standard deviations. Abbreviations: APJ: apelin 

receptor. 

 

 

Incubation at 60% O2 significantly reduced the expression of apelin and APJ compared to 

baseline (Figure 14.5). 

 

 
Figure 14.5. Apelin – APJ mRNA expression in the myocardium before and after 

incubation. Abbreviations: APJ: apelin receptor; RQ: relative quantification. 
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14.5.2 RIPC analysis 

Forty-eight patients were analysed according to intervention allocation. Descriptive information 

on gene expression according to control or RIPC allocation is presented in Table 14.4. 

Gene Time point Intervention N Median – IQ range P value 

Apelin Baseline  RIPC 14 4.70(1.94-9.31) 0.965 

Control 15 3.67(1.94-16.65) 

Incubation RIPC 9 3.182(2.090-4.635) 0.224 

Control 6 1.972(0.842-2.765) 

APJ Baseline RIPC 14 19.03(13.07-27.48) 0.930 

Control 15 15.65(7.13-78.22) 

Incubation RIPC 9 12.803(10.964-14.154) 0.388 

Control 6 9.804(5.745-25.810) 

Table 14.4. Descriptive statistics for mRNA expression of Apelin and APJ before and after 

incubation according to intervention group allocation. Data is expressed in mean and 

standard deviations. Abbreviations: APJ: apelin receptor; RIPC: remote ischaemic 

preconditioning. 

Expression of apelin and APJ did not vary significantly according to allocation to RIPC or 

control (Figures 14.6 and 14.7). 

 
Figure 14.6. Apelin mRNA expression in the myocardium before and after incubation 

according to intervention group allocation. Abbreviations: RIPC: remote ischaemic 

preconditioning; RQ: relative quantification. 
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Figure 14.7. APJ mRNA expression in the myocardium before and after incubation 

according to intervention group allocation. Abbreviations: APJ: apelin receptor; RIPC: 

remote ischaemic preconditioning; RQ: relative quantification. 

 

14.6 Summary of key findings 

 APJ presented a higher expression in females, presenting no correlation to weight. 

 APJ correlated to cTnI postoperative levels. 

 Apelin and APJ presented a higher expression in ventricular tissue compared to atrial 

tissue. 

 Hyperoxic incubation reduced the expression of apelin and APJ. 

 RIPC did not cause a significant variation in the expression of either genes. 
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14.7 Limitations 

Ct values representing the number of cycles required for the signal to cross the threshold during 

the Q-PCR reaction for apelin were above 30 in all samples while cycles for APJ were 

borderline; this reflects a low level of the target cDNA present in the tissue.  

 

14.8 Discussion 

Apelin required more than 30 cycles to reach the threshold, this reflects low target nucleic acid 

was present during the reaction. APJ Ct values ranged from just under 30 to just over 30, 

supporting the result of a higher expression of APJ compared to Apelin. Nevertheless 

comparison of these results to other genes should be made with caution.  

Apelin and APJ are not highly expressed in tissues as a general pattern, their expression in the 

human heart has been reported at low levels according to microarray, RNA sequencing and 

SAGE analysis with APJ showing a slightly higher expression (GeneCards). 

Interestingly APJ presented a higher expression in female patients, other demographic 

characteristics did not influence the expression of the gene and this remains to be explored. 

APJ expression at baseline presented a correlation to post-operative cTnI levels, due to sampling 

timing the tissue was obtained before the full ischaemic phase was complete and prior to 

reperfusion, hence APJ expression could not reflect the extent of damage as cTnI after surgery 

would. This correlation is likely to reflect a participation of APJ in the production of injury or 

be linked to other underlying processes. Previous research by our laboratory group in TOF 

patients going through cardiac surgery also correlated APJ expression to ischaemia (Walker et 

al, 2014).  

Both apelin and APJ showed a higher expression in ventricular tissue; they have been reported 

to be expressed in human atrial appendages and left ventricular tissue, however information 

comparing levels of expression is not available (GeneCards). 
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Incubation of tissue at hyperoxic levels resulted in a reduction in the expression of both genes. 

Research using human endothelium found that reoxygenation had an inhibitory effect on apelin 

expression (Yamagata et al, 2012); similar results were seen in a rat IRI model in which apelin 

was upregulated after ischaemia and downregulated after reperfusion in the heart, the same 

study reported APJ levels to remain constant (Kleinz and Baxter, 2008).  

In discordance to our findings, an enhanced expression of APJ after ischaemia and reperfusion 

has been reported (Zeng et al, 2009).  

In spite of the benefits for cardiac protection reported from apelin and APJ activity (Zeng et al, 

2009; Yang et al, 2015), their involvement in RIPC has not been previously investigated. RIPC 

did not have an effect in the expression of these genes in our study. 

 

Conclusion 

The expression of apelin and APJ was affected by mimicking the in vitro process of IRI, 

however RIPC did not have a significant influence their expression.   
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Chapter 15. Discussion 

This study aimed to assess the efficacy of RIPC in cardiac surgery using CPB for children 

requiring CHD correction. The approach of the study is unique as it has integrated clinica l 

variables of patient outcome and cardiac function, quantitation of circulating markers and 

analysis of gene expression in the myocardial tissue. 

The information gathered regarding all these variables also provided an opportunity for 

describing patterns of activity and functionality and exploring factors influencing outcome in 

our patients. 

The population in our study included a wide age range within the paediatric age group, this was 

decided in order to reflect the real activity within a cardiac referral centre such as the Royal 

Hospital for Sick Children, in which the intervention would be applied if proved effective. In 

addition, this was necessary in order to recruit sufficient participants into the study.  

The sample size of this trial was calculated based on a significant decrease in tricuspid velocity 

previously described within our research group (Vassalos et al, 2009). We aimed to assess if 

RIPC could reduce this difference significantly. We recruited the required amount of patients, 

however due to clinical circumstances it was not possible to measure tricuspid velocity in all 

patients. For this reason the analysis would not have enough power to detect the specified 

difference in our calculation and the results must be considered exploratory. 

Demographic characteristics influenced several markers; weight and age correlated positive ly 

or negatively to numerous measured variables, with the presence of cyanosis having an impact 

in most aspects analysed in this study, revealing a basic differential response caused by chronic 

hypoxia and a need to take into account the differences between age categories for paediatric 

evaluation of these variables. 

Gender differences were also observed across several measures, in this context it is not possible 

to determine the nature of these variations as a significantly lower weight was found in female 

participants; in addition to this cross clamp time tended to be higher in females, although this 

difference was not statistically significant. As weight and aortic clamp duration are two 

important independent variables, they could have influenced the observed differences in female 
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patients during the study, nevertheless it is not possible to completely reject the possibility of a 

gender based difference. 

RIPC evidence has produced mixed results, with initial reports being very positive, however 

when larger studies were undertaken benefits were not found (see Tables 1.7 and 1.8).  

