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“The whole of life is just like watching a film. Only it’s as though you 
always get in ten minutes after the big picture has started, and no-one will 
tell you the plot, so you have to work it out all yourself from the clues.”  

~ Terry Pratchett, Moving pictures 
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Abstract 

Background and hypothesis: Standard pharmacological treatment for heart failure improves 

cardiac remodelling and survival in the setting of chronic heart failure, but is suboptimal in cases 

of acute heart failure (AHF). Peripartum cardiomyopathy (PPCM), de-novo hypotension (often due 

to haemorrhagic shock), and Takotsubo cardiomyopathy (TC) are conditions which have acute 

onset of heart failure, and often present with high mortality rates. In patients treated for these 

pathologies, a variation in the heart rate is observed and could potentially be used as a target to 

improve the treatment of AHF. We therefore questioned whether the use of a sinoatrial node 

inhibitor (ivabradine) to modulate heart rate may improve outcomes in AHF.  

Objectives and methods: Our objectives were 3-fold: (1) to explore the effect of a standard 

treatment strategy on heart rate in a South African cohort of PPCM patients after 6 and 12 months 

follow-up. (2) To explore the effect of ivabradine, a sinoatrial node inhibitor in an established 

signal transducer and activator of transcription 3 (STAT3) knockout mouse model of PPCM (with 3 

consecutive pregnancies). Mice were fed ivabradine for 30 days (10mg/kg/day in drinking water), 

following the 3rd weaning. Trans-thoracic echocardiograms (TTE) were done at the end of the 3rd 

weaning, and after 30 days of treatment with ivabradine. Hearts were harvested after the second 

TTE for histology staining and messenger ribonucleic acid (mRNA) quantitation of transcripts 

involved in heart failure. (3) To explore the role of the sinoatrial node inhibitor in an ex-vivo 

model of de-novo AHF due to hypotension, and a newly developed ex-vivo model of TC. In the AHF 

model, hearts were stabilised before administering Ivabradine (3μM) in a buffer containing high 

free fatty-acids at a low pressure (to mimic hypotension/ haemorrhage shock conditions). A 

pressure-sensing balloon in the left ventricle measured heart rate, diastolic and systolic pressure, 

left ventricular developed pressure, rate pressure products and functional recovery. In the TC 

model, hearts were stabilised, then given a buffer with high free fatty-acid content and 10 times a 
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physiological dose of adrenaline to mimic the adrenergic response seen in TC. Thereafter, hearts 

were restored to stabilisation pressure and substrate for recovery. 

Results: (1) Clinical outcomes indicated that patients on maximum standard therapy improved 

symptomatically and on the New York Heart Association scale. However, heart rates of PPCM 

patients remained elevated after 6 months of treatment. (2) In PPCM mice, a treatment with 

ivabradine was associated with reduced fibrotic infiltration in cardiac tissue and with a decrease in 

levels of atrial natriuretic peptide and Fibronectin mRNAs. (3) Both hypotensive AHF and TC 

models showed a tendency toward better cardiac function with ivabradine at the end of the acute 

phases. This advantage was lost after withdrawal of ivabradine during recovery.  

Conclusion: In South African women with PPCM treated with standard therapy, heart rate remains 

elevated, therefore suggesting that these women may benefit from the use of ivabradine as an 

additional therapy, particularly in patients who may be intolerant to β-blockers. The long-term use 

of ivabradine in the setting of cardiac dysfunction appears to have beneficial effects on 

remodelling, as treatment with ivabradine in our mouse PPCM model showed reduced cardiac 

fibrosis. The ex-vivo models of hypotensive AHF and TC both showed benefit in reducing heart rate 

during the acute phases, and hold the potential of being an intervention therapy to improve the 

outcome in patients who are brought to hospital while still in the acute phase.  
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Chapter 1 

Introduction 

1. An introduction to heart failure 

Our understanding of the structure, purpose and mechanics of the heart has evolved gradually 

over millennia. The heart has paramount importance in many ancient cultures, and the spiritual 

aspects lent it to greatly influenced how humankind has perceived its role in the physical form. 

Our knowledge of how the heart functions, and our understanding of how it fails to function 

properly has grown over the last 50 years. In recent decades, surgical and pharmaceutical 

interventions have improved the outcome and prognosis of heart failure (HF). Presently, we are 

trying to improve and refine the symptoms of HF, to increase quality and length of life. Over time, 

our understanding of the process and development of HF has influenced how we have approached 

treatment. This understanding is closely linked to the circulatory system, and it is our knowledge of 

the circulatory system that has helped us piece together how we categorise the pathophysiology of 

heart failure.  

1.1 A brief history of cardiac dysfunction 

The first historical step in understanding HF had been in recognising the function of the circulatory 

system in distributing blood through the body. At first, the outward display of HF sufferers was not 

linked to the heart, but attributed instead to lung problems, and even magic (see review by Katz) 1. 

In more recent centuries, the heart has been identified as a muscular pump, and as the source of 

symptoms of HF rather than the previously believed respiratory problems 2. Time has refined the 

medical practices used to diagnose and treat HF – from lung taps, to cauterisation, to bleeding, and 

in the1700’s, the discovery of digitalis in a herbal remedy containing the foxglove plant 3,4. This 

discovery sparked interest in a new scientific approach and inspired pharmaceutical investigations 

giving rise to the modern therapies used to alleviate cardiac congestion and related troubles. 
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The distribution of cardiovascular diseases has varied in different regions over time- from 

atherosclerosis, to rheumatic heart diseases, to heart attacks, to heart failure (HF), with many others 

in between. The early 20th century saw poor prognosis for those with heart disease. Later, in the 

1940’s, the Framingham study 5–11 was initiated – This was the first major study to investigate 

cardiac and circulatory diseases, and led to the formal recognition of atherosclerosis, with 

increased incidences attributed to the condition 10. The study also led to the identification of 

cholesterol by John Gofmann and his team at the University of California, as well as the original 

finding of increased levels of low density lipoproteins (LDL) and decreased levels of high density 

lipoproteins (HDL) with arterial blockage. This was followed by Ancel Keys’s observation in the 

1950’s that those in the Mediterranean with a low-fat diet experienced lower incidences of heart 

disease. This started the movement recognising diet as a contributor to heart disease 12. 

Perhaps it had been such that other maladies had always been at the forefront – environmental 

diseases involving access to resources, bacterial and viral infections. In the late 19th century, 

cardiovascular diseases came to attention, even though they have been around for millennia.  From 

recognising HF symptoms in early Egypt, significant strides were made to expand knowledge of 

cardiac physiology, and as of the 15th century led to identification of (i) the structure of the heart as 

a 4-chambered vessel 13, (ii) the function of the heart as a muscular pump 13, (iii) the mechanics 

and contributions of systolic and diastolic contraction  13,14, (iv) the double circulatory system loop 

carrying venous and arterial blood between the heart, lungs and peripheries 14, (v) the initial stages 

of heart diseases such as angina and CAD 15, which, together with other conditions can further 

lead to (vi) HF, often underlying oedema and dyspnoea 16. 

Hence, in research, our objectives should lead us to dissect with finesse the molecular problems 

underlying the different forms of cardiac dysfunction in HF so that we can offer personalised and 

optimised approaches which will help to shape the future direction of cardiac medicine.  
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1.2 What is heart failure? 

1.2.1 Definition, signs and symptoms 

Cohn defines Hart failure (HF) as ”the inability of the heart to fill with or eject blood” 17. The 

guideline of the European Society of Cardiology considers HF as a clinical syndrome with specific 

combinations of signs and symptoms 18. These signs include tachycardia, pulmonary rales, 

tachypnoea, pleural effusion, raised jugular venous pressure, and hepatomegaly 19. Symptoms 

include breathlessness when at rest or with exertion, dyspnoea, orthopnoea, fatigue, swelling of the 

ankles, and coughing. These signs and symptoms are caused by structural or functional 

abnormalities which reduce cardiac output or elevate intra-cardiac pressures at rest or with 

exertion.  

1.2.2 Acute and chronic heart failure 

1.2.2.1 Chronic heart failure 

The onset of HF can occur at different paces (see table 1.1). Chronic HF develops with a gradual 

onset of symptoms, and it is said to be stable if these symptoms remain unchanged for at least one 

month 18. Chronic HF can occur as a result of a number of conditions and cardiomyopathies, such 

as dilated cardiomyopathy, peripartum cardiomyopathy (PPCM), rheumatic heart disease, 

ischaemic heart disease, pericardial disease, human immunodeficiency virus (HIV)-associated 

cardiomyopathy. endomyocardial fibrosis, pulmonary hypertension, or valvular diseases 20,21. 

Deterioration of symptoms in chronic cases is known as ‘decompensation’ and can occur gradually 

or suddenly 18.  

The severity of HF (both acute and chronic) is classified using the New York Heart Association 
(NYHA) scale. 
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Table 1.1: A comparison of acute and chronic heart failure. Abbreviations: ACE – angiotensin-converting 
enzyme; DCM – dilated cardiomyopathy; HIV – human immunodeficiency virus; PPCM – peripartum 
cardiomyopathy 

 
Chronic Heart Failure Acute Heart Failure 

Timing Gradual worsening of cardiac 

function 

Rapid worsening of cardiac 

function requiring urgent therapy 

Symptoms Shortness of breath, fatigue, 

swelling of lower limbs, 

palpitations, reduced exercise 

capacity 

Similar to chronic, but more rapid 

and severe development 

Causes DCM, PPCM, hypertension, 

ischaemic cardiomyopathy, HIV 

cardiomyopathy, rheumatic heart 

disease, previous cardiac damage 

Can occur de novo, or due to 

acutely onset cardiac events such as 

hypotensive/ haemorrhagic shock, 

Takotsubo cardiomyopathy, PPCM 

Management Β-blockers, ACE inhibitors, 

diuretics, mineralocorticoid 

receptor blockers 

Symptom-based, to improve 

perfusion and remove precipitating 

agent 

1.2.2.2 Acute heart failure 

Acute heart failure (AHF) develops with a sudden onset of symptoms which require urgent 

treatment tailored to address these symptoms 22. Symptoms presented in AHF are the same as those 

presented in chronic HF but are more sudden and severe in presentation. It can occur as first 

presentation (de novo), as a consequence of acute decompensation of chronic HF, or as a result of 

cardiac conditions 22. These conditions include tachyarrhythmia, infection, bradyarrhythmia, toxic 

shock, pulmonary embolism, surgical and perioperative complications, metabolic and hormonal 

derangement – conditions which culminate in hypotensive /haemorrhagic shock, Takotsubo 

cardiomyopathy,  PPCM, acute viral myocarditis, or tachycardiomyopathy, which may lead to AHF 

22–24. Some of these conditions may resolve completely in certain cases such as PPCM and 

Takotsubo cardiomyopathy. However, when it occurs in addition to other cardiac conditions, such 
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as acute myocardial infarction, dilated cardiomyopathy, or in addition to chronic heart failure, the 

prognosis is poor 24.  

The outcome of AHF is often grave, with patients frequently needing re-hospitalization, and a 

mortality rate of 30% within a year of an initial AHF incident 18,25,26. A study investigating AHF was 

conducted across 30 European countries and found equal gender frequency, with coronary artery 

disease, hypertension, and atrial fibrillation as the most common preceding factors. Arrhythmias, 

valvular dysfunction, and acute coronary syndrome (ACS) were also found to contribute as 

auxiliary factors 25. A third of all cases had pre-existing heart failure with a preserved left 

ventricular ejection fraction (>45%) 27. 

AHF can present clinically in different ways; (i) acute pulmonary oedema resulting from cardiac 

dysfunction, (ii) acute worsening (decompensation) of chronic heart failure or (iii) cardiogenic 

shock, often in the setting of an ACS, characterised by hypotension, peripheral vasoconstriction, or 

oliguria 28,29. Patients who present with hypotensive AHF are characterised by having low systolic 

blood pressure (<90mmHg), and make up 5-8% of reported AHF cases, but these cases are 

associated with high mortality rates, particularly with loss in circulatory power typical of 

cardiogenic / haemorrhagic shock 18,30,31.  

1.2.3 New York Heart Association classification 

The New York Heart Association (NYHA) scale is used to describe and grade the severity of HF signs 

and symptoms as previously described (see section 1.2.1). NYHA classification is determined as 

follows 18,32: 

➢ Class I: Patients with cardiac disease who experience no limitations with physical activity. 

No breathlessness, fatigue or palpitations with physical activity. 
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➢ Class II: Patients with cardiac disease who experience slight limitations with physical 

activity. Comfortable at rest, but slightly increased breathlessness, fatigue or palpitations 

with ordinary physical activity. 

➢ Class III: Patients with cardiac disease who experience marked limitations with physical 

activity. Comfortable at rest, but increased breathlessness, fatigue or palpitations with less 

than ordinary physical activity. 

➢ Class IV: Patients with cardiac disease who experience severe limitations with and/ or 

without physical activity. Not comfortable at rest. Increased breathlessness, fatigue or 

palpitations with less than ordinary physical activity. Discomfort with all physical activity, 

with possible symptoms at rest too. Increased discomfort with any physical activity 

undertaken.  

1.2.4 Left ventricular dysfunction in heart failure 

LV ejection fraction (EF), which measures the capacity of the heart to fill and eject blood, varies 

with HF. The outcome of the EF with HF can fall into 1 of 3 categories; (i) EF below 40%, classified 

as HF with a reduced EF (HFrEF), (ii) EF between 40% and 49% is classified as HF with mid-range EF 

(HFmrEF), and (iii) EF above or equal to 50%, classified as HF with preserved EF (HFpEF) 28. These 3 

categories based on EF are due to different underlying conditions (see figure 1.1), and responses to 

treatment. The outcomes in patients with HFrEF and HFpEF varies in terms of response to treatment 

and reduction in morbidity and mortality 33,34.  

Diagnosing HFpEF is more challenging as patients do not have dilated LV, but rather thickened LV 

walls or an increased left atrial size which coincides with an increased filling pressure 24. Many 

patients display impaired LV filling capacity, diastolic dysfunction, thus it is sometimes referred to 

as ‘diastolic HF’ 35,36.  Patients who have reduced EF display signs of predominantly systolic 

dysfunction, but sometimes diastolic dysfunction too35. HFmrEF is a grey area that exists between 
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preserved and reduced ejection fraction, with patients displaying mild systolic dysfunction with 

features of diastolic dysfunction 24. 

 

Figure 1.1: Cross-sectional view of the left ventricle showing changes in ventricular wall thickness and 
contraction underlying heart failure. LV cavity is dilated in HFrEF and unable to contract properly during 
systole, thereby reducing ejection fraction. HFmrEF has similar dysfunction to HFrEF, but to a lesser degree. 
HFpEF displays diastolic dysfunction with preserved ejection capacity. Abbreviations: LV - left ventricle; 
LVEF - left ventricular ejection fraction; HFmrEF - heart failure with mid-range ejection fraction; HFpEF - 
heart failure with preserved ejection fraction; HFrEF - heart failure with reduced ejection fraction  

HFpEF is found with various underlying conditions, but it is more typically found in the elderly 

without evidence of fluid overload and with the presence of comorbidities 37. Clinical signs and 

symptoms are similar for HFpEF, HFmrEF and HFrEF, but may vary in severity.  



23 
 

1.2.5 Diagnostic tests 

1.2.5.1 Clinical examination 

The first step in diagnosing HF is recognition and evaluation of HF symptoms and signs (see section 

1.2.1) by medical history and physical examination. Identifying the underlying cause of each case 

of HF is central to the treatment strategy. Once signs and symptoms have been clinically confirmed, 

electrocardiogram (ECG) analysis is performed to examine function and evaluate irregularities. 

This also helps to categorise patients into NYHA classes (see section 1.2.3). Blood tests are also 

performed to detect levels of biomarkers such as brain natriuretic peptide (BNP), N-terminal pro-

BNP, normal levels of which will rule out the HF state (see section 1.2.5.4).  