Cardiac injury and function were not affected by RIPC in this study, a marked trend existed for 

RIPC allocated patients to present lower cTnI values, however this was not significant for any 

time points or by AUC analysis. This was not the pattern for BNP which presented very similar 

levels for both groups at all time points.  

Inotrope score tended to be lower in the RIPC group, but again differences did not reach 

statistical significance, while echocardiographic parameters showed no measurable benefit from 

RIPC. Overall, RIPC did not result in any cardiac benefits.   

Effects on the function of other organs including lungs, kidneys and liver did not favour RIPC 

clearly either; there was a higher arterial PCO2 concentration in the control group without 

differences in any other blood gas analysis parameter and no other clinical respiratory measures 

were different between groups.  

Potential markers for cardiac and lung function were analysed. Arginine metabolites, the 

promising cardiovascular markers, demonstrated interesting patterns of activity without 

showing an effect from RIPC. Similarly, NO metabolites and cGMP, inflammatory indicators 

which play a role in pulmonary function, did not show an influence of RIPC on its activity.   

Renal function was evaluated through values of creatinine and Cystatin C, both markers showed 

a strong correlation to each other without being altered by RIPC; this was also the case for urea 

and electrolyte values. Evidence regarding the effects of RIPC on renal function have not 

favoured the intervention with large studies and meta-analysis demonstrating no clear benefits, 

especially in the context of CPB interventions (Li et al, 2013; McCrindle et al, 2014).   

Cytokines tended to present values close to zero at baseline, peaking during the early post-

operative period to then start a lowering trend; this shows that there was a definite inflammatory 

reaction after surgery, with humoral factors responding quickly to then yield. However this was 
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not the case for cellular adhesion molecules; ICAM-1 and VCAM-1 presented measurable 

values at baseline, reduced values during the immediate post-operative period and peaked the 

day after surgery regressing below baseline values by the second day after surgery; ADMA 

followed a similar pattern to adhesion molecules. 

Most inflammatory markers in the study tended to present higher levels in the control group; 

even though only TNF-α reached statistical significance an overall trend is recognisable, this 

was also the case for white blood cell count, supporting the notion of a process triggered by 

RIPC influencing inflammatory reactions which may not have been strong enough.  

 

The molecular component of this study is novel as no other RIPC clinical trial has explored 

myocardial gene expression to this extent. Hyperoxic incubation allowed us to mimic the high 

O2 concentration myocardial tissue is exposed to after aortic clamp, completing the cycle of 

ischaemia and reperfusion. We were able to explore links between gene expression patterns and 

demographic characteristics as well as markers of injury, integrating molecular and clinica l 

aspects of IRI and relating them to preconditioning.    

TLR-2 and MYD-88 presented the lowest myocardial expression among all the genes analysed, 

however CBS, CTH, APJ and Apelin produced Ct values over 30; this does not correlate to high 

expression values, and these expression levels should be interpreted with caution. 

HO-1 presented a lower baseline expression than its regulating transcription factor HIF-1, 

however this was not the case for HSP-70, HSP-90 and its regulatory gene NF-ĸB, with both 

HSPs presenting higher expression than NF-ĸB. This could be due to different patterns of 

interaction within a wide stress and inflammatory response triggered by surgery. An earlier 

response of genes such as HSP-70 and HSP-90 could have occurred having an inhibitory 

feedback effect on NF-ĸB, while a slower response could explain higher HIF-1 levels as it 

simulated the expression of downstream genes.  

Our findings suggest expression of certain genes are different according to ventricular or atrial 

origin of the tissue. There is limited evidence regarding differential gene expression between 

atrial and ventricular tissue, a previous study used right atrial and left ventricular tissue in a 
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microarray profiling analysis which included several but not all the genes in our study, 

suggesting there are gene expression differences according to areas within the myocardium 

(Barth et al, 2005). Further analysis with more atrial specimens would be appropriate in order 

to confirm the observed differences. 

Our research found a higher expression of NF-ĸB and APJ in females as well as a higher CBS 

expression in males. Evidence is limited on differential gene expression according to gender in 

the myocardium; a study looking at gender differences in adult rats at basal and hypoxic 

conditions in cardiac fibroblasts had contradictory results with a higher expression of NF-ĸB in 

males, while there was no difference in HIF-1 expression (Zhao and Eghbali-Webb, 2002). 

A genome profiling study in heart failure patients determined gender variation in the expression 

of genes (Fermin et al, 2008); however among hundreds of genes, the only one analysed in the 

present study that was included in the report was HSP-70 which presented a higher expression 

in female patients. The marked differences in age and physiopathology between the population 

of this gene profiling study and our research should be emphasised.  

The weight difference according to gender in the present study could have contributed to gene 

expression variation, however weight did not present a direct correlation to the expression of 

these genes, therefore a gender based difference cannot be ruled out.   

Although cyanosis affected many inflammatory mediators and clinical variables, the only gene 

influenced by cyanosis was HSP-90, which presented a higher expression in acyanotic patients 

at baseline, it was not possible to analyse for this difference after hyperoxic incubation due to 

insufficient acyanotic specimens available for incubation. 

The expression of certain genes correlated to post-operative levels of cTnI; as tissue samples 

were obtained before the complete ischaemic period had elapsed and prior to reperfusion, gene 

expression from our specimens cannot reflect the final degree of injury the patient presented. 

Therefore, correlations between the expression of NF- ĸB, HSPB7 and APJ to post-operative 

cTnI levels are more likely to reflect a causative role of these genes rather than a consequence 

of injury.    
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The in vitro conditions applied during this study influenced the expression of several genes, 

however RIPC failed to have a clear impact in these expression patterns. 

Expression of all the analysed genes was not significantly affected by RIPC. RIPC clinical trials 

have rarely looked at gene expression patterns, an adult study analysed HIF-1 expression 

(Albrecht et al, 2013) and a paediatric study investigated HSP-70 expression (Zhou et al, 2010); 

both finding significantly higher expression after RIPC along with lower cardiac injury markers. 

This was not the case in our study for any of the markers. 

Animal studies have identified numerous key mediators within the RIPC process, reporting them 

as essential after blocking its activity resulted in loss of the protective effect; however there are 

so many factors which have been validated through this process that it is not possible to select 

one specific gene or mediator responsible for the effect. RIPC protection is rather a 

multifactorial process involving the organised activity of numerous components. 

The activity of many genes analysed in this study have the potential for both protective and 

detrimental effects according to their location and concentration; their function is linked to 

inflammatory processes while they take part in survival effects. The role of each gene during 

IRI and any possible cardioprotective effects are still to be determined and each gene is most 

likely a component of a bigger process.  

Although several studies have found protection was abolished after inhibition of particular 

genes, the mechanisms of RIPC are likely to depend on a finely tuned collaboration between the 

components analysed in this thesis and many more. 

Definite conclusions and recommendations regarding RIPC have not been reached. All the large 

RCTs evaluating RIPC which found no benefit from the intervention looked at the immed iate 

phase of conditioning only, using protocols right after or during anaesthesia induction, just 

before the surgical procedure started (McCrindle et al, 2014; Hausenloy et al, 2015; Meybohm 

et al, 2015).  

Our study is only the second human trial evaluating a dual RIPC protocol implemented the day 

before surgery and immediately before the surgery started with the purpose of allowing for both 

early and late phase of protection to act during CPB. Our study did not reproduce the results of 
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the previous trial following this approach which found significantly lower levels of cardiac 

injury markers and a lower inflammatory response in children after CPB (Zhou et al, 2010). 

Additional influencing variables have been analysed in previous studies, the use of certain 

anaesthetics during surgery including volatile agents such as sevoflurane and isoflurane, or 

intravenous propofol have been reported to limit RIPC (Kottenberg et al, 2012; Zhou et al, 

2013). Our study did not control the use of anaesthetics, surgical procedures followed usual 

protocols without alteration and this could have inhibited the effects of RIPC.  

There was no definite overall benefit from applying RIPC for cardiac parameters or end orga n 

function in this study; however a very important clinical outcome, length of PICU stay, was 

significantly reduced by the intervention.  
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Limitations: 

 The sample size for assessing tricuspid velocity in echocardiography was not achieved. 

 Limited atrial specimens were available, this could have reduced the power of the 

analysis for the identification of differences between tissue types. 

 Application of the RIPC protocol on the day before surgery did not allow for the 

intervention to be blinded to patients as they were conscious during the process and 

parents were present; the intervention was performed by the CI and cardiac surgeon on 

occasions due to lack of staff appointed for such roles, hence the cardiac surgeon was 

not blinded to the intervention. The PI was blinded during all stages of the trial includ ing 

laboratory analysis and data collection until unblinding was necessary for data analysis.  

 The study did not control for the use of anaesthetic agents, the choice was done according 

to relevant protocols.   

 Cyanosis status in this study was defined according to the clinical diagnosis of the patient 

and degree of repair, oxygen saturation was not considered pre-operatively in order to 

determine cyanosis in each patient. 

 

See each section for specific details. 
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Conclusion 

RIPC did not reduce markers of cardiac injury or improved echocardiographic parameters and 

it did not have an effect on end organ function; some effects were seen with lower TNF-α at one 

post-operative time point. Nevertheless it resulted in a shorter PICU length of stay, an important 

outcome indicator which could justify further investigation. Larger studies with more statistica l 

power could determine if the tendency of lower injury and inflammatory markers linked to RIPC 

is real. The present results mostly support findings of larger multicentre trials which have 

reported little difference and no clear cardiac benefit produced by RIPC in paediatric cardiac 

surgery. 
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Appendix 1. Ethical approval documents 
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Appendix 2. Information sheets and Consent forms 

Department of Cardiac Surgery 
Yorkhill Hospital 
G3 8SJ 

Children Information Sheet (7-11 years old) 

Remote ischaemic preconditioning for cardiac 

surgery in children.  

Full title: Effect of remote ischaemic preconditioning in cardiac dysfunction and end-organ injury following 

cardiac surgery with cardiopulmonary bypass in children: A translational approach investigating clinical 

outcome and myocardial molecular biology). 

Please read this information sheet. 

You can ask a parent or carer to help you. 

What is this about? 

This project will look at a way to protect the heart during 

surgery. We want to know if using a blood pressure cuff on 

your arm before the surgery is useful. 

Why have I been asked to take part? 

You have been invited because you need to have surgery on 

your heart. 

http://images.google.co.uk/imgres?imgurl=http://212.20.237.45/GGCLSS/images/logo_top.gif&imgrefurl=http://212.20.237.45/GGCLSS/GGCLSS_ContactUs.asp&usg=__NucIx7D4Lgwqp6tOWmY4QxAwV00=&h=87&w=116&sz=5&hl=en&start=1&um=1&tbnid=JXUDSDwd58387M:&tbnh=65&tbnw=87&prev=/images?q=greater+glasgow+and+clyde+logo&hl=en&sa=N&um=1
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Do I have to take part? 

No.  You and your parent or carer decide if you want to 

take part. 

It is ok if you change your mind.  It is your choice. 
 

How do I let you know if I want to take part? 

 

You can let you parent or carer know and they can tell me.   

 

 

 

 

 

 

 

 

 

 

 

 

What will happen if I want to take part? 

 

We will meet with you and your parent or carer. 

 

We will ask you to sign a form to say you are happy to take 

part. 

 

If you are unable to sign the form, you can tell me if you 

want to take part and choose somebody (such as your 

parent or carer) to sign the form for you. 

 

A computer will decide if you get the blood pressure cuff 

or not.  

 

If you do we will put the cuff on your arm and inflate it 

for 5 minutes, you will rest for 5 minutes and we will 

repeat this 3 times. Your parents or carer can be with you 

while we do this.  
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This will happen the day before your surgery and on the 

day of the surgery right before the doctors start when 

you will already be asleep. 

 

You will have exams done on your blood but you won’t need 

extra pricks because of it and an extra echo test will be 

done while you are still asleep. 

 
 

What if I change my mind and do not want to take 

part? 

 

You can change your mind or stop at any time.  Nobody will 

be upset and you don’t have to say why. 

 
 

Will other people find out about this? 

 

All the information we get will be private.  Nothing will 

have your name on, so no one will know about it. 

 
 

What happens to the information? 

 

We will analyze all the information we get from you and 

other children and it will help us know if the intervention 

is useful or not. When the project is over we will publish 

what we found but nothing will have your name on it.   

http://www.websters-online-dictionary.org/coreimages/clipart/293/2939528.jpg
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Will I be able to find out the results of the study? 

 

Yes.  Once the study has finished all the information will 

be available to you and your parent or carer. 

 

 

 

 

 

 

 

 

 

You can ask us questions about this. 

 

You can write to us or phone us to: 

 Mr Mark Danton, Consultant Cardiac Surgeon, Yorkhill (0141 

201 0251).  
 Prof. Fiona Lyall, Professor of Foetal and Maternal health, 

University of Glasgow      (0141 201 0657). 
 Dr Maribel Verdesoto, PhD student, University of Glasgow 

(0141 201 0367). 

 

 

 

 

 

              Thank you for reading this. 

 

 

 

 

 

http://www.barrysclipart.com/barrysclipart.com/showphoto.php?photo=29195&size=big&papass=&sort=1&thecat=998
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Department of Cardiac Surgery 
Yorkhill Hospital 
G3 8SJ 
  

Title: Potentially reducing injury to the heart muscle in children undergoing heart surgery by a prior 

application of a leg blood pressure cuff to stimulate the production of protective factors: a clinical 

evaluation. 

 

(Title of Project: Remote ischaemic preconditioning in children undergoing cardiac surgery.   