1.2.5.2 Electrocardiogram 

There are several tools which can be used for diagnosis, the choices of which will depend on what 

resources are available. The electrocardiogram (ECG) is the first line tool used to diagnose cardiac 

dysfunction. ECG traces of the heartbeat on its own cannot be used for diagnosis, but rather it 

assists in the diagnosis of HF by providing information related to the underlying causes and can be 

used to direct the therapeutic approach 18,37–40.  

There is no gold standard for the identification of HFpEF (see section 1.2.4) – clinical diagnosis 

needs support with measures, such as ECG, taken at rest or during exercise, as well as plasma levels 

of biomarkers. Atrial fibrillation (AF) can compound the complexity of identifying HFpEF, as 

patients with AF present with similar levels of natriuretic peptides 24,41. Conversely, patients with 

HFpEF may resultantly present with AF, which may also be more severe than cases where patients 

have stable sinus rhythms 24. 
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1.2.5.3 Imaging tools for diagnosis 

Many different imaging tools can be used to assist in confirming the diagnosis HF and cardiac 

anomalies. Diagnosis of HF is largely clinical, and these imaging tools help to support the diagnosis. 

Transthoracic echocardiography (TTE) is an ultrasound-based technique which is widely used in 

the assessment of cardiac function in the clinical setting. It is a relatively low-cost technique used 

to measure chamber dimensions and contractile function of atria and ventricles, but is not always 

readily available, and requires skilled handling to obtain an image. Other methods, such as chest x-

rays, tomography, coronary angiography and cardiac magnetic resonance are used for various 

purposes to identify origins of dysfunction.  

1.2.5.4 Blood-borne biomarkers  

Natriuretic peptides such as brain natriuretic peptide (BNP), N-terminal pro-BNP, and mid-

regional pro atrial natriuretic peptide (ANP) found in plasma can be helpful in the initial diagnosis 

of HF, as high levels of these peptides can assist in the diagnosis of patients who may be 

asymptomatic and warrant further investigation 42–46.  ST2 and troponin are both useful as 

biomarkers of cardiomyocyte stretch, higher levels of which indicate hypertensive cardiac 

dysfunction 47–49. However, several non-cardiovascular factors may also affect the levels of these 

peptides, such as ethnicity, age, gender, obesity, hypertension, non-cardiac dyspnoea, non-HF 

hypertrophy, and renal failure, so it is best to consider these peptides with caution 43,50–53. The use 

of biomarkers to identify heart failure holds the potential to be of great benefit in developing 

countries, as the skills and equipment that are required for imaging and other diagnostic tools are 

not readily available.  

1.3 The prevalence and economic burden of heart failure 

In 2010, an estimated 41 million individuals suffered from HF internationally, the preceding 

causes of which varied by region 54. In developed countries, 1 – 2% of the adult population suffer 
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from HF, and analysis by age shows that this rose to approximately 10% of the population over the 

age of 70 35,55,56. The risk of HF at age 55 is 28% for women and 33% for men 55.  The proportion of 

patients with HFrEF and HFpEF vary greatly, depending on age, sex, and location 57,58.  

HF has a high mortality rate varying from 39% to 67% across regions of Europe and Africa within 

5 years of diagnosis 59–61. Individuals may have several different pathologies (both cardiovascular 

and non-cardiovascular) underlying and sometimes exacerbating HF. In Sub-Saharan Africa in 

particular, heart failure has proven to be the dominant form of cardiovascular disease 62. This has 

significant social and economic impact, as it has a high prevalence, impact, and mortality on young 

individuals who would otherwise be economic contributors 20. Non-endemic cardiomyopathies 

include arrhythmogenic right ventricular cardiomyopathy and hypertrophic cardiomyopathy. 

Endemic cardiomyopathies include endomyocardial fibrosis, dilated cardiomyopathy and 

peripartum cardiomyopathy 63. Hypertensive heart disease, cardiomyopathies and myocarditis 

accounted for 40 – 45% of recorded cases of HF in Sub-Saharan Africa 64.  

1.4 Aetiology  

1.4.1 Aetiology of chronic heart failure 

The causes behind the development of HF vary by region. There have been noted general 

tendencies in high income countries for HF to be the outcome of  hypertension, coronary heart 

disease, and occasionally cardiomyopathy and valvular disease 54,65. These are largely attributed to 

the high prevalence of cardiovascular risk factors such as obesity, diabetes, physical inactivity, 

smoking, and excess alcohol consumption 65,66. HF in Africa is largely non-ischemic in origin. It 

stems mainly from cardiomyopathies, hypertension, chronic lung disease, pericardial and 

rheumatic heart diseases 63. Low to middle-income countries, such as those in sub-Saharan Africa, 

have very different causes of HF, though urbanisation may be a contributor to the shift toward 

tendencies seen in high income regions 67.  Previous persistence of disease such as endomyocardial 
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fibrosis, rheumatic heart disease, tuberculous pericardial disease and anaemia have in the past 

been significant contributors to HF in Southern Africa 65,68.  

 

 

Figure 1.2: Aetiologies of heart failure. There are varying causes of HF which can be divided into 3 
categories: diseased myocardium, abnormal load, and arrhythmias. Adapted from Ponikowski et al 18. 

There are a number of additional factors which could affect LV function and lead to the 

development of HF. These include acute myocardial infarction and revascularisation 69. There are 

also a number of other causes of HF including viral infection, pulmonary hypertension and 

valvular heart disease 22. Development of HF is non-specific and can relate to circulatory 

insufficiency and load irregularities, inadequate tissue perfusion, as well as decreased muscle 

contraction and other mechanistic abnormalities. The figure above, adapted from Ponikowski et al 
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(see figure 1.2), summarises possible causes of HF separating them into categories due to 

myocardial disease, abnormal loading conditions, and arrhythmias 18,70. 

1.4.2 Aetiology of acute heart failure 

Chronic HF decompensated into AHF as a result of a multitude of precipitant factors – rapid 

hypertensive changes, ACS, bradycardia and other conduction anomalies together with sudden 

onset of arrhythmias, and acute mechanical dysfunction 18. Independent predictors of AHF include 

low LV ejection fraction at presentation, advanced age, higher troponin levels at peak and 

admission, and physical stressors preceding the acute event (see table 1.2) 24.  

AHF in Africa is commonly due to hypertension and rheumatic heart disease 20,71. The THESUS-HF 

study examined 12 different centres across Sub-Saharan Africa, and found mortality rates for AHF 

of 4.2% in-hospital, and 17.8% after 6 months 20.  It mainly affected middle-aged men and women, 

in equal proportion. These findings mirror non-African AHF registries, suggesting that AHF has a 

dire prognosis globally, regardless of cause 59. 
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Table 1.2: Major and minor risk factors in acute heart failure as described by the Heart failure association, 
2010.. Most notable risk factors for AHF include older age with lower systolic blood pressure, pulmonary 
oedema, unexplained syncope, ventricular fibrillation or tachycardia, and / or low ejection fraction.  

Risk factor Higher risk Lower risk 
Major risk factors 
Age ≥75 years See minor risk factors 
Systolic BP <110mmHg >110mmHg 
Clinical pulmonary oedema Present Absent 
Unexplained syncope, 
ventricular fibrillation or 
tachycardia 

Present Abset 

LVEF <35% See minor risk factors 
LV outflow tract obstruction ≥40mmHg <40mmHg 
Mitral regurgitation Moderate – severe Absent – mild 
Apical thrombus Present Absent 
New ventricular-septel defect 
or contrained LV wall rupture 

Present Absent 

Minor risk factors 
Age 70 – 75 years <70 years 
ECG   
 QTc ≥500ms <500ms 
 Pathological Q waves Present Absent 
 Persistent ST elevation Present Absent 
LVEF 35 – 45% ≥45% 
Physical stressor Present Absent 
Natriuretic peptides   
 BNP ≥600pg/mL <600pg/mL 
 NT-proBNP ≥2000pg/mL <2000pg/mL 
Bystander obstructive CAD Present Absent 
Biventricular involvement Present Absent 

Adapted from Carita et al 29. Abbreviations: AHF – acute heart failure; BNP – brain natriuretic peptide; BP – 
blood pressure; CAD – coronary artery disease; LV – left ventricle; LVEF – left ventricular ejection fraction; 
ml – millilitre; mmHg – millimetres of mercury; ms – milliseconds; NT – N-terminal; pg – picograms. 
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1.5 Pathophysiology of heart failure 

Pathophysiology in chronic HF occurs when physiological adaptations meant for short-term 

become aberrantly expressed in the long-term. Physiological adaptations occur in response to 

transient overload scenarios such as those which occur with exercise and pregnancy. 

Pathophysiology engages mechanisms involved in persistent inflammation, followed by those in 

matrix remodelling, resulting in fibrosis and myocardial stiffening associated with HF. It can also 

occur following tissue damage, as occurs with myocardial infarction, after which adaptation 

occurs, leading to failure. 

1.5.1 Metabolic changes in heart failure 

Metabolic changes associated with heart failure can occur instantaneously. The setting of HF in 

some ways resembles that of the foetal heart. One such instance is oxygen availability – due to poor 

circulation in HF, there is limited oxygen availability. Similarly, in the foetus, where there is a 

shared circulatory system, oxygen pressure is relatively low. Hypoxia conditions found in the foetal 

setting favours the use of glucose as a fuel, as opposed to the adult heart which favours the use of 

fatty acids as a fuel. Glucose availability influences the myosin heavy chain isoform expression – 

MHC-B is predominantly expressed in the adult heart and provides greater contractile power as is 

required in an oxygen rich environment with the need to react to physical stresses. MHC-α is 

predominantly expressed in the foetal heart 72–74. Pressure/volume overload sees a shift from MHC-

α to MHC-β – a switch hypothesised to be triggered by forced glucose uptake 72–75.  

Transcription of glucose regulatory elements, such as the GLUT1 and GLUT 4 receptors which 

coordinate cellular uptake of blood glucose, as well as pyruvate dehydrogenase kinase 2, muscle-

glycogen synthase, mitochondrial Carnitine palmitoyltransferase I, medium chain acyl-CoA 

dehydrogenase and acetyl-CoA carboxylase, are all higher in the healthy adult human heart than 

in the foetal and failing heart 72,76–78.  
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In the stressed myocardium, the switch from highly aerobic metabolism of fatty acids to the 

oxygen-sparing metabolism of glucose is necessary for short-term tissue survival. Glycolysis is 

thought to provide the fuel for ion pumps cycling calcium. Without this transient switch in 

metabolism, the energy deficit which may occur could exacerbate contractile dysfunction, leading 

to apoptosis or necrosis 79. A similar switch from fat to glycogen is seen in animals exhibiting the 

phenomenon of hibernation, as a strategy for programmed cell survival 80. 

 

Figure 1.3: Modification of metabolism in the heart due to various stimuli. These stimuli cause a switch from 
glucose to fatty acids as a fuel, as this is less oxygen expensive. This favours activation of the foetal gene 
program which is designed to favour low blood oxygen levels, as would be present in the womb. In the 
short-term, this switch is beneficial, but long-term activation is strongly linked to chronic heart failure. 
Figure adapted from Taegtmeyer et al 72 

The switch to the foetal gene program activates cardioprotective anti-apoptotic pathways involving 

signalling cascades with PI3 kinase and protein kinase B (akt) activation 81–83. Akt regulates 

metabolic substrate use, phosphorylating GLUT4, and promotes glucose uptake independently of 

insulin while simultaneously inhibiting fatty acid oxidation 84–86. 
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In some cases – in cases such as pressure overload, hemodynamic unloading, hypoxia, low-flow 

ischemia -remodelling as a result of changes in load causes transcriptional reversion to the foetal 

gene program (see figure 1.3). This is cardioprotective and adaptative, and does not necessarily 

dictate irreversible tissue damage 72.  

1.5.2 Endothelial dysfunction 

Endothelial dysfunction occurs when there is an impaired release of nitric oxide (NO) in the 

endothelial layer lining blood vessels. This causes impaired balance between vascular constriction 

and relaxation which inhibits blood flow 87. Reactive oxygen species (ROS) which are released in 

response to injury, stress, and with impaired cellular function accelerate the degradation of NO 

species 88–90. Targeting ROS by means of xanthine oxidase, Acidified nicotinamide adenine 

dinucleotide/ Acidified nicotinamide adenine dinucleotide phosphate (NADH/NADPH) oxidase, and 

uncoupled endothelial nitric oxide synthase could potentially help to prevent endothelial 

dysfunction, as it would prevent the loss of NO (see figure 1.4) 89,90. The shift in the vascular 

oxidative balance to an increase in levels of ROS, and depletion of NO is a contributing factor to 

endothelial dysfunction seen in cases of HF  90. Poor endothelial response to vasodilatory agents like 

acetylcholine, adenosine, nitro-glycerine and sodium nitroprusside has been noted in patients who 

experience cardiovascular events 88,91.  Endothelial dysfunction can be a predictor of 

cardiovascular disease, and is an indicator of high mortality risk in HF patients 87,92. 



32 
 

 

Figure 1.4: Balance in oxygen species underlie the pathophysiology of endothelial dysfunction. Uncoupled 
NOS, xanthine oxidase and NADPH oxidase increase cellular levels of ROS. Poor regulation of blood 
pressure, metabolic substrate levels and blood volume skew the balance for oxidative stress, resulting in 
pathophysiological endothelial function. Image adapted from Cai et al 89. Abbreviations: NADPH - 
nicotinamide adenine dinucleotide phosphate; NO – nitric oxide; NOS - nitric oxide synthase; ROS - 
reactive oxygen species,  

1.5.3 Physiological adaptation of the heart 

1.5.3.1 Hypertrophy 

Physiological hypertrophy is defined by the changes in the cellular and macroscopic structures of 

the heart as a result of a natural physiological increase in volume overload. This physiological 

adaptation occurs over extended periods of time (weeks), and can be reversible 93,94. Adaptive 

hypertrophy happens in response to signalling cascades and the activation of certain biochemical 

factors such as extracellular-signal-regulated kinase (ERK) and insulin-like growth factor (IGF), 

which stimulates pathways involving protein kinase B (AKT) 95,96. These are pro-survival pathways 

which inhibit apoptosis and promote growth, thus offering protection to the heart 97. Another path 

offering protection is initiated by natriuretic peptides (ANP and BNP) which leads to the formation 

of cyclic guanosine monophosphate (GMP), the end result of which is the restriction of 

hypertrophy by repression of remodelling transcription factors 98,99.  
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1.5.3.2 Angiogenesis 

Angiogenesis forms part of the remodelling process in the long-term. It aims to supply oxygen and 

nutrients to damaged tissue, and to newly formed or densified tissue, through the formation of new 

blood vessels from pre-existing vasculature. This is a complex process regulated by a number of 

signalling pathways. Signal transducer and activator of transcription 3 (STAT3) plays a role in 

angiogenesis under both physiological and pathological conditions by regulating the expression of 

multiple pro-angiogenic molecules 100. Expression of vascular endothelial growth factor (VEGF) 

correlates with STAT3 activity, as STAT3 regulates transcription of VEGF 101. Constitutive activation 

of STAT3 has been linked to angiogenesis involved in the progression of cancer 102. Transient 

activation of STAT3 can be beneficial in the cardiovascular setting where tissue may be at risk of 

necrosis, due to cell damage and limited oxygen access. Loss of STAT3 in cardiomyocytes  decreases 

capillary density, thus implicating STAT3 in the homeostatic regulation of vessel formation in the 

heart 103. STAT3 deficient animal models have surprisingly not shown physiological changes in 

VEGF expression, but these animals show upregulation of anti-angiogenic and pro-fibrotic genes 

104–106. Many of the anti-angiogenic factors linked to inactivity of STAT3 are involved in the 

structural integrity of the extracellular matrix 107–109. These findings support the idea of STAT3 

playing a central role in the fundamental mechanisms regulating not just vasculature, but also the 

extracellular matrix in the heart.  

Physiological hypertrophy differs from pathological hypertrophy in many ways; normal gene 

programming is maintained, fibrosis does not develop, and normal cellular function continues in 

physiological hypertrophy 98.  

1.5.4 Pathological hypertrophy 

Progressing from a normal, healthy heart structure to the structures present in pathologically 

affected hearts can occur either as a result of mechanical or neurohormonal stimulus. There are 2 
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mechanical triggers; an increased circulatory load due to (i) increased pressure or, (ii) increased 

volume (see review by Opie et al, 2006) 110. These affect the contractile apparatus in muscle fibres.  

Αlpha-actin elements play a role in contractility of the heart, with α-skeletal actin and α-cardiac 

actin serving as the sarcomeric forms in adult hearts 111. Messenger RNA expression of α-skeletal 

actin correlates with a greater increase in cardiac contractility compared to that of α-cardiac actin 

112. Α-skeletal actin plays a role in pressure overload response, initially its mRNA transcription 

increases, and within a few days of the incident, declines 113. These sarcomeric α-actins are paired 

and equally co-expressed (but independently regulated) in the foetal heart and in regenerating 

skeletal muscle 114–116. Relative levels of expression of these 2 isoforms provides information as to 

the state of the tissue, as mRNA expression levels of α-skeletal actin are elevated transiently during 

hypertrophy, and fall to an intermediate level in overt HF 116,117.   

Endocrine stimulation of the progressive HF state can be the end product of the release of 

noradrenaline 118, or with binding of natriuretic peptides to natriuretic receptors at the cell 

surface, activating signalling cascades modifying rate of function and effectivity of the target tissue 
119. 

1.5.4.1 Concentric LV hypertrophy 

An increase in the circulatory pressure load causes the contractile tissue comprised of myocytes to 

thicken, which better opposes the pressure and continues to pump 98,110. This leads to thickening of 

the chamber wall (see figure 1.5) reducing the internal volume capacity. This process is known as 

concentric LV hypertrophy. It is deemed beneficial, but when cardiomyocytes respond by apoptosis, 

the remodelling leads to LV dilatation (see figure 1.5). 
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Concentric hypertrophy is a pathological state which causes a metabolic and transcriptional 

reversion to the foetal gene program in rodent models 72,78,120. It is the most fibrotic of the 

hypertrophic states, and in some instances, is characterised by myocardial cellular dysfunction.  

The reaction of the heart to haemodynamic and metabolic stress causes the suppression of the post-

natal gene program, and reversion to the foetal gene program 121.  The foetal heart is geared 

toward surviving the stress of hypoxia, favouring oxygen-sparing mechanisms in metabolism, thus 

preferring glucose and carbohydrates as metabolic substrates over fatty acids 72.  

 

Figure 1.5: Cardiovascular remodelling occurring in the left ventricle as a result of pathological stimulus. 
Physiological hypertrophy may be reversed and does not activate the foetal gene program, fibrosis, or 
cellular dysfunction. Concentric hypertrophy due to an increased pressure load, and eccentric hypertrophy 
which occurs as a compensatory measure, activate the foetal gene program and may cause cellular 
dysfunction. Image adapted from van Berlo et al & Opie et al 110,122 



36 
 

Metabolism and HF form a negative feedback loop: aberrant metabolism leads to HF leading to 

further altered metabolism, etc. 123. The defunct energy dynamics result from adrenergic activation, 

together with increased deleterious free fatty acid metabolism, decreased beneficial glucose 

metabolism, and compounded by insulin resistance in some instances 121,124. The cellular fuel ATP 

becomes depleted in the myocardium and the efficiency of mechanical potential decreases 72. 

Postnatally, energy substrate metabolism switches rapidly to fatty acid oxidation 72. This metabolic 

switch is accompanied by the switch in expression of metabolic enzymes as well as other proteins 
72,78.  

Under hypoxic and hypertrophic conditions, such as may be present in pathological maladaptive 

conditions and HF, the adult heart reverts to the foetal gene program.  

Reversion to the foetal gene program favours the re-expression of atrial natriuretic peptide (ANP), 

transforming growth factor β (TGF-β), and switches to foetal expression isoforms of metabolic 

enzymes and sarcomeric proteins such as myosin heavy chains and α-actins 72. Certain factors, 

such as Periostin, which are re-expressed in HF and hypertrophy have altered fibroblast function, 

affecting the structural integrity of the muscle 125. 

The isoform expression of many sarcomeric proteins switches at birth. The myosin heavy chain 

(MHC) isoform switch appears to be directly related to the required mechanical performance and 

efficiency of function required after birth. In mice, MHC-β is the predominant isoform in the 

ventricle of the developing heart, but is replaced by MHC-α isoform postnatally 126. Humans, 

however, express the MHC-β isoform regardless of whether they are in developmental or adult 

stage 74,127, although skeletal α-actin and titin isoforms are developmentally regulated. In the foetal 

and neonatal heart α-skeletal actin is the dominantly expressed isoform. This switches to α-cardiac 

actin in the adult heart 72,127. With time, the foetal expression program is insufficient to support 

mechanical function and structure of the heart 72. 
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Increased pressure activates the release of angiotensin II enzyme and aldosterone (which promote 

reabsorption of water), further increasing volume load, and TGF-β, which in turn activate the 

mitogen-activated protein kinase (MAPK)/ JNK pathway promoting fibrosis and cell death 110,128. 

The renin-angiotensin-aldosterone system (RAAS) can also directly activate hypertrophy, 

inflammation, or fibrosis independently of load changes, as demonstrated in animal models 129–132. 

1.5.4.2 Eccentric LV hypertrophy 

An increase in the circulatory volume load causes the contractile tissue comprised of myocytes to 

lengthen. This leads to enlargement of the chamber (see figure 1.5), often thinning the muscle 

walls - a process known as eccentric LV hypertrophy98,110. This often occurs in a pathological 

setting as a compensatory measure after the formation of infarct scars. Transient eccentric LV 

hypertrophy is deemed beneficial, but when cardiomyocytes respond by apoptosis, the remodelling 

leads to LV dilatation (see figure 1.5). Dilatation can also occur in certain cardiomyopathies as a 

result of dysfunctional sarcomeric proteins which facilitate binding of adjacent cardiomyocytes, 

such as B-myosin heavy chain (β-MHC), myosin-binding protein C, myosin light chains, cardiac 

troponin T and cardiac actin 133–136.  

Eccentric hypertrophy is a pathological state which causes a metabolic and transcriptional 

reversion to the foetal gene program 72,78,120. There may be some instances when fibrosis or cellular 

dysfunction occurs. In the event that it progresses to HF, hearts will revert to the foetal gene 

program, have moderate fibrosis, and will have cellular dysfunction.  

1.5.5 Mixed remodelling 

Concentric left ventricular hypertrophy occurs in response to increased pressure load. This causes 

thickening of myocytes and LV chamber wall. Eccentric hypertrophy occurs in response to an 

increased volume load, which causes lengthening of the myocytes (see figure 1.6). Presence of scar 
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tissue together with a mixed volume and pressure load increases LV volume and has mixed 

concentric and eccentric remodelling  98,110,122. This can occur after formation of an infarct in the 

progression to HF (see figure 1.6).  

Figure 1.6: Mixed remodelling is can occur in the presence of myocardial scarring (indicated in blue). An 
increased load in this instance causes dilation of the scarred regions, and hypertrophy in healthy regions. 
Image adapted from Opie et al 110 

1.5.6 Inflammation and Fibrosis 

The medley of factors involved in the development of fibrosis is complex. Initial inflammation 

facilitated by the immune system, in response to stimulus by the likes of Angiotensin I & 

Angiotensin II (Ang II). This causes the release of intrinsic inflammatory response cells including 

neutrophils, monocytes and macrophages to sites of tissue damage. Ang II induces expression of 

collagen 1 (col1) & collagen 3 (col 3), TGFβ1, and tumour necrosis factor (TNF) mRNA – cytokine 

and chemokine compounds - which precede fibrosis 137.  Monocytes circulate in the blood and are 

recruited to hypertrophic tissue in response to chemokines 138. Once there, they may differentiate 

into macrophages 139. Macrophages serve various functions including immune defence and tissue 

remodelling, particularly with hypertrophy induced by mechanical overload 140.  

These processes of hypertrophy are influenced by cardiomyocyte-fibroblast balance. The above 

process is known as reaction fibrosis and occurs due to pressure or volume overload, prior to 

cardiomyocyte death. Replacement fibrosis occurs due to scar formation, after cardiomyocyte 
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death. Chronic HF is characterised by systemic inflammation with raised circulating levels of 

cytokines and chemokines, such as TNFα and interleukin 1β, in proportion to the degree of severity 

140. This inflammation can be infectious (e.g. endotoxins), or non-infectious (e.g. haemodynamic 

overload or oxidative stress), and can originate in a multitude of tissues and cells outside of the 

myocardium 141. These include endothelial cells, leukocytes, platelets and tissue macrophages 

among others and are sometimes as a result of neurohormonal activation 142. 

 

Figure 1.7: Regulation of fibrosis. Fibrosis is regulated by a balance between pro-fibrotic compounds pro-
fibrotic and anti-fibrotic compounds and processes. Abbreviations: BMP4 – bone morphogenic protein 4; 
BNP – brain natriuretic peptide; TGFΒ – transcription growth factor β.  

Fibrosis associated with cardiac dysfunction is a factor which is a result of cardiac remodelling – a 

series of events involving imbalances of structural elements of the extracellular matrix, as well as 

agents which degrade it. It is a slow process which starts with long-terms inflammation 143,144. 

TGFβ is one of the factors released in response to injury, playing a role in tissue repair and as an 

agent facilitating fibrosis. Its activity is function to the cytokine profile (and thus the inflammatory 

nature) of the surrounding tissue 145,146. An imbalance of anti-inflammatory factors such as 

tumour necrosis factor α (TNFα) weigh against the activity of pro-inflammatory factors such as 
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angiotensin II, and aldosterone in early stages, and can be part of the initial profile of individuals 

who go on to develop cardiac fibrosis and pathological hypertrophy (see figure 1.7) 110,147,148.One 

such factor is galectin-3, a soluble β-galactoside-binding protein secreted by activated 

macrophages which mediates aldosterone-induced cardiovascular inflammation and fibrosis 149. It 

promotes collagen deposition and cardiac fibroblast proliferation 150. It can be used as a prognostic 

tool for heart failure (particularly with HFpEF) as plasma levels correlate with heart failure 

outcomes 151 

Bone morphogenic protein 4 (BMP4) is a factor produced in endothelial cells in response to 

oscillatory shear stress (i.e. factors which apply great pressure and cause cell-slippage) 152,153. 

Persistent elevation of BMP4 is associated with endothelial dysfunction, increased oxidative stress, 

and activation of inflammatory pathways which facilitate cell apoptosis and fibrosis in the long-

term 154. BMP4 plays a regulatory role in  inflammation, by producing ROS and NADPH, leading to 

the adhesion of monocyte cells to endothelial cells 152. Down-regulation of bone morphogenic 

protein receptor type II is noted for its role in pulmonary hypertension – an effect prevented by the 

activity of IL-6, and STAT3 155 

Expression of TGF-β1 in the heart induces the expression of collagen – this is the backbone of 

scaffolding for the structure of the cardiac chambers 156. Collagen 1 is known for re-enforcing scar 

tissue and is a good indicator of the density of chamber wall thickness 157. Activation of collagen 1 

in the LV leads to hypertrophy, and further, fibrosis 147. Collagen 3 plays a role in the elasticity of 

the chamber wall 158. The long-term expression of collagens 1 & 3 leads to fibrosis of the cardiac 

tissue and is associated with apoptosis of cardiomyocytes, which hampers the contractile ability of 

the wall. 

Fibronectin also contributes to the structural integrity of the chamber wall. It is an extracellular 

matrix protein regulated by Ang II which binds extracellular matrix components including 
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collagen 159. Overexpression of fibronectin coincides with that of collagen 1 and is associated with 

the development of fibrosis 160.  

 

Figure 1.8: Increased pressure load causes the release of key factors Ang II, TGFβ1, and aldosterone which 
over time cause fibrosis. MMP activation over extended time causes collagen crosslinks to split, leading to LV 
dilation, later evolving to systolic failure. Ang II, TNFα and reactive oxygen species can also directly activate 
MMPs without the development of hypertrophy. Collagen crosslinks are saved from splitting by the activity 
of TIMPs, which oppose the activity of MMPs. Figure adapted from Opie et al 110. Abbreviations: Ang II - 
angiotensin II; LV – left ventricle; MMP – Matrix metalloproteinase; TGFβ1 – transcription growth factor 
β1; TIMPs – tissue inhibitor of metalloproteinases; TNFα - tumour necrosis factor α 

With time, matrix metalloproteinases (MMPs) in the hypertrophied heart degrade the collagen 

crosslink structure, with their activity opposed by tissue inhibitors of metalloproteinases (TIMP1). 

MMPs can be induced by stress responses and the release of stress response factors such as TGFB1, 

tumour necrosis factor α (TNFα), reactive oxygen species (ROS) and angiotensin II (AngII). This 
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leads to splitting of the crosslinked collagen network, weakening the integrity of the scaffolding, 

causing dilation of the LV and ultimately systolic failure (see figure 1.8). In instances of HF, TIMP 1 

mRNA expression is increased, correlated with levels of pro-inflammatory cytokines 161. MMPs and 

TIMPs appear to be regulated independently of each other, and an imbalance in expression 

determines the progression of fibrosis 162. On progression to heart failure, selective upregulation of 

MMPs together with downregulation of TIMPs favours extracellular matrix degradation, leading to 

dilatation 163. 
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2. Pregnancy and heart failure 

The maternal body must adapt during pregnancy to supply both foetal and maternal needs. There 

are systemic physiological changes, most notably affecting the cardiovascular system, which fulfil 

the needs of the foetus. These physiological changes may appear to be pathological, but they are 

temporary changes which resolve after delivery with minimal residual effects. Under certain 

circumstances the maternal circulatory system takes strain, and pathologically modifies without 

resolution. It is the case, for example, in the heart failure-like symptoms seen in peripartum 

cardiomyopathy (PPCM). 

2.1 Physiological changes during pregnancy 

The physiological changes observed in pregnant women are fulfilling the oxygen, metabolic fuel, 

and nutrient needs of both the mother and the growing foetus, while also eliminating metabolic 

waste products (see figure 1.9). Thus as the foetus grows in a normal pregnancy, the circulating 

volume steadily increases in proportion to the growth164. This increase in volume is due to an 

increase in plasma, and not necessarily all of the components comprising whole blood 165. 

Pregnancy is itself a state of heightened coagulability, proposed to be in preparation for 

haemostasis following delivery 166.  

Cardiac remodelling in pregnancy is homeostatically regulated. Non-fibrotic remodelling develops 

with an extended capillary network to accommodate the increased volumetric load – this is 

reversible and does not carry the classical markers of pathological hypertrophy (see section 1.5)  
93,167. Pregnancy is a natural physiological instance of volume overload, the outcome of which is an 

increase in the heart muscle mass. This is a reversible process and the heart reverts shortly after 

delivery. 
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2.1.1 Stroke volume, heart rate and blood pressure 

The increased volumetric load during pregnancy results in cardiovascular changes where the heart 

and blood vessels adapt to accommodate the new circulatory needs of the body. These changes 

begin during early pregnancy, with a graded increase in cardiac output and peripheral 

vasodilation (see review by Soma-Pillay et al)165. With vasodilation, there is a fall in vascular 

resistance, and a compensatory increase in cardiac output – primarily by increased stroke volume, 

and to a lesser extent, a higher heart rate 168. An increase in stroke volume is accompanied by the 

development of physiological hypertrophy as the ventricular wall mass and the end-diastolic 

volume both increase, and there is greater myocardial contractility 168. As the pregnancy reaches 

term, cardiac output is maintained even though stroke volume begins to return to normal, while 

the maternal heart remains 10 to 20 beats per minute (BPM) higher than normal 168.  

2.1.2 Cardiac output during labour and delivery 

Cardiac output increases by up to 50% during the late stages of labour, with increases between and 

during contractions 168. Uterine contractions auto-transfuse blood back into circulation which 

increases the pre-load. Pain and anxiety felt during labour activate the sympathetic nervous 

response 165. Immediately after delivery, there is an increase in cardiac output, which rapidly 

declines to pre-labour levels within an hour. Recovery to non-pregnant levels happens 4 – 8 weeks 

after delivery 169,170.  