Full title: Effect of remote ischaemic preconditioning in cardiac dysfunction and end-organ injury 

following cardiac surgery with cardiopulmonary bypass in children: A translational approach 

investigating clinical outcome and myocardial molecular biology).  

Young Person Information Sheet (12 – 16 years old) 

You are being invited to take part in a research study. Before you decide, it is important for you to 

understand why the research is being done and what it will involve.  Please take time to read the 

following information carefully. Talk to others about the study if you wish. Ask us if there is anything 

that is not clear or if you would like more information. 

 

Part 1 tells you the purpose of this study and what will happen during the study   

Part 2 gives you more detailed information about the conduct of the study.  

 

PART 1 

Who is conducting the research? 

Mr Mark Danton MD, consultant cardiac surgeon is the clinical supervisor for the research. Prof. Fiona 

Lyall, Professor of Maternal and Fetal Health - University of Glasgow will supervise the basic science. 

Dr Maribel Verdesoto will be the primary investigator and this study will lead to an educational PhD 

project by the University of Glasgow. 

What is the purpose of the research project? 

Remote ischaemic preconditioning (RIPC) is a procedure that could reduce injury to the heart during 

surgery.  It consists of inflating a blood pressure cuff on your arm for three 5 minute cycles. This will 

reduce the blood flow in your arm, which will then activate the body´s own protective mechanisms 

and in that way reduce heart injury.   

http://images.google.co.uk/imgres?imgurl=http://212.20.237.45/GGCLSS/images/logo_top.gif&imgrefurl=http://212.20.237.45/GGCLSS/GGCLSS_ContactUs.asp&usg=__NucIx7D4Lgwqp6tOWmY4QxAwV00=&h=87&w=116&sz=5&hl=en&start=1&um=1&tbnid=JXUDSDwd58387M:&tbnh=65&tbnw=87&prev=/images?q=greater+glasgow+and+clyde+logo&hl=en&sa=N&um=1
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When you undergo cardiac surgery a system called cardiopulmonary bypass (CPB) is required. CPB 

substitutes the function of the heart and lungs during the surgery. While CPB is very safe and 

established process, it can cause injury both to the heart and/or other organs of the body. Typically 

the consequences of CPB are small and reversible with no obvious harm. The purpose of this study is 

to assess a therapy that could reduce any of the negative consequences of CPB, particularly to the 

heart. 

Our study will investigate if this simple procedure (application of blood pressure cuff) protects against 

heart injury and injury to other organs in children going through cardiac surgery with CPB.  

Why have I been chosen? 

You have a congenital heart defect that needs surgery using cardiopulmonary bypass. We are hoping 

to evaluate children between 2 days to 16 years old.  

Do I have to take part? 

NO.  This is voluntary. It is up to you to decide whether or not to take part.  After discussing and 

considering the study you will be free to decide if you want to participate. You are free to stop at any 

time and without giving a reason. Your decision about this will not change, influence or affect the 

treatment or the standard of care you get. If you are happy to take part, and are satisfied with the 

explanations, you will be asked to sign a consent form. You will be given a copy of the signed consent 

form to keep for your records.  

What do I have to do if I agree to take part? 

This study will not change your treatment before, during or after the surgery. You will receive routine 

tests, which are normally done before the surgery, one day after surgery and before you are 

discharged from hospital. These include a test called an echo, which is a type of ultrasound that looks 

into the heart without using any radiation, similar to an ultrasound test which a mum gets during 

pregnancy. The echo exam will be more detailed and may take approximately 5-10 minutes longer 

than the usual exam. 

You will be assigned to a treatment or control group by a computer. If you are in the treatment group 

you will get a blood pressure cuff placed on your arm and inflated for 5 minutes, then you will rest for 

5 minutes and the process will be repeated for 2 additional times. This will happen two times: the day 

before surgery and during anaesthesia in the operating room just before the surgery starts. Your 

allocation to treatment or control groups will remain unknown for the researchers all through the 

study. 

 

During the surgery an incision (cut) in the right atrium will be required; if so at that point a small 

portion of tissue will be removed (3-4 mm) right next to the cut. This has shown to be safe in previous 

studies.  
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If you require removal of heart muscle tissue as part of the standard surgical correction, this tissue 

will be kept for laboratory investigation. Such tissues are normally discarded but will be of use in this 

study.  

Apart from routine blood sampling, additional tests will be performed for cardiac, lung and kidney 

analysis. You will not need an extra needle prick as all the samples will be obtained at the times when 

blood will routinely be taken from you for normal tests, three extra teaspoons of blood will be taken 

in total at over 48 hours. 

You will be part of the study until the day of discharge (5 – 7 days) or up to 1 week following the 

surgery. An informative letter about your participation in the study will be sent to your GP.  

What are the possible benefits of taking part? 

A more detailed and more frequent echo exam of the heart function will be done for every 

participant. 

The use of blood pressure cuffs as detailed in this study is safe as confirmed by previous studies. 

Excluding temporary discomfort (similar to having blood pressure measured) during the brief periods 

of cuff inflation we do not anticipate any potential complications apart of those expected of the 

normal surgery for your condition. This has been shown to be safe in other studies.  

What happens when the research stops? 

Your participation ends when the research stops. There is no further responsibility involved. It should 

be noted that the tissue taken from you may be kept for use in future research with your consent.  

Who can I contact for further information? 

If you require any further information on this study or would like to clarify any issues, please do not 
hesitate to contact us. Our contacts are as follows: 
Mr Mark Danton, Consultant Cardiac Surgeon, Yorkhill (0141 201 0251).  
Prof. Fiona Lyall, Professor of Foetal and Maternal health, University of Glasgow      (0141 201 0657).  
Dr Maribel Verdesoto, PhD student, University of Glasgow (0141 201 0367). 
 

This completes Part 1 of the Information Sheet.  If the information in Part 1 has interested you and 

you are considering participation, please continue to read the additional information in Part 2 

before making any decision. 

 

 

 

 



431 
 

 

PART TWO 

What if relevant new information becomes available?   

Any new and relevant information that is obtained from this study will be available to the doctors 

who are responsible for your routine care. 

What will happen if I don’t want to carry on with the research? 

You will still receive the standard, routine clinical care. 

What if there is a problem? 

Any complaint about the way you have been dealt with during the study or any possible harm you 

might suffer will be addressed. If you have a concern about any aspect of this study, you should ask to 

speak with the researchers who will do their best to answer your questions (Department of Cardiac 

Surgery, Tel: 0141 201 0251 or 0141 201 0090).  

If you remain unhappy and wish to complain formally, you can do this through the normal NHS 

Complaints Procedure that will be available to you by asking any hospital staff or by contacting: 

 Complaints Office - Yorkhill childrens’ Hospital  

 Opening hours: 08:00 – 16:00, Monday-Friday  

 Complaints and patient liaison officer  

 Tel: 0141 201 9278 

In the event that something does go wrong and you are harmed during the research study there are 

no special compensation arrangements.  If you are harmed and this is due to someone’s negligence 

then you may have grounds for a legal action for compensation but you may have to pay your legal 

costs. 