Normal pregnancies have increased cardiac output as a result of relieved pressure on the inferior 

vena cava, and contraction of the uterus. Thus, women with cardiovascular conditions are most at 

risk for pulmonary oedema during late labour and immediately post-partum.  
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The changes in the cellular and macroscopic structures of the heart due to increased load 

(hypertrophy) are reversible physiological adaptations which are often seen in pregnancy in both 

humans and other animals 93,94.  

2.1.3 Water and haemodynamic regulation 

Relaxin is a peptide hormone released by the corpus luteum and placenta, which plays a role in 

water regulation 171. Serum concentrations of this hormone are increased during pregnancy, rising 

until the end of the first trimester, and decreasing slightly thereafter to above-normal levels for the 

remained of the pregnancy 171,172. It stimulates the release of endothelin, releasing nitric oxide 

which causes renal vasodilation 172.  

The Renin-Angiotensin-Aldosterone system (RAAS) is also differentially regulated during 

pregnancy. Arterial under-filling due to reduced vascular filling and blood pressure stimulates the 

sympathetic nervous system, thus activating RAAS 173–175. This increases renin released by the 

kidneys and aldosterone levels in the plasma, causing the sodium and water retention typically 

found in pregnancy 173,176. During RAAS activation in early pregnancy, women develop relative 

resistance to Ang II, facilitating vasodilation without a marked increase in blood pressure 177. The 

same relative resistance may occur with other vasoconstrictive receptors such as adrenergic 

agonists 171.  

2.1.4 Release of natriuretic peptides  

During the mid- to late- stages of pregnancy the expression of the aminopeptidase and 

vasopressinase by the placenta is dramatically increased, and in cases such as twin pregnancies or 

pre-eclampsia it may result in the development of transient diabetes 178. Vasopressinase has a 

downstream effect of volume expansion, activating atrial stretch receptors, which is associated 

with the release of atrial natriuretic peptides (ANP) during the last trimester and post-partum. 
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These are notably higher in pregnancy with hypertension or pre-eclampsia 179. BNP increases at 

the onset of pregnancy, but remains steady during all 3 trimesters in healthy women 180,181.  

2.1.5 Changes in cellular respiration 

The circulatory system has to adapt to provide oxygen for both the mother and the foetus. A 

growing foetus increases the maternal metabolic rate, and demand and consumption of oxygen. It 

may be accompanied by a sensation of breathlessness at rest without actual hypoxia – a 

physiological adaptation commonly presented during the last trimester which may paradoxically 

improve with mild exercise 165.  

2.1.6 Release of prolactin 

During pregnancy, the nursing hormone, prolactin, is released by the pituitary gland. It is 

primarily responsible for lactogenesis in pregnant and nursing women – a process which enlarges 

mammary glands to produce milk when infants are suckled.  The prolactin peptide is produced as a 

30kD protein which can be differentially cleaved. Prolactin levels increase right from the start of 

pregnancy, and are up to ten-fold higher at the time of delivery 182,183. It continues to be produced 

in the post-partum period in response to suckling. 

2.1.7 Glucose metabolism 

Glucose is the primary source of fuel for the developing foetus as it grows in its hypoxic 

environment. Glucose and amino acids are diverted to the foetus, and the mother primarily uses 

lipids as fuel during pregnancy 165. The maternal body enters a diabetogenic state which alters 

metabolism to allow the foetus to harness the glucose in the shared blood supply 184. There is an 

over-production of insulin by pancreatic β cells, together with an increase in insulin resistance 

that starts in the second trimester and peaks in the third trimester 185. This is caused by the release 

of diabetogenic factors such as prolactin, placental lactogen, growth hormone, progesterone and 
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cortisol which impair insulin activity 186,187. This resistance ceases after delivery and insulin 

sensitivity is restored 188.  

2.1.8 Oestrogen and progesterone 

In the late phase of pregnancy, the release of oestrogen induces PI3K-Akt signalling in the heart via 

c-Src-kinase. It has been proposed that oestrogen is cardioprotective in pregnancy 93,189,190. At the 

onset of pregnancy, plasma levels of progesterone increase to maintain the placenta and uterine 

wall for the growing foetus, as well as to develop breast tissue for milk production 191. Progesterone 

levels start to drop 5 weeks before the onset of labour 192. They restore to levels in the luteal phase 

of a normal menstrual cycle within 24 hours of delivery 193. 

Figure 1.9: Biochemical changes which occur during normal pregnancy. Abbreviations: Ang II – angiotensin 
II; HDL – high density lipoprotein; LDL – low-density lipoproteins; RAAS – renin-angiotensin aldosterone 
system.  
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2.2 Peripartum cardiomyopathy 

2.2.1 Definition, prevalence & outcome 

Peripartum cardiomyopathy (PPCM) is defined as an idiopathic cardiomyopathy presenting with 

HF secondary to LV systolic dysfunction towards the end of pregnancy or in the months following 

delivery, where no other cause of HF is found 194. The LV may not be dilated but the EF is always 

reduced below 45% 195.   

PPCM patients present with typical symptoms of heart failure such as dyspnoea, exercise 

intolerance, coughing and orthopnoea. The most common presentation in these patients is either 

sinus rhythm or sinus tachycardia 19,196.  

PPCM is not exclusive to ethnicity, and the prevalence is geographically diverse, with higher 

incidences in some regions. It has a prevalence of approximately 1 in 300 births in Haiti, 1 in 1000 

births in South Africa, and 1 in 1150-4000 births in the USA 197–200. Incidences in the rest of the 

world are not well studied. Prevalence and overall outcome of PPCM in certain regions appears to 

correlate with low socio-economic status and ethnicity 194,200–203. 

Pregnancy is a physiological stress on the cardiac system and can prematurely precipitate genetic 

cardiomyopathies.  Individuals with deleterious truncations can develop the related 

cardiomyopathies which can be (mis)diagnosed as PPCM for lack of family history or other 

underlying cardiac factors. Screening for genes known to play a role in dilated cardiomyopathy in 

patients diagnosed with PPCM have revealed that some of the PPCM patients (3 of 5) carried 

familial mutations associated with DCM 204. Distinction between genetic and non-genetic 

predisposition to PPCM may be particularly significant, as early epidemiological studies have 

indicated that the outcomes for women who have a family history of cardiac dysfunction have poor 

prognosis 205. 
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2.2.2 Aetiology   

The precise mechanisms leading to the development of PPCM are not clearly defined, but might be 

exacerbated by factors such as hypertension, diabetes, gravidity and parity 206.   

PPCM appears to be an acute cardiomyopathy which may have an autoimmune basis. Certain 

studies have found prevalence of unique antibodies and cardiac specific autoantigens, as well as 

foetal michrochimerisms in the maternal circulation  207. Antibodies to cardiac-specific antigens 

include adenine nucleotide translocator (ANT), cardiac myosin, and β-2-adrenergic receptor 

protein antibodies 208–213. These have been identified in blood samples in patients with idiopathic 

cardiomyopathies (i.e. the category under which PPCM falls), supporting the idea of an auto-

immune basis for cardiomyopathies 208–213. There have also been antibodies found in sera of 

human patients with PPCM which are not present in other idiopathic cardiomyopathy profiles 

214,215. The PPCM phenotype is an interplay between the adaptative changes associated with 

pregnancy, such as aberrant activation of vasoactive hormones, as well as other factors in the 

altered immune environment 207.  

The development of PPCM has also been linked to the differential cleavage of the nursing hormone 

prolactin, the mechanism of which is detailed in section 2.2.3.  

2.2.3 Pathophysiology 

The time course and evolution of PPCM is highly variable by patient phenotype and thus not well 

understood. PPCM is an acute-onset heart failure condition. One main pathophysiological feature 

is left ventricular systolic dysfunction with reduced ejection fraction and fractional shortening. Not 

all patients present with left ventricular dilatation, rather it is generally observed in the more 

severe and irreversible cases 195,199,216.  
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The precise mechanism leading to left ventricular dysfunction in PPCM remains elusive, but many 

clinical and experimental studies lend support to the idea that increased oxidative stress may play 

an important role in the initiation of the disease.  This hypothesis is supported by observed 

increased levels of pro-oxidative factors in circulation – a critical feature which initiates 

angiogenic imbalance and inflammatory processes 196,217–219.  

2.2.3.1 Proteolytic cleavage of prolactin  

Recently, prolactin has been implicated in the pathogenesis of PPCM. Proteolytic cleavage of the 

full-length nursing hormone by Cathepsin D to its anti-angiogenic 16kD fragment under the 

influence of unbalanced oxidative stress, which is responsible for pro-inflammatory, apoptotic and 

anti-angiogenic effects 203,220–222. It promotes adhesion of inflammatory cells to the endothelium 

and further vasoconstriction 223,224. Levels of progenitor dendritic cells (which play a role in innate 

and adaptive immunity) are reduced in PPCM patients which accounts in part for the 

dysregulation of cardiac remodelling in pregnancy which contributes to pathogenesis of PPCM 225. 

Cleavage of prolactin in this manner by Cathepsin D has been identified as a factor initiating and 

driving PPCM 196 - a hypothesis fits well with the observation that bromocriptine, a blocker of 

prolactin formation, improved the outcome of PPCM patients in clinical trials 226,227.  

Increase in levels of 16kD prolactin has been attributed to the low activation of two 

cardioprotective signalling pathways – signal transducer and activator of transcription 3 (STAT3), 

and peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α) 196,228–230. The 16kD 

isoform is also linked to the activation of STAT3 in several cell types including cardiomyocytes 

196,231. Cardiomyocyte deletion of STAT3 or PGC-1α in mice induces PPCM-like phenotypes (see 

section 2.2.2) with a decrease of cardiac antioxidant activity. Increase in reactive oxygen species 

together with a decrease in manganese superoxide dismutase (MnSOD) levels activates cathepsin 

D. An increase in cathepsin D activity has been observed in human patients with PPCM with 
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amplified levels of oxidised low density lipoproteins as well as diminished levels of PGC-1α and 

STAT3 196,217,228. The mechanisms by which these factors are decreased in PPCM patients is still 

unknown.  

2.2.3.2 Inflammatory cytokines 

Present efforts in expanding the knowledge-base for PPCM highlight the role of inflammation and 

autoimmune reactions as pathological causes 206,232. Animal models show higher circulating levels 

of pro-inflammatory cytokines (Interleukin-6, TNFα, Interferon γ and C-Reactive Protein), where 

levels of these cytokines correlate with reduced LV function 219,233,234. In addition to these factors, 

cardiac fibrosis has been demonstrated in PPCM animal models, but has not been well studied in 

humans.  

2.2.3.3 Matrix metalloproteinase activity  

Cleavage of prolactin into its 16kD isoform may also be related to the activity of matrix 

metalloproteinases (MMP1, 2, 3, 8 & 13) 221. MMP2 has been implicated in PPCM, as patients have 

higher circulating levels of this protein, while MMP3 expression levels were found to be higher in 

the hearts of PPCM mice 196,217. Pro- and anti-oxidative processes must be balanced for 

maintenance of good maternal health 203. An increase in oxidative stress with PPCM activates 

cathepsin D which promotes MMP activation, exacerbating cardiac dilatation (see section 1.5) and 

the PPCM phenotype  189,235–237.  

2.2.3.4 Endothelial dysfunction and apoptosis 

Endothelial dysfunction and angiogenic imbalance appear to promote metabolic shortages in the 

heart which cause cardiomyocytes apoptosis and dysfunction of cardiac contractility in PPCM 

229,230,233,238.The rapid cardiac decompensation observed may be explained by maladaptive 

remodelling and poor cardiac compensation.  
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There are two distinct pathways which involve 16kD prolactin: Nuclear factor kappa-light-chain-

enhancer of activated B cells microRNA-146a (NFκΒ–miR-146a), and soluble fms-like tyrosine 

kinase-1 (sFlt1)/VEGF which mainly trigger the vascular impairment preceding HF. The NFκB 

pathway, activated by 16kD prolactin, up-regulates endothelial expression of miR-146a, inhibiting 

endothelial cell proliferation and migration. Exosome release of miR-146a into the circulation 

affects cardiomyocytes metabolism and adaptability 238. Downregulation of PGC-1α inhibits the 

activity of VEGF which results in an imbalance with sFlt1 observed in the peripartum phase 228. An 

increase in levels of circulating miR-146a, sFlt1 and apoptosis signalling molecules (Fas/Apo1) 

have been observed in PPCM patients 218,219,228,238. 

In addition to endothelial cell death and capillary constriction, an increase in cardiomyocyte 

apoptosis has been reported in PPCM, proposed to be facilitated by caspase 3 229. An improvement 

of cardiac function was observed with inhibition of apoptosis, reducing mortality, which supports 

the idea of apoptosis as an underlying factor of PPCM pathogenesis 230.  

One marker which links to poor outcomes is the first apoptosis signalling receptor / apoptosis 

antigen 1 (Fas/APO-1), a receptor involved in apoptotic signalling 218. In clinical studies, 

significantly higher levels of soluble Fas/APO-1 were found in PPCM patients when compared to 

healthy controls 218. It was further found that levels of Fas/APO-1 can be a predictor of mortality in 

PPCM patients, as patients who die have significantly higher levels compared to those who survive 

218,219.  

2.2.4 Animal models used to study peripartum cardiomyopathy 

Animal models have been developed to investigate the patho-mechanisms of PPCM.  These 

different mouse models develop the PPCM phenotype at different rates. Multiple pregnancies 

appear to proportionally increase the severity of the PPCM phenotype – this also links to the genetic 

background of the mice with the gene knockout 239,240. 
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There are various genetic knockout mouse models used to study PPCM:  

1) Mice with cardiac-specific deletion in the STAT3 gene go on to develop a PPCM, proving 

lethal after 3 to 4 pregnancies in females with heterozygous deletions, and after 2 

pregnancies in homozygous females 196. These mice also showed upregulation of the pro-

apoptotic factor, Bcl-2/adenovirus EIB 19kD-interacting protein 3 (BNIP3), associated with 

greater myocardial apoptosis 196,241. They developed severe fibrosis and dilatation of the 

chambers in the post-partum period, highlighting the significant role of STAT3 in 

pregnancy-related cardioprotection. These mice have been used to identify the significance 

of the 16kD isoform of prolactin (which links to STAT3) and the beneficial role of 

bromocriptine as a treatment strategy in the setting of PPCM 196.  

2) Mice with cardiac-specific overexpression of the α-subunit of Gq (Gαq) go on to develop 

severe and lethal PPCM as a result of excessive cardiomyocyte apoptosis after just a single 

pregnancy 230. This model highlights the role of apoptosis as a causative factor in the 

development of PPCM. They showed that inhibition of the pro-apoptotic factor Nix in this 

model reduced mortality and LV remodelling 242. 

3) Mice with knockout of the programmed death 1 (PD-1) gene, encoding a negative 

immunoregulatoy receptor 240. This autoimmune model is used to study dilated 

cardiomyopathies and can develop a PPCM-like phenotype with pregnancy. These mice 

develop severe contractile abnormalities and sudden death by congestive heart failure. 

4) Mice with cardiac-specific knockout of PGC1α, which limits mitochondrial biogenesis, and 

disturbs cardiac metabolic programming and angiogenic balance. These mice develop 

PPCM-like symptoms of cardiac dilatation and extensive fibrosis with spontaneous death 

after the first or second pregnancy  228–230. 
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5) Mice with a dual knockout of dystrophin and cardiac β1 integrin show high mortality in 

peripartum settings, with severe fibrosis, myocardial necrosis,  and extensive dystrophic 

calcification 243,244. 

2.3 Current treatment strategies 

2.3.1 Beta-blockers 

Β blockers competitively inhibit the β-adrenergic receptors in the heart by binding and blocking 

the sites which respond to sympathetic activation hormones released by the adrenal glands. This 

method of competitive inhibition prevents the excessive increase in HR and contractility – it 

prevents worsening of the condition, but has limited ability to improve existing contractility and 

HR problems which are not caused by sympathetic nervous activation 245.  