Will my taking part in the research project be kept confidential?  

All personal information which is collected during the study will be kept strictly confidential. Your 

medical records and the data collected for the study will only be looked at by authorised persons.  We 

will have a duty to protect your confidentiality as a research participant and nothing that could reveal 

your identity will be disclosed outside the research site. The data are held in accordance with the 

Data Protection Act, which means that we keep it safely and cannot reveal it to other people, without 

your permission. 

What will happen to any samples I give? 

The confidentiality of the sample will be protected.  The heart muscle tissue removed during surgery 

will be analysed in the laboratory for levels of certain cellular proteins which are thought to give 

normal heart tissues protection against injury caused during heart surgery.  
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Will any genetic tests be done? No. 

What will happen to the results of the research study? 

The principal aim of the research is to improve our understanding of how the heart muscle in children 

with congenital heart disorders functions during corrective heart surgery and assess whether this 

procedure is effective against injury. We plan to publish our results in peer-reviewed journal as well 

as present the findings in local and international meetings. Your identity will be protected in any 

report. 

Who is organising and funding the research?   

This study received funding from the Yorkhill Hospital Children’s Foundation for a 3 year PhD project 

conducted by the University of Glasgow. 

Who has reviewed the study?  

This study was given formal ethical approval by the West of Scotland Research Ethics Committee 

based in Western Infirmary, Glasgow. 

Patients participating in this study will be given a copy of the information sheet and a signed 

consent form to keep.  

Thank you for taking time to read this information sheet.  
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Department of Cardiac Surgery 

Yorkhill Hospital 

G3 8SJ 

 
 

Title: Potentially reducing injury to the heart muscle in children undergoing heart surgery by a prior 

application of a leg blood pressure cuff to stimulate the production of protective factors: a clinical 

evaluation. 

(Title of Project: Remote ischaemic preconditioning in children undergoing cardiac surgery.  Full title: 

Effect of remote ischaemic preconditioning in cardiac dysfunction and end-organ injury following 

cardiac surgery with cardiopulmonary bypass in children: A translational approach investigating 

clinical outcome and myocardial molecular biology).  

Parent/Guardian Information Sheet (0 – 6 years old) 

Your child is being invited to take part in a research study. Before you decide, it is important for you 

to understand why the research is being done and what it will involve.  Please take time to read the 

following information carefully. Talk to others about the study if you wish. Ask us if there is anything 

that is not clear or if you would like more information. 

Part 1 tells you the purpose of this study and what will happen during the study   

Part 2 gives you more detailed information about the conduct of the study.  

PART 1 

Who is conducting the research? 

Mr Mark Danton MD, consultant cardiac surgeon is the clinical supervisor for the research. Prof. Fiona 

Lyall, Professor of Maternal and Fetal Health - University of Glasgow will supervise the basic science. 

Dr Maribel Verdesoto will be the primary investigator and this study will lead to an educational PhD 

project by the University of Glasgow. 

What is the purpose of the research project? 

Remote ischaemic preconditioning (RIPC) is a procedure that could potentially reduce injury to the 

heart during cardiac surgery.  It consists of the inflation of a blood pressure cuff on the child’s leg or 

arm for three 5 minute cycles. This briefly reduces blood flow to the leg or arm muscle, which will 

then activate the body´s own protective mechanisms and thereby reduce heart injury.   

 

When children undergo cardiac surgery a system called cardiopulmonary bypass (CPB) is required. 

CPB substitutes the function of the heart and lungs temporally during surgery. During this process the 

patient´s blood flow is controlled by a bypass machine. 
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Whilst this is a very safe and established process, CPB can be associated with injury both to the heart 

and/or organs of the body. Typically the consequences of CPB are minor and reversible with no 

obvious harm to the patient. The purpose of this clinical study is to assess a potential therapy that 

could further reduce any of the negative consequences of CPB, particularly to the heart muscle.  

Our study will investigate whether this simple mechanical procedure (application of blood pressure 

cuff) provides protection against heart injury and injury to other organs in children undergoing 

cardiac surgery with CPB.  

This research we hope will allow us to understand and utilise the patient´s own protective 

mechanisms, reducing CPB-related injury.  

Why has my child been chosen? 

Your child has a congenital heart defect that requires surgical correction using cardiopulmonary 

bypass. We are hoping to evaluate children between 2 days to 16 years old.  

Does my child have to take part? 

NO.  This is voluntary. It is up to you and your child (when possible) to decide whether or not to take 

part.  Having discussed and considered the study you will be free to decide on participation. You are 

free to withdraw from the research at any time and without giving a reason. Your decision about this 

will not change, influence or affect the clinical treatment or the standard of care of the patient. If you 

are happy for your child to take part, and are satisfied with the explanations, you will be asked to sign 

a consent form. You will be given a copy of the signed consent form to keep for your records.  

What does my child have to do if we agree to take part? 

This study will not alter the clinical management of your child before, during or after the surgery. 

Your child will receive routine tests, which are normally performed prior to surgery, one day post-

surgery and before discharge from hospital. These include a test called an echo, which is a type of 

ultrasound that looks into the heart without using any radiation, similar to an ultrasound test which a 

mum obtains during pregnancy. The echo will be more detailed and may take approximately 5-10 

minutes longer than the usual examination. 

Your child will be allocated to a treatment or control group through a computer randomisation 

process. If your child is in the treatment group a remote ischaemic preconditioning protocol will be 

applied as follows: a blood pressure cuff will be placed on the leg or arm of the child and inflated in 

order to reduce blood flow for 5 minutes, this process will be repeated for 2 additional times 

separated by 5 minutes of resting. This protocol will be performed at two phases: the day before 

surgery and during anaesthesia in the operating room just before the surgery starts. The allocation of 

the child to treatment or control groups will remain unknown for researchers all through the study. 
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During the surgery an incision (cut) in the right atrium will be required; if so at that point a small 

portion of tissue will be removed (3-4 mm) right next to the cut. This has shown to be safe in previous 

studies.  

If your child requires removal of heart muscle tissue as part of the standard surgical correction, this 

tissue will be retained for laboratory investigation. Such myocardial tissues are normally discarded 

but will be of use in this study.  

Additional blood tests will be performed for cardiac, lung and kidney analysis. The child will not need 

an additional needle prick as all the samples will be obtained during routine blood sampling; 

three extra teaspoons of blood will be taken in total at over 48 hours when the surgical/general 

patient care of your child takes place. 

Your child will remain part of the study until the day of discharge (5 – 7 days) or up to 1 week 

following the surgery. An informative letter about the child´s participation in the study will be sent to 

the child´s GP.  

What are the possible benefits of taking part? 

A more detailed and more frequent echo assessment of the heart function will be performed for 

every participant. 

The use of blood pressure cuffs to temporarily reduce blood flow for short periods is safe as 

confirmed by previous studies. Excluding temporary discomfort (similar to having blood pressure 

measured) during the brief periods of cuff inflation we do not anticipate any potential complications 

beyond that expected of the normal surgical treatment of your child’s condition. This has been shown 

to be a safe procedure in other studies. 

What happens when the research stops? 

Your child participation ends when the research stops. There is no further responsibility involved. It 

should be noted that the tissue taken from your child may be kept for use in future research with 

your consent. 

Who can I contact for further information? 

If you require any further information on this study or would like to clarify any issues, please do not 

hesitate to contact us. Our contacts are as follows: 

Mr Mark Danton, Consultant Cardiac Surgeon, Yorkhill (0141 201 0251).  

Prof. Fiona Lyall, Professor of Foetal and Maternal health, University of Glasgow      (0141 201 0657).  

Dr Maribel Verdesoto, PhD student, University of Glasgow (0141 201 0367). 

 

This completes Part 1 of the Information Sheet.  If the information in Part 1 has interested you and 

you are considering participation, please continue to read the additional information in Part 2 

before making any decision. 
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PART TWO 

What if relevant new information becomes available?   

Any new and relevant information that is obtained from this study will be made available to the 

clinicians who are responsible for your child’s routine care. 

What will happen if my child or I don’t want to carry on with the research?  

Your child will still receive the standard, routine clinical care. 

What if there is a problem? 

Any complaint about the way you or your child have been dealt with during the study or any possible 

harm you might suffer will be addressed. If you have a concern about any aspect of this study, you 

should ask to speak with the researchers who will do their best to answer your questions 

(Department of Cardiac Surgery, Tel: 0141 201 0251 or 0141 201 0090).  

If you remain unhappy and wish to complain formally, you can do this through the normal NHS 

Complaints Procedure that will be available to you by asking any hospital staff or by contacting: 

 Complaints Office - Yorkhill childrens’ Hospital  

 Opening hours: 08:00 – 16:00, Monday-Friday  

 Complaints and patient liaison officer  

 Tel: 0141 201 9278 

In the event that something does go wrong and your child is harmed during the research study there 

are no special compensation arrangements.  If your child is harmed and this is due to someone’s 

negligence then you may have grounds for a legal action for compensation but you may have to pay 

your legal costs. 

Will my child’s taking part in the research project be kept confidential?  

All personal information which is collected during the study will be kept strictly confidential. Your 

child’s medical records and the data collected for the study will only be looked at by authorised 

persons.  We will have a duty to protect your child’s confidentiality as a research participant and 

nothing that could reveal your child identity will be disclosed outside the research site. The data are 

held in accordance with the Data Protection Act, which means that we keep it safely and cannot 

reveal it to other people, without your permission. 

 

What will happen to any samples my child gives? 

The confidentiality of the sample will be protected.  The heart muscle tissue removed during surgery 

will be analysed in the laboratory for levels of certain cellular proteins which are thought to give 

normal heart tissues protection against injury caused during heart surgery.  
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Will any genetic tests be done? No. 

What will happen to the results of the research study? 

The principal aim of the research is to improve our understanding of  how the heart muscle in children 

with congenital heart disorders functions during corrective heart surgery and assess whether this 

procedure is effective against injury. We plan to publish our results in peer-reviewed journal as well 

as present the findings in local and international meetings. Your child’s identity will be protected in 

any report. 

Who is organising and funding the research?   

This study received funding from the Yorkhill Hospital Children’s Foundation for a 3 year PhD project 

conducted by the University of Glasgow. 

Who has reviewed the study?  

This study was given formal ethical approval by the West of Scotland Research Ethics Committee 

based in Western Infirmary, Glasgow. 

Parents of children participating in this study will be given a copy of the information sheet and a 

signed consent form to keep.  

 

Thank you for taking time to read this information sheet.  
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Department of  Cardiac Surgery 

Yorkhill Hospital 

G3 8SJ 

 
 

Patient Identification Number for this trial: __________ 
 

PARENTAL CONSENT FORM (0 – 6 YEARS OLD) 
 

Title: Potentially reducing injury to the heart muscle in children undergoing heart surgery by a prior 
application of a leg blood pressure cuff to stimulate the production of protective factors: a clinical 
evaluation. (Full title: Effect of remote ischaemic preconditining in cardiac dysfunction and end-organ injury 

following cardiac surgery with cardiopulmonary bypass in children: A translational approach investigating 
clinical outcome and myocardial molecular biology). 

 
Name of Researchers: Dr. Mark Danton (CI) and Miss Maribel Verdesoto (PI)  Please initial 

box 
 

I confirm that I have read and understand the information sheet 
dated 12/08/2013 of the above study. I have had the opportunity to consider the 
information, ask questions and have had these answered satisfactorily. 
 

 

I understand that my child’s participation is voluntary and that my child is free to 
withdraw at any time, without giving any reason, without his or her medical care 
or legal rights being affected.  
 

 

3.  I understand that relevant sections of any of my child’s medical notes and 
data collected during the study may be looked at by the research team and 
responsible individuals from regulatory authorities, where it is relevant to my 
taking part in this research. I give permission for these individuals to have access 
to my records.                                       
 

 

4.   I agree to my child     ____________________________    taking part in the    
      above study. 

 
 
 

5.   I agree to my child´s tissue to be obtained, kept and used in future research. 
 

 

6.   I agree to my child´s GP being contacted. 
 

 

                            
________________________ ________________ ____________________ 
Name of Parent                Date               Signature 
_________________________ ________________ ____________________ 
Name of Person taking consent  Date  Signature 
(if different from researcher) 
 
_________________________ ________________ ____________________ 
Researcher    Date  Signature 

 
1 copy for the patient; 1 for researcher site file; 1 (original) to be kept in medical notes 
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Department of Cardiac Surgery 
Yorkhill Hospital 
G3 8SJ 

 
Title of Project: Remote ischaemic preconditioning in children undergoing cardiac surgery.   
(Full title: Effect of remote ischaemic preconditining in cardiac dysfunction and end-organ injury following 
cardiac surgery with cardiopulmonary bypass in children: A translational approach investigating clinical outcome 
and myocardial molecular biology). 

 

Assent form for Children (7 – 11 years old) 

To be completed by the child (or if unable, the parent on their behalf). Please circle your 

answers: 

Have you read (or had read to you) about this project?   Yes/No  

Has somebody else explained this project to you?     Yes/No  

Do you understand what this project is about?     Yes/No  

Have you asked all the questions you want?                  Yes/No  

Have you had your questions answered in a way that you understand?   Yes/No  

Do you understand that it’s OK to stop taking part at any time?    Yes/No  

Are you happy to take part?        Yes/No  

 

 

If any answers are ‘no’ or you don’t want to take part, don’t sign your name!  