2.3.2 Angiotensin-converting enzyme inhibitors 

ACEi treatments target enzymes that originate in the lungs and prevent the conversion of 

angiotensinogen to angiotensin I and further to angiotensin II (see figure 1.10). The final version, 

angiotensin II, (a) increases sympathetic activity, causing the heart to beat faster, (b) promotes 

water retention by reabsorption of sodium and chlorine in renal tubules, (c) increases aldosterone 

excretion from the adrenal glands, causing further water retention, (d) causes arterial 

vasoconstriction, thereby increasing blood pressure, and (e) promotes the release of anti-diuretic 

hormone by the pituitary gland, also increasing water retention. ACEi treatments decrease the 

levels of angiotensin, reducing the hormone aldosterone which contributes to the control of sodium 

and water retention. These actions also contribute to the excretion of water and the outcome is 

similar to that of diuretics – better oxygenation of tissues, lower blood pressure, and reduced 

circulating water volume, which indirectly improve breathing and contractility of the heart 



55 
 

18,36,246,247. ACEi treatment is contra-indicated during pregnancy, as it is linked to an increased risk 

of foetal renal damage, but is recommended for treatment post-partum, 248.  

 

Figure 1.10: The renin-angiotensin-aldosterone system. ACE released from the lung facilitated the 
conversion of Angiotensin I to the vasoactive form, Ang II. Ang II directly increases blood pressure by its 
effects on the renal tubules. It also stimulates the release of aldosterone by the adrenal cortex, which further 
increases blood volume, and pressure. ACE inhibitors prevent the conversion of angiotensinogen to 
angiotensin by targeting enzymes in the liver. Adapted from Antranik.org 249. Abbreviations: ACE – 
angiotensin-converting enzyme; Ang II – angiotensin II. 

2.3.3 Mineralocorticoid receptor antagonist compounds  

Mineralocorticoid receptor antagonist (MRA) compounds have diuretic effects which target the 

kidneys, increasing the rate of excretion of water from the circulatory system, thereby decreasing 

blood pressure and the load on the heart. The outcome of this is better oxygenation of tissues, lower 
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blood pressure, and reduced water retention. This improves breathing and contractility of the heart 

as secondary outcomes 18,246,247.  

MRA compounds antagonise the action of aldosterone in the kidneys, increasing the rate at which 

water is excreted. Aldosterone is secreted by the adrenal cortex and stimulates Na+/K+-ATP pumps 

in the distal convoluted tubule portions of the nephrons, thus retaining water. MRAs inhibit this 

activity, acting as a diuretic, thus sodium and water are not reabsorbed in the kidneys 18,246,247. The 

overall outcome is better oxygenation of tissues, lower blood pressure, and reduced water 

retention, improving breathing and contractility of the heart as secondary outcomes.  

MRAs serve not only as diuretics, but also oppose the pro-fibrotic activity of aldosterone, thus 

helping to prevent remodelling 250,251. Use of MRAs improve the outcomes both in terms of 

morbidity and mortality in patients with chronic HF 252,253.  

2.3.4 Digoxin  

Digoxin, derived from the foxglove plant, has been used to treat HF for many decades but has been 

largely replaced in recent times by different treatment strategies. It has inotropic effects, modulates 

arrhythmias and the autonomic nervous system 254. It is the drug of choice for treatment of an 

abnormal ejection fraction during pregnancy, in PPCM 255,256, and can be used in patients who 

remain symptomatic, despite treatment with ACEi and diuretics.  

2.3.5 Hydralazine and nitrates 

Hydralazine and nitrates are used to decrease preload and afterload 257. Hydralazine is safe for use 

during pregnancy as well as with breastfeeding post-partum 258,259. Hydralazine, used in 

combination with nitrates, is used to reduce afterload and improve vasodilation, thus reducing 

blood pressure 257. The combination of hydralazine and nitrates are the preferred regimen during 

pregnancy 259, but patients are switched to ACEi after delivery.  
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2.3.6 Bromocriptine 

Bromocriptine (2 brom-x-ergocryptine, CB 154), a long-acting dopamine receptor agonist has 

been used previously to treat type 2 diabetes 260. It improves glucose tolerance, decreases plasma 

insulin and fasting glucose levels, and is also associated with a reduction in cardiac morbidity 239, It 

has also been used to treat infertility in women, eliciting its effect by reducing levels of prolactin 

261,262. Although treatment with bromocriptine in both mice and humans has been beneficial, it 

blocks the release of prolactin, thus preventing its cleavage to the 16kD isoform 196,226,239. 

Bromocriptine has an anti-coagulation effect, opposing the coagulatory effect of prolactin and as 

such, it cannot be prescribed to patients with certain circulatory problems 263,264. Bromocriptine 

plays a great role in the treatment of PPCM, but its use in treatment is not without challenges – use 

of bromocriptine prevents lactation, and in the setting of Africa, this may not be a feasible option 

from an economic stand point. Physicians would have to consider the cost-benefit balance of 

prescribing bromocriptine in the lives of the PPCM patients they treat.  

2.4 Outcomes of peripartum cardiomyopathy 

Over the past few decades, refinement of treatments and implementation has improved survival in 

PPCM and other heart failure patients. The outcomes however often remain unsatisfactory. After 6 

months, recovery of LV function varies by location – with 46 – 63% of patients regaining function 

in the USA, Germany, Turkey, China and Japan, while regions such as South Africa, Nigeria, 

Pakistan, and the Philippines only report 21 – 36% of patients regaining normal function (see 

position paper by Sliwa et al) 194. Similar patterns of variability in LV functional recovery after 12 

months  194. Studies reporting adverse events recorded for PPCM patients, in 12 months following 

an initial diagnosis and commencement of treatment, included rehospitalisation of approximately 

8% and cardiac mortality of approximately 5% of total PPCM patients 265.  



58 
 

 

Figure 1.11: Maternal deaths in South Africa by cause. Cardiac-related deaths account for 14% of all 
maternal deaths. Taken from Elliot et al 266. Abbreviations: AIDS – acquired immune-deficiency syndrome 

 

This, however, is not necessarily representative on a large-scale, as Africa bears a great load of 

PPCM burden and there is great vulnerability with peripartum diseases. Cardiac disease in the 

peripartum period is one of the leading indirect causes of  maternal death in South Africa 266. The 

proportion of maternal deaths in this region is due to cardiovascular events (excluding 

hypertension) is 14% of total maternal deaths (see figure 1.11). The outcome in terms of mortality 

for PPCM in South Africa (and Africa at large) is far worse than that of the developed world, not 

only for a greater phenotypic severity observed in African patients, but also for lack of access to 

healthcare and treatments 267.  Presently, the treatment strategies documented here are those 

available on offer to patients who can access healthcare, but additional therapies are still needed, 

particularly for the more severe cases of PPCM.  
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3. Takotsubo Cardiomyopathy-induced acute heart failure  

Acute heart failure (AHF) refers to rapid onset or worsening of signs and symptoms of HF together 

with a drastic drop in pressure. It has high morbidity and requires rapid intervention, typically 

leading to urgent hospital admission (Ponikowski et al. 2016). AHF may present as a consequence 

of acute decompensation of chronic HF, and may be caused by primary cardiac dysfunction or 

precipitated by extrinsic factors - often in patients with chronic HF. It may occur as a result of 

rapid decompensation, as will be discussed in this chapter. In certain cases, it presents as a first 

occurrence (de novo) without preceding cardiac complications.  

 

Figure 1.12: Takotsubo cardiomyopathy. Apical ballooning due to stress causes the left ventricle to extend 
and take the shape of a Japanese ‘Takotsubo’ octopus trap, thereby obtaining the name ‘Takotsubo 
Cardiomyopathy’. Image taken from Akashi et al 268. 

Takotsubo cardiomyopathy (TC) is a rare and specific instance of acute-onset HF. It was first 

described by a Japanese team in the 90’s when they observed changes in the shape of the left 

ventricle with acute stress 268. The ventricle during this cardiac event typically resembles that of an 

apical balloon – constricted at the base and dilated at the apex of the heart (see figure 1.12). This 

resembles the Japanese ‘Takotsubo’ fishing contraption used to catch octopuses, giving rise to the 

name of the cardiomyopathy. It is also used interchangeable with names such as apical ballooning 

syndrome, ampulla cardiomyopathy and broken heart syndrome 29. This condition appears to 
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mainly affect post-menopausal women, but men and younger women can also develop this 

condition 24 . 

3.1 Definition 

Takotsubo cardiomyopathy (TC) is a form of acute, usually reversible heart failure – a critical 

feature which differentiates it from other forms of AHF 24. It has been regarded as relatively benign, 

but there is growing evidence that it is a more serious cardiac disorder than previously thought, 

and its prevalence may be underestimated 269. The symptomatic features of TC closely resemble 

those of an acute myocardial infarction –patients present with chest pain, dyspnoea or syncope 

269,270. In order to distinguish TC, it is necessary to use coronary angiography with left 

ventriculography as a diagnostic tool to confirm or exclude TC 269.  

Table 1.3: Variants of TC with regard to ventricular shape, and their estimated prevalence as clinically 
observed. Taken from Ponikowski et al 18. Abbreviations: LV – left ventricle; MRI – magnetic resonance 
imaging; TC – Takotsubo cardiomyopathy.  

Variant Estimated prevalence 
Apical with or without mid-LV variant 75 – 80% 
Mid-LV 10 – 15% 
Inverted or basal 5% 
Biventricular Clinical <0.5%, Cardiac MRI 33% 
Right ventricular Unknown 
Apical tip-sparing Unknown 
Possible Atypical variants  
 Global Unknown 
 Focal Unknown 

The classical pattern of TC follows certain developmental characteristics: LV contractile 

abnormalities including reduced EF, with apical and circumferential mid-ventricular hypo-kinesia 

and basal hyper-contractility 271,272. The LV narrows at the neck while remaining globular closer to 

the apex, giving it an appearance of apical ballooning – a phenotype present in 50 – 80% of 

recorded cases (see table 1.3) 24,271. Another common feature with hypokinetic basal circumference 
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and apical hyper-contractility (also known as the ‘nutmeg’ heart), and circumferential mid-

ventricular hypo-kinesia with both basal and apical hyper-contractility (cardiac imaging 

resembling the ace of spades) 24,273–275. The most common  feature in the acute phase of TC is 

systolic failure due to the aberrant wall contraction kinetics, occurring in 12 – 45% of all cases 276–

280.  LVEF usually recovers within 12 weeks, but other indicators, such as BNP levels and ECG 

changes, may take up to a year to normalise. In some cases, depending on severity of the initial 

episode, these can remain irregular, particularly if myocardial scarring occurs.  

Table 1.4: In-hospital complications and long-term outcomes of TC. In-hospital complications and long-
term outcomes of TC, as documented by Ponikowski et al 18. Abbreviations: LV – left ventricle. 

Complication/outcome Frequency 
Acute complications  
Right ventricular involvement 18 – 34% 
Acute heart failure 12 – 45% 
LV outflow tract obstruction 10 – 25% 
Mitral regurgitation 14 – 25% 
Cardiogenic shock 6 – 20% 
Arrhythmias  
 Atrial fibrillation 5 – 15% 
 Ventricular arrhythmias 4 – 9% 
 Bradycardia, asystole 2 – 5% 
Thrombus formation 2 – 8% 
Pericardial tamponade <1% 
Ventricular wall rupture <1% 
In-hospital mortality 1 – 4.5% 
Recurrence 5 – 22% 
5-year mortality 3 – 17% 

 

TC has previously been described as a condition with a prompt and spontaneous recovery, but it is 

not always the case as a variety of complications have since been described in 52% of cases (see 

table 1.4), most common of which are subsequent AHF, formation of a thrombus, LV tract 
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obstruction, mitral regurgitation, ventricular tachycardia and cardiogenic shock 24,29,270,279–281. 

There is increasing evidence that contractile abnormalities persist despite unobstructed ventricular 

function, with some patients having cardiac symptoms after the acute episode, including 

palpitations, angina, breathlessness on exertion, and an exacerbated anxiety state 24,282.  

 

Figure 1.13: Takotsubo Cardiomyopathy Diagnostic Criteria. as per the Heart Failure Association of the 
European Society of Cardiology, 2015. Image adapted from Lyon et al 24. Abbreviations: ACS – acute 
coronary syndrome; ECG - electrocardiogram; LV – left ventricle; MRI – magnetic resonance imaging; QTc 
– corrected QT interval; TC – Takotsubo cardiomyopathy. 

Diagnosis of TC relies greatly on clinical judgement and awareness, as no single clinical 

characteristic is specific solely to TC. The phenotype of TC closely resembles that of acute 

myocardial infarction in terms of biomarkers and ECG abnormalities 269. Four diagnostic criteria 
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have been proposed: (i) newly diagnosed ECG abnormalities together with (ii) transient apical 

dyskinesia or akinesia by colour Doppler imaging, beyond a single coronary artery distribution, 

(iii) non-obstructive coronary artery disease (stenosis < 50%) with angiography, and (iv) in the 

absence of hypertrophic cardiomyopathy, myocarditis, pheochromocytoma, head trauma and 

intracranial haemorrhage (summarised in Figure 1.13)  29,271,283. 

3.2 Epidemiology 

Incidences of TC appear to be more prevalent by gender and age group, with higher prevalence in 

women than men (9:1 in some reports), and also with older age 270. Patient most often present with 

chest pain, dyspnoea, syncope and low ejection fraction typical of HF as their main symptoms 29,270. 

While both physical and emotional stress serve as primary triggers, they are approximately equally 

represented, and in some cases even overlap as triggers 270. There are also similar proportions of 

patients who present with spontaneous TC. Emotional triggers are typically more prevalent in 

women as an underlying cause, while physical triggers were more prevalent in men 270. Risk 

factors include alcohol abuse, smoking, hyperlipidaemia, age and heightened anxiety 284,285. 

It’s estimated that there are 50k – 100k cases of TC in Europe and the USA annually, accounting 

for 0.02% of all acute hospitalisation 284. Age and gender observations indicated that the majority 

of patients were women and/or older than 65 years of age – mainly, but not exclusively post-

menopausal women. Other cohorts have echoed these observations, reporting similar age and 

gender patterns 278,286. These studies indicated that the emotional stress and the absence of 

identifiable triggers was more common in women, while triggers due to physical stress, 

resuscitation or shock were more common in men – corresponding with higher levels of the 

cardiac biomarker of dysfunction such as troponin 270. Mortality due to TC was higher in men, 

which reflected the severity of underlying causes 287. Men who experience TC are also at a higher 

risk for cerebrovascular and cardiac events than women 270.   Older patients have poorer prognosis 
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following cases of TC, running a greater risk of developing hypertension and cerebrovascular 

disease, a lower glomerular filtration rate, and a lower LVEF at discharge, as well as higher in-

hospital complications and mortality in comparison to younger patients 24,288.  

In large-scale TC studies and registries, the in-hospital mortality rate due to TC is reported to be 2 

– 5%, mainly due to ventricular fibrillation or cardiogenic shock 272,279–281. Cardiogenic shock 

plays a significant role in mortality due to TC – with a mortality rate of 17 – 30% overall 24,277,279–

281,289. Data on the long-term prognosis of TC is limited. It can recur – second incidences have been 

reported from 3 months to 10 years after the initial one, with reported 5-year recurrence rates of 

5–22% 276,277,289,290. 

3.3 Distinction of Takotsubo cardiomyopathy from acute coronary 

syndrome 

Patients with TC and ACS present with similar symptoms of chest pain and/ or dyspnoea 272. 