If you do want to take part, you can sign your name below  

Your name  ___________________________  

Signature       

Date   ___________________________   

The person who explained this project to you needs to sign too:  

Print Name  ___________________________  

Signature ___________________________  

Date   ___________________________  

Thank you for your help 
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Department of  Cardiac Surgery 
Yorkhill Hospital 
G3 8SJ 
  

Patient Identification Number for this trial: __________ 
 

YOUNG PERSON CONSENT FORM (12 – 16 years old) 
 

Title of Project: Remote ischaemic preconditioning in children undergoing cardiac surgery.   

(Full title: Effect of remote ischaemic preconditining in cardiac dysfunction and end-organ injury following cardiac 
surgery with cardiopulmonary bypass in children: A translational approach investigating clinical outcome and 
myocardial molecular biology). 
 

Name of Researchers: Dr. Mark Danton (CI) and Miss Maribel Verdesoto (PI)  Please initial 
box 

 

1. I confirm that I have read and understand the information sheet 
dated 12/08/2013 of the above study. I have had the opportunity to consider 
the information, ask questions and have had these answered satisfactorily. 

 

 

2. I understand that my participation is voluntary and that I am free to withdraw 
at any time, without giving any reason, without my medical care or legal rights 
being affected.  

 

 

3.  I understand that relevant sections of any of my medical notes and data 
collected during the study may be looked at by the research team and 
responsible individuals from regulatory authorities, where it is relevant to my 
taking part in this research. I give permission for these individuals to have 
access to my records.                                       

 

 

4.   I agree to take part in the above study.  
 
 

5.   I agree to my tissue to be obtained, kept and used in future research. 
 

 

6.   I agree to my GP being contacted. 
 

 

________________________ _            _______________ _                   ___________________ 
Name of Patient  Date Signature 
 
_________________________ ________________ ____________________ 
Name of Parent   Date  Signature 
 
_________________________ ________________ ____________________ 
Researcher   Date  Signature 
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1 copy for the patient; 1 for researcher site file; 1 (original) to be kept in medical notes 
If the child is deemed competent to sign the consent form, this should be accompanied by a parenta l signature of agreement 

to support their child’s participation in the study. 
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Appendix 3. Descriptive statistics for PICU blood analyses 

 
Variable Group PO1 PO2 PO3 

N Descriptive P value N Descriptive P value N Descriptive P value 

Urea & Electrolites 

Urea RIPC 25 5.1 (4.2-33.0) 0.584 24 5.30 (4.35-20.35) 0.701 22 6.0 (0.0-16.3) 0.510 
Control 23 4.7 (3.8-24.0) 23 7.0 (4.1-34.0) 23 5.8 (0.0-52.0) 

Creatinine RIPC 25 32.0 (27.0-39.0) 0.570 24 36.5 (18.5-49.5) 0.741 22 27.0 (0.0-41.0) 0.817 
Control 23 28.0 (22.0-41.0) 23 36.0 (22.0-44.0) 23 29.0 (0.0-37.0) 

Na+ RIPC 25 144.76±3.94 0.398 21 143.62±4.72 0.098 13 143.69±8.20 0.122 

 Control 21 145.81±4.40  22 146.23±5.35  17 147.47±4.69  
K RIPC 25 4.1(3.9-4.6) 0.748 21 4.3(4.0-4.6) 0.232 13 4.1(4.0-4.1) 0.263 

 Control 21 4.1(3.7-4.6)  22 4.4(4.1-4.9)  17 4.3(4.0-4.5)  
Cl+ RIPC 25 114.44±4.42 0.482 21 113(109-117) 0.137 13 111(103-114) 0.053 

 Control 21 115.43±5.05  21 116(113-122)  17 117(113-120)  
Ca RIPC 23 2.3(2.2-2.3) 0.312 20 2.3(2.2-2.3) 0.574 12 2.2(2.2-2.3) 0.444 

 Control 21 2.3(2.2-2.3)  21 2.3(2.2-2.3)  17 2.3(2.2-2.3)  
Phosphate RIPC 23 1.9(1.4-2.4) 0.387 19 1.9(1.4-2.4) 0.320 12 1.50±0.68 0.969 

 Control 20 2.1(1.8-2.4)  21 2.1(1.8-2.4)  17 1.49±0.51  
Mg+ RIPC 25 1.57±0.73 0.507 18 1.0(0.9-1.3) 0.349 12 1.0(0.8-1.1) 0.631 

 Control 20 1.72±0.80  21 1.2(1.0-1.4)  16 1.0(0.8-1.0)  

Liver function tests 

AlkPhos RIPC 25 110.48±50.63 0.193 21 115.05±48.84 0.081 13 145(100-194) 0.011 
 Control 20 94.00±32.40  19 93.05±25.68  15 96(77-121)  

AST RIPC 25 79(50-135) 0.492 20 77(46-146) 0.686 13 94(38-164) 0.786 
 Control 19 78(42-121)  21 91(54-138)  15 82(68-128)  

ALT RIPC 25 14(13-19) 0.622 20 19(13-36) 0.860 13 57(14-68) 0.650 

 Control 20 14(12-19)  22 19(15-27)  16 47(23-125)  
Bilirrubin RIPC 21 15.33±10.84 0.680 21 12(8-21) 0.357 13 10(9-15) 0.720 

 Control 21 11.52±8.72  21 10(7-15)  14 11(8-14)  
Albumin RIPC 25 37(35-41) 0.658 21 33.62±2.85 0.222 13 32.92±3.90 0.863 

 Control 21 38(33-39)  22 34.73±2.995  17 32.65±4.60  
CRP RIPC 24 3(3-8) 0.451 21 74.14±27.05 0.943 13 108(92-191) 0.779 
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Variable Group PO1 PO2 PO3 

N Descriptive P value N Descriptive P value N Descriptive P value 
 Control 21 3(3-3)  22 73.55±27.08  16 107(91-169)  

Whole blood count 
WBC RIPC 25 10.6(7.2-15.2) 0.804 23 12.4(10.9-19.3) 0.489 13 13.5(11.9-23.3) 1.00 

 Control 23 10.0(5.3-16.1)  22 15.9(12.5-18.5)  17 14.9(11.9-16.3)  
RBC RIPC 25 11.51±6.49 0.992 23 4.13±0.67 0.4620 13 4.06±0.64 0.598 

 Control 22 11.07±6.36  22 4.28±0.67  17 3.94±0.66  

Hb RIPC 25 116.24±19.83 0.615 23 117(93-131) 0.088 13 117.62±16.37 0.904 
 Control 23 119.57±25.55  22 127(111-140)  17 116.76±20.81  

HCT RIPC 25 0.33(0.31-0.38) 0.940 23 0.36(0.29-0.39) 0.502 13 0.345±0.049 0.912 
 Control 22 0.35(0.30-0.38)  22 0.37(0.32-0.41)  17 0.342±0.059  