Templin et al evaluated patients who presented with TC and ACS to identify clinical features 

present in each and distinguishing TC from ACS (summarised in table 1.5). They found divergence 

in terms of the natriuretic peptide levels, with higher BNP in TC patients. ECG analysis on 

admission showed sinus rhythm in most of their TC patients, but a significantly higher heart rate 

than patients with ACS 270. TC patients display elevated troponin levels on admission to hospital– 

similar to patients with ACS 270. Most TC patients displayed a reduced LV ejection fraction, while 

only approximately half of ACS patients had this. Notably, TC patients showed increased LV end 

diastolic pressure. Furthermore, one third  of (TC and ACS) patients were on β-blockers, two fifths 

on ACEi or angiotensin receptor blockers on admission, usage rates which were almost doubled at 

discharge 270. They found that more than half of the patients who presented with TC had a history 

or an acute episode of psychiatric or neurological disorders.  
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Table 1.5: Summary of characteristics in TC and ACS patients compared to controls. Table adapted from 
from Templin et al 270. Abbreviations: ACS – acute coronary syndrome; BNP – Brain natriuretic peptide; IQR 
– inter-quartile range; LV – left ventricular, mmHg – millimetres of mercury; no. – number; TC – Takotsubo 
cardiomyopathy; ULN – upper limit of the normal range; yr – years.  

Characteristic Takotsubo cardiomyopathy Acute coronary 
syndrome 

p-value 

 Total cohort 
(n=1750) 

Matched cohort 
(n=455) 

Matched cohort 
(n=455) 

 

Female n (%) 1571 (89.8) 411 (90.3) 411 (90.3) 1.00 
Age years 66.4±13.1 67.7±12.5 68.7±12.3 0.19 
Chest pain n/total n (%) 1229/1619 (75.9) 322/438 (73.5) 361/403 (86.9) <0.001 
Dyspnoea n/total n (%) 760/1620 (46.9) 208/439 (47.4) 128/363 (35.3) 0.001 
Median Troponin (IQR) – factor x 
ULN 

7.70 (2.22 – 24.00) 7.68 (2.38-24.21) 8.30 (1.80-36.40) 0.62 

Median creatine (IQR) – factor x 
ULN 

0.85 (0.52-1.48) 0.87 (0.55-1.42) 1.12 (0.60-2.97) <0.001 

Median BNP (IQR) – factor x ULN 6.12 (2.12-15.70) 5.89 (1.68-13.92 2.91 (0.88-8.26) <0.001 
Heart rate BPM 87.5±21.8 87.3±21.8 76.1±18.3 <0.001 
Systolic blood pressure mmHg 130.6±28.8 131.6±31.4 131.5±28.2 0.96 
LV ejection fraction % 41.1±11.8 40.7±11.2 51.5±12.3 <0.001 
LV end diastolic pressure mmHg 21.3±8.0 22.1±7.7 20.1±7.8 0.001 

Coexisting medical conditions 
Neurological or psychiatric disorder 
n /total n (%) 

714/1525 (15.3) 252/452 (55.8) 115/448 (25.7) <0.001 

In-hospital outcomes 
Cardiogenic shock n /total n (%) 170/1716 (9.9) 55/445 (12.4) 48/455 (10.5) 0.39 
Death n /total n (%) 72/1750 (4.1) 17/455 (1.7) 24/455 (1.7) 0.26 

 

3.4 Pathophysiology  

The pathophysiology of TC is complex, which reflects the nature of the physiological response to 

heightened, acute stress and the response by  the cardiac chamber to catecholamine surges 23,291–

294. The ultimate underlying cause of AHF and specifically TC is uncertain, but there is strong 

evidence to suggest myocardial stunning – i.e. the reduction in cardiac function - as seen in TC is 

as a result of excessive sympathetic activation with catecholamine agents in response to physical or 

emotional stress,  
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3.4.1 Sympathetic nervous activation 

Extreme sympathetic activation, often due to unexpected stress, appears to play a central role in the 

pathophysiology of TC. Catecholamines are released during stress, in response to sympathetic 

activation, including epinephrine, norepinephrine, and dopamine, levels of which are significantly 

higher in TC compared to patients at rest, or with AHF due to acute myocardial infarction (which 

also have raised catecholamine levels) 24,283. These catecholamines stimulate cognitive courses of 

the brain, such as the fight or flight responses, and dilation of cardiovascular elements 24. Different 

regions of the heart have been shown to express 2 different β adrenergic receptors (see figure 

1.14) 23.  The interaction between the receptors and the catecholamines released cause differential 

contractile responses by region – this may underlie the Takotsubo shape of the LV seen in TC. 

Figure 1.14 illustrates the expression patterns of the β-adrenergic receptors and their location in 

the left ventricle of the heart. The interaction between these receptors and the catecholamines 

released under stressful conditions induce an abnormal contractile state which underlies apical 

ballooning seen in TC.  

It is still not well understood as to why there are differences in wall motion abnormalities (see figure 

1.14), but it has been suggested that the variance in regional wall motion occurs as a result of 

individual differences in anatomical location of adrenergic receptors, or adrenergic receptor 

polymorphisms which alter the response to excess sympathetic activity 272,295.  
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Figure 1.14: Schematic representation of the different β-adrenergic receptors in response to high 
catecholamine levels. Positive inotropic activity at the base of the heart causes constriction, while negatively 
inotropic activity at the apex causes dilatation. Together these responses cause the apical ballooning 
underlying Takotsubo cardiomyopathy. Image taken from Lyon et al 23. Abbreviations: β2AR-Gi – β2-
adrenoceptors AR coupled to Gi-protein. 

3.4.2 Arrhythmias in Takotsubo cardiomyopathy 

TC patients commonly present with arrhythmias which worsens cardiac output, often associated 

with the new onset of HF 277,280,296,297. Ventricular arrhythmias often result in cardiac arrest during 

the acute phase of presentation 24,277,280,296–298. More than 95% of TC patients present with ECG 

abnormalities during the acute phase 285,299–302. Patients also present with abnormal QT dynamics, 

with possible ST-segment elevation or T-wave inversion (see figure 1.15) 283,290. 
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Figure 1.15: ECG traces of TC patients showing T-wave inversion (following v4 and v5) and ST-
segment elevation (following aVR). It also demonstrates QT anomalies and arrhythmias seen with 
apical ballooning in Takotsubo Cardiomyopathy. Image taken from Prasad et al 290. Abbreviations: 
ECG – electrocardiogram. 

3.4.3 Echocardiographic evaluation of Takotsubo cardiomyopathy  

TC can sometimes occur without symptoms 271. The first point of reference is the movement of the 

left ventricle, assessed by echocardiography or cardiac MRI – transient akinesis, dyskinesis or 

hypokinesis of the LV mid-section and / or the apex occurs 290. Trans-thoracic echocardiography 

assess ventricular dysfunction  which is characterised by transient alterations of the contractile 

apparatus extended beyond a single vessel territory 29,290.  

3.4.4 Markers for diagnosis of Takotsubo cardiomyopathy 

Myocardial markers of necrosis, such as cardiac troponin-T, will be at least modestly elevated in 

TC 29,271,290. Initial troponin levels which exceed 10 times the upper normal limit has been shown 

to predict a higher incidence of the combined end points described in section 3.1 270. 

Serum levels of natriuretic peptide  (BNP and pro-BNP) are almost always elevated, often to 

extremely high levels that correlate closely with the degree of contractile abnormality 303–306. One 

study found 82.9% of TC patients to have an elevated level of BNP upon admission, up to 5.9 times 

as much as the highest normal value in combination with EGC and/ or echocardiography 
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abnormalities (see table 1.6) – this makes it a good candidate to aid diagnosis, and it is thought to 

be a more useful diagnostic biomarker that troponin 24,270. Lower levels of pro-BNP on admission 

indicate a more favourable prognosis for patients 24. Serum catecholamine levels are not usually 

measured in clinical practice, but when measured, the catecholamine levels in this syndrome are 

elevated significantly – up to 34 times as high as normal physiological levels 271,283. Plasma levels of 

creatinine kinase are not significantly elevated in TC 270.  

Table 1.6: Serum catecholamine levels in patients with TC and MI. catecholamine levels in TC and 
myocardial infarction patients from 1 – 9 days after an initial incident. Table adapted from Wittstein et al 
283. Abbreviations: MI - Killip class III myocardial infarction; ml – millilitres; pg – picograms; TC – 
Takotsubo cardiomyopathy. 

 Day 1 or 2 Day 3, 4 or 5 Day 7, 8 or 9 Normal 
values  TC MI TC MI TC MI 

Epinephrine 
(pg/ml) 

1264 
(916-1374) 

376 
(275-476) 

1044 
(733-1118) 

330 
(220-385) 

348 
(180-550) 

275 
(220-311) 

37 

Norepinephrine 
(pg/ml) 

228 
(1709-2910) 

1100 
(914-1320) 

1573 
(1235-2589) 

289 
(727-914) 

1142 
(525-1252) 

541 
(516-660) 

169 

BNP (pg/ml) 
1033 

(805-1783) 
264 

(192-483) 
450 

(205-684) 
268 

(249-684) 
142 

(72-236) 
297 

(142-419) 
10 – 93 

 

3.5 Animal models used to study acute heart failure and Takotsubo 

cardiomyopathy 

3.5.1 Acute, catecholaminergic heart failure 

Several animal models which simulate TC have been developed in vivo. One such model in rats 

makes use of a mode of ‘social defeat’ in which animals are stressed by a resident-intruder method 

– i.e. confined placement (behind a wire mesh) in an environment with strange rats 307. Rats 

exposed to this method had elevated levels of corticosterone and troponin I, similar to that seen in 

TC (see section 3.5.4). This transient exposure caused an increase in heart weight/body weight and 

left ventricle/body weight ratios, as well as elongation of the heart itself.  
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A second model makes use of immobilization stress, in which rats are taped upside-down in a 

confined space to induce α and β-adrenoreceptor activation, similar to that seen in TC 308 309. 

Forced immobilization triggers release of epinephrine  up to 40 times higher than normal, 

unstressed animals 308. This method reproduces the ECG and left ventriculography changes seen in 

TC, which can be partially attenuated by increased serum oestrogen 309. Observed changes with 

this immobilization method included activation of p44/42 mitogen-activated protein kinase, 

induction of heat shock protein 70, and upregulation of natriuretic peptides in the myocardium 309. 

A third method induces a TC model by injection of a bolus dose of epinephrine 310. This model 

showed increased cardiac contraction, and treatment with β2AR antagonist or a p38 MAPK 

inhibitor increased mortality, with all animals treated dying within 45 min, meaning that this 

particular method of cardiac heart rate reduction was counterproductive. This method showed 

similar contractile alterations to those seen in TC/ apical ballooning syndrome – with greater 

contractility in the apex, restricted contractility in the mid-LV, and reduced contractility at the 

base. Injection of epinephrine induced a hypertensive state with an approximate doubling of 

systolic blood pressure (SBP) for the first 4 minutes (min), followed by a steady decrease in SBP, 

with a maintained elevated diastolic blood pressure (DBP). Thereafter, left ventricular failure 

ensues, characterised by a drop in both SBP and DBP. The heart rate rapidly increases after 

administration, and drops after onset of failure, and partially recovers with time 310.  

A fourth method induces a TC model by injection of isoproterenol in rats 311.  This model used 

female rats between the ages of 4-5 months injected with a single dose of isoproterenol (5mg/kg), 

which produces a 33% mortality rate within 2 hours of administration. Echocardiographic analysis 

of the LV in these after 2 hours showed a variable degree of hypokinesis, with an increased LV 

apical wall thickness, and a 15% increase in HR – resulting in a significantly reduced ejection 

fraction. Rats in this model were used for histology relating to the TC phenotype after 24 hours of 
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TC induction, analysis of which revealed hearts were still akinetic. As this was done within 24 

hours of the initial injection, no recovery data was available in this study 311.   

3.5.2 Hypotensive acute heart failure 

An ex-vivo animal model has been developed in our laboratory to study a hypotensive model of 

AHF in rodents 312. This model simulates low-pressure systems, as would be observed with major 

blood-loss in hypovolemic and haemorrhagic shock 313,314. It also takes into account metabolic 

switches from free fatty-acids (FFAs) as a primary fuel in a healthy adult heart to glucose, due to 

poor oxygen availability and perfusion (see figure 1.16) 315,316.  

 

Figure 1.16: Metabolic changes in heart failure. Heart failure (A) induces a hyperadrenergic response (B) to 
encourage contractility. This stimulus in this state decreases cardiac output (C), while increasing plasma 
levels of FFA in an attempt to provide energy. Scarcity of oxygen, due to poor circulation, inhibits fatty acid 
oxidation, thereby reducing levels of ATP. With an increase in FFA, glucose metabolism is inhibited, and the 
metabolic combination exacerbates the heart failure state by a positive feedback loop. Image adapted from 
Heusch et al 320. Abbreviations: ATP – adenosine triphosphate; FFA – free-fatty acids. 
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The addition of FFAs in this model as a fuel in the buffer exacerbates the heart failure-like 

metabolic state and contractile irregularities 317. Epinephrine is also added during the low-pressure 

phase of this model to simulate the increase the heart rate as is observed initially in patients with 

AHF 318,319.   

This model could be adapted to mimic TC by removing the hypotensive stimulus, and instead 

increasing adrenaline, while maintaining a normal pressure. Thus far, no ex-vivo models for TC 

exist, and it would be an ideal candidate for controlled simulation of TC. 

3.6 Current therapies 

Interventions for AHF at presentation in many cases require mechanical ventilation, intar-aortic 

balloon pumping, ionotropic support 24,321.  Treatment in the acute phase, during presentation, is 

mainly symptomatic, making use of intra-aortic balloon pump equipment for haemodynamically 

unstable patients together with cardiopulmonary circulatory support and veno-venous 

haemofiltration 24,322. In severe cases with progressive circulatory failure and cardiogenic shock, 

mechanical support serves as a bridge to restoration and recovery  24. Despite excessive 

catecholamine levels in most (but not all) TC cases, cardiac stimulants are still used in 20 – 40% of 

patients with TC 24,322.  

3.7 Caveats in the treatment of acute heart failure and Takotsubo 

cardiomyopathy 

AHF is a condition with severe medical consequences, and dire outcomes in terms of survival. Little 

research has been conducted to explore methods and treatments to improve the outcome of AHF 

sufferers. Very few innovative treatment strategies have been developed, despite greater focus in 

recent decades on the treatment of long-term HF. The current treatment of AHF could use a 

streamlined focus with consideration of targets other than those in targetted in the standard 

treatment of long-term HF.  
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TC is a recently recognised condition, as the imaging technology required to identify it are recent 

developments. It may have been present previously for a long time without identification. In the 

last decade research has expanded our knowledge from thinking that it is a reversible response to 

an emotional reaction, to identifying it as a secondary outcome following surgery and shock which 

can futher lead to cardiac dysfunction (see section 3.4).  There is a lack of knowledge from which 

to draw when it comes to understanding TC, as it is not well known and there are presently very 

few simple models to help us understand the condition and its triggers.  
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4. Modulating heart rate to maximize the performance of the 

heart 

The billion-beat hypothesis is a postulation in popular science culture that every animal has a 

limited number of heartbeats or breaths in their lifetime. It is based on the observation that smaller 

animals have faster heart rates but live shorter lives, while larger animals have slower heart rates 

and live longer 323. On average, most animals have approximately one billion total heartbeats in a 

lifetime 323,324. Present-day humans are an exception – we have, on average, 2.24 billion heartbeats 

in a lifetime, possibly as a result of medical interventions and disease management 324. By the 

premise of the billion beat hypothesis, one could potentially lengthen their lifespan by slowing 

down their heart and breathing rates 323.  This is an interesting idea which complements 

observations in cardiac research – the outcome of cardiac events, morbidity and mortality are often 

preceded by high resting heart rates 324. The higher the heart rate and more severe the arrhythmic 

pulse, the worse the overall outcome will be 323.  

4.1 Physiological aspects of heart rate 

The heartbeat and heart rate are controlled by both intrinsic and extrinsic factors. The intrinsic 

factors are those which mechanistically cause the heart to beat by means of an electrical impulse. 

Rhythmic control of the cardiac cycle relies on the regulation of impulses generated in the heart 

and conducted through its network to cause contraction. Extrinsic factors are those which can 

influence the autonomic nervous system by either sympathetic or parasympathetic activation. 

Response of receptors in the heart to these biochemical signals alters the activity of the conduction 

mechanism, thereby changing the heartbeat and heart rate.  

4.1.1 Electrophysiological apparatus 

The sinoatrial (SA) node, also known as the pacemaker of the heart, is comprised of a cluster of 

specialised cells located in the right atrium (see figure 1.17) 325. These cells have a mixture of 
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muscle and neural properties and form part of a network known as the subendocardial plexus 

which includes all of the electrochemical components responsible for cardiac contraction 325,326. 

The SA node cluster is the primary source of the electrical impulse which travels through the heart 

to cause contractions 327. It first causes contraction of the atria, forcing blood into the ventricles 

which are still relaxed. It sets the heart rate and rhythm of the heartbeat. Normal sinus rhythm 

occurs when the SA node fires impulses regularly.  

 

Figure 1.17: The electrical conduction apparatus in the heart. Electrical impulses start at the SA node, 
passing to Bachmann’s bundle, causing the atria to contract. It then passes through the AV node which 
slows the impulse, allowing a pause between contraction of the atria and ventricles. The impulse continues 
from the AV node to the HIS-purkinje fibres in the walls of the ventricles stimulating contraction. Image 
adapted from heart-valve-surgery.com 328. Abbreviations: AV – atrioventricular; SA – sinoatrial. 

The atrioventricular (AV) node is a second cluster of specialised cells through which the impulse of 

the SA node passes (see Chapter 5, Opie, 2004) 327. It is a secondary source of electrical impulse 
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located between the 2 ventricles. It acts as a gate to slow the impulse before it enters the ventricles, 

allowing the atria to fully contract before contraction of the ventricles 329. 

The Purkinje fibres are the third point for propagation of the impulse (see Chapter 5, Opie, 2004) 

327. Purkinje cells are a specialised type of neuro-muscular cell which form a network of fibres in 

the ventricular muscle walls (see Chapter 5, Opie, 2004) 327. These fibres conduct the impulse from 

the AV node through to the muscular walls of the ventricles, causing them to contract, forcing 

blood out 327. The full electrical conduction pathway in the heart, extending from the SA node, to 

the AV node, and the Purkinje fibres is known at the His-Purkinje network. 

Bachmann’s bundle is the 4th neuromuscular impulse centre in the heart, also forming part of the 

His-Purkinje network. Bachmann’s bundle is the band of conductive tissue stretching from SA node 

to the base of the left atrial appendage 330. It serves as the pathway of inter-atrial conduction 330,331.  

This impulse propagation is rhythmic and cyclic, starting again at the SA node once a contraction 

has been completed. The heartbeat itself can be divided into 2 phases – the systolic phase which is 

when contraction occurs, forcing blood out of the chambers, and the diastolic phase when the 

muscle relaxes and the chambers refill with blood (see Chapter 12, Opie, 2004) 327. Each 

conductive centre/ cluster is capable of independent signal induction, but the most powerful, timely 

contractions occur with initiation by the SA node and cooperation of all of the conductive elements.  

4.1.2 Pacemaker “funny” current 

Pacemaking in the SA and AV node are controlled by an interplay of ionic currents, the most 

prominent of which is the “funny” current (If), an inward current activated on hyperpolarization 

during diastole 332. Hyperpolarization-activated cyclic nucleotide–gated (HCN) channel proteins 

come in different isoforms, HCN4 is predominantly expressed in the heart, correlating with 

presence of funny channels, and is responsible for the rhythmic pacemaking activity 333.  These 
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channels generate impulses which conduct muscular contractions which regulate the heartbeat, 

and they are capable of generating spontaneous repetitive activity which is faster in the SA node, 

and slower in the AV node due to the proportion of funny channels in each 329 . The If is regulated 

by intracellular cyclic adenosine monophosphate (cAMP) (see figure 1.18) and is activated by β-

adrenergic and inhibited by muscarinic M2 receptor stimulation and plays a role as a basic 

physiological apparatus which responds to autonomic regulation 334–337.  

 

Figure 1.18: Ivabradine activity reduces heart rate by blocking funny channels in the sinoatrial node. Under 
normal physiological conditions, cAMP binds to its CNBD receptor, eliciting a conformational change in the 
HCN (blue) channel which allows current to pass through which facilitate heart beats. With adaptations in 
response to cardiac inflammation and injury (among other causes), heart rate is increased as there is more 
current passing through the channel. Ivabradine competitively blocks the HCN channels to delay 
depolarisation of the SA node, thus reducing heart rate. Image adapted from Tsantoulas et al 338 
Abbreviations: CNBD -cyclic nucleotide-binding domain; cAMP – cyclic Adenosine monophosphate, IVA – 
ivabradine; HCN - Hyperpolarization-activated cyclic nucleotide–gated 

Despite this response to autonomic activation, it is also capable of self-regulation and plays a major 

role in spontaneous activity generation and control of heart rate without innervation 339,340. 

Diastolic depolarisation is responsible for the repetitive activity in pacemaking, as a new impulse 
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fires after voltage depolarises at the membrane surface 325,341,342. Funny channels serve an 

exclusive role in pacemaking, and are as an ideal target for regulating heart rate by molecules 

which can specifically bind and block them with minimal adverse cardiovascular effects 339. 

Regulating funny channels in the setting of HF, and related cardiovascular conditions where there 

are HR-linked irregularities (as described in previous chapters), could potentially serve as a 

strategy to improve these conditions. 

4.1.3 Factors that affect heart rate and variability 

Biological processes vary in complex, non-linear ways and are the result of continuous interactions 

between multiple neural, hormonal and mechanical control systems. The normal resting rhythm of 

the heart is highly variable when examining on a beat-to-beat basis, but too much variation, such 

as occurs with arrhythmias, is detrimental 343. Conversely, too little variation indicates pathology, 

chronic stress or age-related system depletion 343. Low heart rate variation is associated with 

sudden cardiac death 344,345. Heart rate variability (HRV) is the change in time intervals between 

successive heartbeats and also reflects changes in response to physiological, environmental and 

psychological stresses 343. Overall, the slower the heart rate, the higher the potential for HRV as 

there are longer gaps between individual heartbeats 343. At rest, a normal heart can beat between 

50 – 90 times per minute, though healthy individuals should have a heart rate below 75 beats per 

minute (BPM) 22. Exercise, stress, fever, medication and emotions can increase the heart rate, 

sometimes to greater than 100 BPM 346.  

- Temperature and dehydration 

Temperature relates closely to vasodilation and constriction, but also blood pressure, as a rise in 

body temperature causes vasodilation, thus increasing heart rate 347. Conversely, a drop in body 

temperature lowers heart rate and induces vasoconstriction 348,349. 
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- Altitude 

Higher altitudes have less available atmospheric oxygen and constitute a hypoxic environment. As 

such, the heart beats faster to transport the requisite oxygen to organs and muscles. Despite the 

lower oxygen content at higher altitudes, the body can adapt to this, with a normal heart rate 350.  

- Respiration 

Inspiration and expiration cause what is known as respiratory sinus arrhythmia (RSA), a 

physiological phenomenon which causes heart rate variability in synchrony with respiration (see 

figure 1.19) 351. SA node activity varies with respiration, activating the parasympathetic system 

during exhalation (thereby reducing heart rate), with only partial activation during inhalation 

(thereby increasing heart rate) 352..  

Figure 1.19: Heart rate variability with respiration. Heart rate increases during inhalation, and lowers 
during exhalation. Image adapted from Nederend et al 353 

- Stimulant & inhibitory drugs 

Stimulant drugs, such as caffeine and cocaine, activate the central nervous system and release 

adrenaline, causing an increase in heart rate 354. Inhibitory drugs such as β blockers are used to 

lower the heart rate when it is in excess of the norm for extended periods of time 22. Many of these 
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work on the principle of blocking receptors that respond to, or activate the central nervous system 
355.  

- Thyroid hormones 

Thyroid hormones affect all process in the body as it regulates intrinsic metabolism, cardiac 

function and mental state 356,357. Interaction between the thyroid and pituitary glands regulate 

thyroid hormone release in the bloodstream, which in turn affects mitochondrial activity in liver, 

kidneys, myocardium and skeletal muscle, as observed in rats 358. Hyperthyroidism accelerates 

cardiac processes, increasing heart rate, systolic and diastolic function, and increased atrial 

fibrillation while lowering systemic vascular resistance 357,359,360. The opposite effect is seen with 

hypothyroidism.  

- Stress hormones 

Stress hormones form part of the autonomic nervous system (ANS), stimulation of which causes 

release of adrenaline, increasing heart rate 361–363.  These are the fight, flight and fright response 

systems which work by means of sympathetic activation and binding of adrenaline to its receptors 

in target organs and systems 362. Hormonal release in responses to emotions can affect the patterns 

of coherence of the heartbeat (see figure 1.20) 364. Coherence refers to the symmetry in the cyclic 

pattern of variability in heart rate – the more similar and repetitive the pattern, the better the 

coherence. 

Various hormones can participate in the cardiac cycle, levels of which will affect cellular and 

psychological systems 364. Many neurotransmitters, hormones and biochemical messengers are 

known to be released in a temporal fashion, such as melatonin, insulin, glucagon, aldosterone, 

renin, cortisol, vasopressin, adrenocortitropic hormone, growth hormone, luteinising hormone, 

follicular stimulating hormone, thyroid stimulating hormone, progesterone and testosterone among 
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others 364–366. Chemical messengers and hormones affecting the cardiac cycle are released in a 

pulsatile fashion too, rhythmically, in synchrony with contractions 364.  

 

Figure 1.20: Oxytocin and ANP changes with heart rhythm coherence. Changes in ANP and oxytocin levels 
observed in males and females before and after maintaining coherence for 10 minutes are illustrated in the 
above graphs. Adapted from McCraty et al 364.Abbreviations: ANP – atrial natriuretic peptide; ml – millilitre; 
mol – moles; pg – picogram; SEM – standard error of the mean.  

- Emotions 

Emotions influence the nervous system and can cause sympathetic responses or parasympathetic 

responses depending on the emotion experienced 327. Love, happiness, sadness and depression 

lower the heart rate and reflect a coherent rhythm, while anger, anxiety and fear cause an increase 

in heart rate (see Figure 1.21) 364. These emotional states manifest as cardiovascular changes by 

means of autonomic nervous activity 327. Among other sources, the anterior hypothalamus is noted 

for involvement in parasympathetic responses, while sympathetic responses emanate from the 

anterior, posterior and lateral hypothalamus, but predominantly the lateral region 367. The two 

cerebral hemispheres are associated with separate aspects of autonomic control – the left 

hemisphere is predominantly parasympathetic, while the right hemisphere is predominantly 
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sympathetic 368. As such, dominance with cerebral hemispheres may contribute to variable ANS 

activation from person to person in response to emotions 369,370 

 

Figure 1.21: Emotions affect heart rhythm patterns. Erratic heart rhythm patterns (incoherence) are typical 
of negative emotions such as frustration or anger as illustrated in the top graph. Regular heart rhythm 
patterns (coherence) are observed with sustained positive emotions such as appreciation, as illustrated in the 
bottom graph. Image adapted from McCraty et al 364. Abbreviations: BPM – beats per minute.  

- Autonomic nervous system regulation of heart rate 

The autonomic nervous system (ANS), regulated by the medulla oblongata and specific hormones, 

can alter conductive and contractile properties of the heart. Sympathetic activation by the ANS via 

the cervical sympathetic chain ganglia acts to increase the heart rate, and force of contraction, as 

well as the speed of the electrical impulse 343. Conversely, parasympathetic activation via the vagal 

nerve slows the heart rate and lowers the power of contraction of the cardiac muscles by slowing 

impulse conduction (see figure 1.22) 327.  



83 
 

 

Figure 1.22: Adrenergic activation of the heart. The sympathetic nervous pathway targets the sinoatrial node 
directly, as well as the myocardium via the spinal cord, to accelerate heart rate. The parasympathetic / Vagus 
nerve pathway targets the myocardium to slow the heart rate, without affecting conductivity in the 
sinoatrial or atrioventricular nodes. Image adapted from perigen.com 371  

Sympathetic activation occurs when epinephrine and norepinephrine are released from the 

adrenal glands (see review by McCraty et al) 343.  Parasympathetic activation makes use of 

acetylcholine, a neurotransmitter that slows transmission of impulses by changing membrane 

permeability to potassium ions, causing hypo-polarisation of cells to slow down activity 343,351,372. 

In addition to the release of hormones with ANS activation, there are also direct vagal and 

sympathetic nerves connecting to the sinoatrial and atrioventricular nodes, which allow for the 

direct mediation of ANS responses from the brain 373–377. 

The electrical conduction patters associated with the cardiac cycle are measure by means of ECG 

(see section 1.2.5.2) and disruption in conduction patterns result in arrhythmias. Aberrant 

conduction can be dangerous and is associated with cardiac dysfunction.  
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Under normal circumstances the function of the heart is determined solely by the sinoatrial node. 

Under stress conditions, sympathetic and parasympathetic activation will modify function (see 

figure 1.22). Though both sympathetic and parasympathetic activation affects the function of the 

heart, they do not oppose each other equally – vagal effects have a shorter window to activation 

than sympathetic effects, due to the faster rate of metabolism of acetylcholine compared to that of 

noradrenaline  343,351,378,379.  

These factors, among others such as age and circadian rhythms, play key roles in the regulation of 

HR.  

4.2 Heart rate variability and pathological modification 

Heart rate variability (HRV) had been recognised in some settings as a prognostic tool for cardiac 

health, and all-cause mortality 380. HRV refers to the changes in time that occur between 

consecutive heart beats – lower heart rate variability means there is a regular rhythm.  

An increased heart rate, together with low heart rate variability, has shown an association with 

increased, sub-clinical inflammation in apparently healthy individuals 381,382. An increased resting 

heart rate and decreased heart rate variability were strongly associated in these studies with 

elevated levels of the inflammatory markers C-reactive protein, interleukin-6 and fibrinogen 381–

384. This can occur as a result of vagal depression, as the release of acetylcholine through the vagus 

nerve blocks cytokine production associated with inflammation (see figure 1.22) 385,386. Thus, a 

lower resting heart rate resulting from vagal activation protects against inflammation, while a 

higher resting heart rate is strongly associated with low-grade inflammation.  

Though in the long term a lower heart rate is favoured, increase and decrease in heart rate are 

necessary and physiologically important as they dynamically change when required in a healthy 

system. Inability to adjust heart rate correlates with disease and mortality, because of a reduced 
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capacity to respond to physiological challenges 387,388. Reduction in the ability to self-regulate 

occurs with age and is more prominent in males than females 389. This appears to be a result of 

lowered parasympathetic activity.  

Many epidemiological studies associated a higher HR with development of cardiovascular diseases 

including atherosclerosis, hypertension and coronary heart disease leading to cardiovascular 

morbidity and mortality 388,390. There have been data indicating a 3-fold increase in mortality in 

patients with HR of 90 – 100 BPM compared to patients with HR below 60 BPM 390.  HR could be 

considered an indicator of cardiovascular health, particularly in patients with cardiovascular risk 

factors such as hypertension, where a higher HR can be associated with a deteriorated 

cardiovascular system 324,391,392.  Higher HR correlates with increased incidences of coronary heart 

disease, cardiovascular disease, and all-cause mortality 391,393,394.  

Animal models with 2 – 3 weeks of pacing showed development of congestive HF, and it was found 

that plasma levels of renin, angiotensin II, aldosterone, noradrenaline and adrenaline gradually 

increased with paced tachycardia, but returned to normal once pacing ceased 395–397.  

Studies in human patients support the idea of remodelling with heart rate irregularity preventing 

maintenance of sinus rhythm 398,399. The negative inotropic agent, verapamil, which acts as a 

calcium channel blocker served as a means to return atrial contraction to normal control values, 

reducing the time for remodelling 400,401. These highlight the role of the regulation of heart rate in 

cardiac remodelling. 