MCV RIPC 25 83.3(81.3-85.3) 0.135 23 84.3(81.2-86.1) 0.307 13 84.91±3.78 0.147 
 Control 22 86.2(81.8-88.4)  22 86.6(82.5-88.6)  17 86.90±3.51  

MCH RIPC 25 28.67±1.44 0.092 23 28.52±1.55 0.049 13 29.05±1.49 0.224 
 Control 22 29.40±1.45  22 29.46±1.53  17 29.63±1.08  

Platelets RIPC 23 159.35±73.49 0.594 21 173.33±60.56 0.214 13 165(126-188) 0.398 
 Control 23 148.35±65.26  22 199.36±73.60  16 145(100-177)  

Neutro RIPC 25 7.1(3.5-11.0) 0.565 23 9.1(6.8-14.6) 0.496 13 9.0(8.6-12.5) 0.837 
 Control 22 5.2(3.5-10.6)  22 11.1(9.1-13.8)  17 10.7(7.9-11.3)  

Lympho RIPC 25 2.65±1.13 0.207 22 1.8(1.2-4.0) 0.591 13 2.3(1.8-2.7) 0.496 
 Control 21 2.25±0.99  19 1.6(1.1-2.5)  15 2.6(2.0-4.0)  

Monocyte RIPC 25 0.7(0.4-1.0) 0.965 22 1.7(1.2-4.0) 0.675 13 1.6(1.4-2.8) 0.751 

 Control 21 0.8(0.2-1.4)  19 1.5(1.3-2.3)  15 1.7(1.2-1.8)  
Eosinophil RIPC 25 0.1(0.0-0.1) 0.157 22 0.0(0.0-0.0) 0.198 13 0.0(0.0-0.4) 0.650 

 Control 21 0.0(0.0-0.1)  19 0.0(0.0-0.0)  15 0.0(0.0-0.1)  
Basophiles RIPC 25 0.0(0.0-0.0) 1.00 22 0.0(0.0-0.0) 0.099 13 0.0(0.0-0.0) 0.786 

 Control 21 0.0(0.0-0.0)  19 0.0(0.0-0.0)  15 0.0(0.0-0.0)  
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Variable Group PO1 PO2 PO3 

N Descriptive P value N Descriptive P value N Descriptive P value 

Coagulation 
PT RIPC 23 15(14-16) 0.235 19 16.63±2.09 0.197 10 17.60±2.91 0.523 

 Control 23 16(14-19)  21 15.71±2.31  15 18.73±4.96  
APTT RIPC 21 37(31-45) 0.472 14 39(31-55) 0.290 10 34(32-45) 0.738 

 Control 20 38(30.5-54)  15 36(30-44)  13 36(32-38)  

Fibrinogen RIPC 22 1.30(1.15-1.60) 0.503 14 2.60±0.69 0.260 10 3.75±0.97 0.081 

 

Table 2. Descriptive statistics for PICU laboratory analysis according to RIPC or control allocation. Parameters were measured at 

PICU arrival (PO1), day 2 (PO2) and day 3 (PO3) after surgery. Abbreviations: AlkPhos: alkaline phosphatase; ALT: alanine 

aminotransferase; APTT: activated partial thromboplastin time; AST: aspartate aminotransferase; CRP: C reactive protein; Hb: 

haemoglobin; HCT: haematocrit; MCH: mean corpuscular haemoglobin; MCV: mean corpuscular volume; PICU: paediatric intens ive 

care unit; PO: post-operative; PT: prothrombin time; RBC: red blood cells; WBC: white blood cells. 
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Appendix 4. Immediate post-operative echocardiographic data analysis.  

 

An immediate post-operative echo was possible to be performed for a small number of patients;  

Table 1 presents the descriptive statistics for echocardiographic measurements at the pre-

operative (Pre-op), immediate post-operative (PO1) and next morning (PO2) analysis.  

Variable Time point N Mean – SD Median – IQ  range P value 

FS Pre-op 12 31.75±9.353  0.701 

PO1  29.08±14.817  
 

PO2  27.83±12.239  

EF Pre-op 12  64(53-76) 0.393 

PO1    56(44-73)  

PO2   61(48-68)  

MV LAT S Pre-op 7 0.052±0.022  0.389 

PO1  0.052±0.015  

PO2  0.061±0.021  

MV SEP S Pre-op 5 0.498±0.018  0.683 

PO1  0.055±0.012   

PO2  0.048±0.016   

LV IVRT Pre-op 6 51.33±22.651  0.707 

PO1  53.50±7.868  

PO2  48.50±12.145   

MV E/A  Pre-op 5 1.780±0.832  0.474 

PO1  1.499±0.116  

PO2  1.810±0.415   

MV LAT E/E´ Pre-op 6 12.655±2.976  1.00 

PO1  12.598±2.976  

PO2  12.625±4.821   

MV SEP E/E´ Pre-op 5 12.862±3.923  0.142 

PO1  13.966±3.813  

PO2  15.797±2.996   

TV ANT S  Pre-op 7  0.090(0.053-0.100) 0.135 

 PO1   0.046(0.040-0.076) 

 PO2   0.050(0.040-0.050) 

Table 1. Descriptive statistics for echocardiographic variables according to time point.  

Data is expressed as mean – SD or median – IQ range as appropriate. Abbreviations: EF: 
ejection fraction; FS: fractional shortening; LV IVRT: left ventricle isovolumetric relaxation time; 

MV E/A: mitral inflow pulsed wave Doppler E to A velocities ratio; MV LAT E/E´: lateral mitral 

annulus E to E’ ratio; MV LAT S: lateral mitral annulus systolic velocity; MV SEP E/E :́ septal mitral 

annulus E to E’ ratio; MV SEP S: septal mitral annulus systolic velocity; PO: post-operative; TV ANT 

S: tricuspid annular systolic velocity. 
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Measurements of left ventricle systolic function (Figure 1), left ventricle diastolic function 

(Figure 2), and right ventricle systolic function (Figure 3) did not result in a significant repeated 

measure variation. 

 

Figure 1. Echocardiographic measures of LV systolic function according to time point.  

Abbreviations: EF: ejection fraction; FS: fractional shortening; MV LAT S: lateral mitral annulus 

systolic velocity; MV SEP S: septal mitral annulus systolic velocity; PO: post-operative. 
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Figure 2. Echocardiographic measures of LV diastolic function according to time point.  
Abbreviations: IVRT: isovolumetric relaxation time; MV E/A: mitral inflow pulsed wave Doppler E 

to A velocities ratio; MV E/E´: lateral mitral annulus E to E’ ratio; MV SEP E/E :́ septal mitral annulus 

E to E’ ratio; PO: post-operative.  
 

 

 
Figure 3. Echocardiographic measure of RV systolic function according to time point.  

Abbreviations: PO: post-operative; TV ANT S: tricuspid annular systolic velocity. 
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