4.3 Therapeutic modulation of heart rate with ivabradine 

Certain agents like inotropes target calcium channels and muscle contraction, while other target 

HR itself. Therapeutic modulation of HR has served as a useful tool for intervention in many 

settings of cardiac dysfunction. Modification of HR can be done by means of therapeutic 
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intervention, by targeting the apparatus involved in adrenergic responses in the heart. The most 

commonly used interventions for HR are β-blockers, which competitively inhibit binding of 

adrenaline to β-adrenergic cell surface receptors (see section 2.3), thereby decreasing the impact of 

sympathetic response, and decreasing HR. 

4.3.1 Mode of action 

Ivabradine is a specific inhibitor of the SA node and has no negative inotropic and lusitropic 

effects, and does not alter electrophysiological parameters unrelated to heart rate. It competitively 

inhibits the electrical pacemaker activity in the sinoatrial (SA) node controlled by the If current, 

preventing current conduction (see section 4.1.2). HR is reduced, as contractility is left to the 

control of the Purkinje fibres (see section 4.1.1) 402. 

4.3.2 Clinical use 

Ivabradine is most mainly used as a treatment for chronic angina 403–405. By reducing heart rate, it 

helps to lower the oxygen demand, lowering resistance and improving coronary flow 402. It serves 

as a beneficial aide in cardiac conditions which have a high resting heart rate – including 

hypertension, coronary artery disease, and after cases of acute myocardial infarction 402,406. It is 

used, in some cases of angina pectoris, together with β-blockers to improve overall contractile 

outcomes and heart rate 407. It does not bind adrenergic receptors nor does it work via hormonal 

pathways, so it also has the potential to serve as a great agent in patients with intolerance to β-

blockade 22,195.  

4.3.3 Experimental findings with chronic use of ivabradine 

Ivabradine has peripheral effects, aside from those seen by direct reduction of HR. It also has an 

effect on diastolic dysfunction and cardiac fibrosis. It improved overall cardiac performance and 

reduced both atrial and ventricular fibrosis in rabbits with long-term use 408.  It also reduced both 
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Ang II and aldosterone levels in blood plasma 408. In rodent models, it inhibited the migration of 

inflammatory cells to the vascular system, preventing the formation of atherosclerotic lesions 409. 

At a molecular level, it reduced the activity of NADPH oxidase and prevented eNOS uncoupling – 

factors which would underlie endothelial dysfunction involved in cardiovascular diseases and HF 

(see section 1.5.2) 410. 

Ivabradine appears to have multi-factoral effect with long-term use. Direct – by inhibition of the 

SA node, and reduction of heart rate – and indirect – by preventing oxygen radical damage at a 

molecular level, preventing migration of inflammatory cells in the vascular system, and by 

reducing Ang II and aldosterone levels. These effects could stand to greatly benefit individuals 

suffering with cardiac dysfunction and failure, as its effects are applicable to multiple systems 

involved in dysfunction and failure.  

4.4 Heart rate and heart failure 

Considering the increased incidences of heart failure with an aging population, and as the end 

result of other complications, it would be a worthwhile venture to investigate the role of heart rate, 

in addition to other symptoms discussed in chapter 1, and the potential it holds as a therapeutic 

target to improve the outcome of patients who develop both acute/reversible and chronic HF.  

Funny channels are expressed differentially in foetal and adult tissue, with greater abundance and 

sensitivity to voltage range during the foetal stages 411–413. Under specific pathological conditions, 

membrane expression of funny channels can increase – as observed in spontaneously hypertensive 

rats which are characterised by development of cardiac hypertrophy 413. Modification of If is also 

seen in humans, in explanted hearts with dilated cardiomyopathy, similar to that seen in 

hypertrophied rats, suggesting it could be an agent playing a role in mechanisms of heart failure 

414–416. Higher expression of funny current channels can increase electrical instability especially 
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with hyper-activated β-adrenergic responses, thereby contributing to the development of 

arrhythmias with heart failure 411. 

Considering the observations linked to an increased HR (as discussed above), modification to slow 

HR could hold great promise in further improving the outcomes of HF.  

4.4.1 Heart rate in peripartum cardiomyopathy 

With the current approach to treating heart failure, increased HR does not take priority as a sign 

(or palpitation as a symptom). Little has been done to document patterns of HR in HF states, such as 

PPCM, and follow how this changes as patients’ other symptoms improve. The role of the SA node 

in cardiac dysfunction as discussed here supports the idea that targeting HR directly in PPCM, 

without involving the sympathetic nervous system or blood pressure mechanisms, may be 

beneficial in a clinical setting. Early experimental studies suggest that reducing HR by means of the 

funny channels, may be of benefit in the recovery of heart failure 417.  

Recently, a small study was conducted where HR was investigated as a target to improve the overall 

condition in PPCM patients 418. It was observed that there was a reduction in HR which correlated 

with a significant improvement of cardiac function. This preliminary finding encourages further 

investigation of reducing HR as a potential treatment for PPCM patients.  

An interesting consideration to take into account when reviewing PPCM is the potential for 

reversibility in less severe cases of cardiomyopathy. The same holds true for TC as well. In the cases 

that are secondary and/ or more severe, both of them have sudden onset and rapid (irreversible) 

decline in cardiac function and share many similarities in their pathological behaviour and 

outcomes. Both of these conditions have aberrances in HR. 
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4.4.2 Heart rate in Takotsubo cardiomyopathy 

Modification of HR in a long-term setting shows promise. The SHIFT trial which followed the 

treatment of chronic heart failure showed improvement critical outcomes when using Ivabradine 

as a complementary therapy to standard recommended therapy simply by its action on heart rate 

417. Modification of HF in an acute setting has not been investigated, but may potentially improve 

the overall, long-term outcome of patients with conditions such as Takotsubo cardiomyopathy, 

acute heart failure and PPCM.  

TC, of the acute HF states in particular, holds promise for modification with Ivabradine – the 

mechanistic means by which it occurs is the result of adrenergic activation (see section 3.5.1), and 

is meant to be a transient measure to compensate for environmental stimulus. By nature of the 

sympathetic activity, a high HR is a key identifier in TC. Ivabradine could potentially damped the 

HF state in this setting, as its activity to slow heart rate is independent of adrenergic pathways. This 

could serve as a critical intervention, as a slower HR is associated with better outcomes (as 

discussed above).  
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Chapter 2 

Aims, hypothesis and objectives 

1. Study rationale 

Standard therapy for HF targets water retention, contractile strength, and neurohormonal 

activation (as discussed in previous chapters). These show benefit, but additional strategies are 

needed to address more severe, and acute-onset HF, both of which have causes and outcomes that 

are difficult to manage and result in high mortality rates.   

A number of pathologies, myocardial infarction, uncontrolled hypertension, hypotension due to 

haemorrhagic shock and Takotsubo cardiomyopathy (TC) can lead to acute heart failure (AHF). 

PPCM is the onset of HF shortly before, or up to 5 months after delivery. It is reversible in many 

patients treated with standard recommended HF therapy, and bromocriptine (see chapter 2). 

However, some patients with a more severe phenotype do not respond to current optimal therapy 

and there are high rates of morbidity. With these patients, it may be beneficial to investigate 

complementary targets, such as heart rate which elevates during pregnancy, and may exacerbate 

HF-like symptoms.   

Hypotensive AHF most often results from a loss in blood volume and/ or pressure, that can occur 

due to incidents such as physical injury, and blood loss at childbirth. It has poor prognosis overall, 

and a high mortality rate. The immediate compensatory response is adrenergic activation to 

increase heart rate and strength of contractility – this has been proposed to link to the activity of 

the intrinsic pace-maker in the heart. Given this theory, modification of heart rate may play a 

crucial role if it is done via the pace-making centre, and could potentially improve the outcome in 

AHF.  
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Similarly, TC is an acute case of HF characterised by changes in contractility along the axis of the 

heart, due to a severe spike in adrenergic activity. TC has been referred to previously as a reversible 

cardiomyopathy. More recent evidence, shows that there are irreversible cases, which can be the 

outcome of complications of a variety of cardiovascular causes. It shows a sudden spike in heart 

rate, followed by HF, with a drop in HR. With the change in heart rate in TC, a strategy to target 

pace-making activity may hold potential to improve outcomes, but the timing of modification will 

be crucial.  

Variability of HR is a recurring feature in these cardiomyopathies, and it has been under-utilised as 

a means for improving the outcomes of HF. HR has been largely overlooked in the treatment of HF 

and may hold the potential of improving the outcomes in patients by targeting the sinoatrial node 

as an additive therapy (see figure 2.1).  

2. Hypothesis 

We hypothesise that inhibition of the sinoatrial node to modulate the heart rate may benefit acute 

heart failure conditions, such as PPCM, hypotensive AHF and TC. 
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Figure 2.1: Experimental hypothesis. Hearts of patients who suffer from peripartum cardiomyopathy, 
Takotsubo cardiomyopathy, or hypotension due to haemorrhagic shock may rapidly develop acute heart 
failure. These events are characterised by a variation of heart rate which may exacerbate the condition. 
Many patients have poor recovery, despite optimal therapy. We propose that modulation of the heart rate 
during the acute incident by means of the sinoatrial node inhibitor, ivabradine, may improve these 
outcomes.  
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5. Aims 

- In a retrospective study, we aim to evaluate the evolution of HR in a cohort of South African 

women suffering from PPCM and treated with standard therapy (chapter 3) 

- In an established in-vivo mouse model of PPCM, we aim to evaluate the effect of a chronic 

treatment with ivabradine, an SA node inhibitor, on cardiac function and fibrosis observed with 

the disease (chapters 4 & 5) 

- in an ex-vivo mouse model of hypotensive AHF and a newly developed ex-vivo model of TC, we 

aim to explore the possible cardioprotective effects of HR modulation with ivabradine (chapter 

6) 

6. Objectives 

The first objective is to investigate heart rate in clinical PPCM cases by retrospective analysis of case 

files. Observations will be noted for change in heart rate and NYHA status from presentation to 6 

months, and further to 1 year after diagnosis.  

The second objective is to investigate the effect that a long-term treatment with ivabradine, an SA 

node inhibitor which reduces HR, will have on the outcome of an in-vivo animal model of PPCM. 

This will be done using a genetically modified STAT3 knockout (STAT3 KO) mouse model in which 

female mice develop cardiac hypertrophy during the third and subsequent pregnancies. A long-

term (30 day) treatment with ivabradine will be given. Echocardiography will be used to measure 

hemodynamic parameters of the heart for chamber dimensions in ventricle diameter and wall 

thickness, ejection fraction, fractional shortening and ventricular weight prior to and post-

treatment. Histological staining for collagen deposition will be used to evaluate the development of 

fibrosis. Furthermore, mRNA analysis of associated proteins will be done using qPCR. We will also 

evaluate miscellaneous markers of immune activation associated with heart failure using 

histological techniques.  
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The third objective is to investigate the effect of a short-term intervention with ivabradine on the 

measurable haemodynamic cardiac outcomes in the setting of simulated acute heart failure. This 

will be done using a Langendorff retrograde perfusion system, changing substrate and/or pressure 

to mimic clinical incidence of hypotensive acute heart failure (AHF) observed in haemorrhagic 

shock and TC. Parameters to be observed will include heart rate, left-ventricular developed 

pressure (LVDP), and rate-pressure product by means of a pressure-sensing balloon which will be 

inserted into the left ventricle. 



95 
 

Chapter 3  

Retrospective evaluation of heart rate in 
peripartum cardiomyopathy patients 

1. Study rationale 

Peripartum cardiomyopathy (PPCM) is heart failure condition associated with pregnancy – 

developing during the last month of pregnancy or within the first 5 months postpartum 206,419. A 

standard treatment program is recommended for patients, with use of diuretics, angiotensin-

converting enzyme inhibitors (ACEi) and β-blockers 18. However, use of β-blockers is not always 

possible as it can produce bradycardia, hypotension and acute decompensation in patients with 

sensitivity to the drug 420. Bromocriptine, a drug which prevents the release of prolactin from the 

pituitary gland, thereby preventing cleavage of prolactin from its 23kD to a pathological 16kD 

form in PPCM, has recently been identified as a useful therapy 196. These therapeutic strategies 

improve the overall HF phenotype, as indicated by the improvement in the NYHA classification 246. 

However, the mortality rate remains high and additional therapies are required 226,227.  

The design of the treatment strategies for PPCM (and other HF-like conditions) focuses largely on 

reducing volume load and improving strength of cardiac contractility. In normal pregnant women, 

there is a greater circulatory load which increases heart rate, but they recover (to below 75 beats 

per min) within a month of delivery 93,94. There are many investigations which explore the 

progression of the HF phenotype in PPCM 219,226,421. Despite this, there is little information on the 

recovery of heart rate over time, and its role in the pathophysiology of the disease. 

Modulation of HR has shown benefit in other cardiac pathologies, such as chronic HF 407, but it has 

been under-explored in patients with PPCM. A single case study by Demir et al made use of 

ivabradine – an agent used to inhibit the sinoatrial node thereby reducing HR – to supplement 
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standard treatment of PPCM, the outcomes of which alluded to additional benefits with the use of 

ivabradine 422. The patient treated was experiencing sinus tachycardia related to HF and was 

unable to tolerate β-blockade. After administration of ivabradine, HR decreased from 103 to 80 

BPM, and had the added benefit of the patient being able to increase physical activity, without any 

side-effect. This case study is one of very few which examine HR in PPCM, and supports the idea 

that reducing HR in PPCM may further improve outcomes in patients. 

In this retrospective clinical study, we therefore aimed to evaluate the evolution of HR in a cohort 

of women suffering from PPCM who were treated with standard therapy.  

2. Methods 

2.1 Human ethics and patient data collection 

This retrospective study was approved by the Human Research Ethics Committee at the University 

of Cape Town (Human research ethics council project reference number: 848/2014), South Africa 

and complies with the Declaration of Helsinki 2013 423. All study participants gave written 

informed consent before study entry. The clinical data of 42 consenting patients diagnosed with 

PPCM and fulfilling the inclusion criteria were retrospectively gathered in this study, conducted at 

the Cardiac Maternity Clinic, at Groote Schuur hospital, Cape Town, South Africa. Patients were 

referred from local related clinics, secondary hospitals, and the department of obstetrics at Groote 

Schuur hospital.  

Baseline data documenting symptoms of PPCM were recorded as part of the hospital assessment 

during first presentation at the cardiac maternity clinic. Clinical assessment and echocardiography 

data were further collected and recorded at 6 months and 1-year follow-up appointments.  All 

patients with data points included at 1-year follow-up were present for 6 months follow-up, and 

all patients included for 6 months follow-up were present for baseline assessment. Inclusion 
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criteria at baseline were as follows: 1) Age 20 - 45 years; 2) displaying symptoms of congestive 

heart failure (HF) during the last month of pregnancy or the first 5 months postpartum; 3) no other 

identifiable causes of HF-like symptoms; 4) left ventricular ejection fraction (LVEF) ≤45% 

transthoracic echocardiographic assessment; and 5) sinus rhythm.  

Exclusion criteria were as follows: 1) Significant organic valvular heart disease; 2) systolic blood 

pressure exceeding 160mmHg 3) diastolic blood pressure exceeding 100mmHg; and 5) any 

clinical condition warranting exclusion from the study as determined by the investigators. All 

aspects of the clinical examination as well as treatment-drug prescription were handled by the 

team at the Cardiac Maternity clinic, headed by Professor Karen Sliwa, the methods of which have 

been previously published by Sliwa et al 226.  For this investigation, data were retrospectively 

analysed for 42 PPCM patients.  

2.2 Statistical analysis 

Results are expressed as means ± standard error of mean (SEM) or median (interquartile range 

(IQR)). Statistical analyses were performed using Statistica v.13 software. Significant differences (p 

<0.05) were determined for comparison of mean values of normally distributed data at baseline, 6 

months and 1 year, and were performed using 2-way Anova with Fisher correction.  

3. Results 

3.1 Peripartum cardiomyopathy patient characteristics and maternal 

history  

We collected data for 42 individuals at presentation, 25 at 6 months follow-up and 12 at 1-year 

follow-up. Physical characteristics and delivery information are summarised in table 3.1. 
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The median parity was 2 births. Of the 42 women, 17 had most recently had their first child, 12 

their second child, 5 their third child, 5 their fourth child (1 of which was a twin pregnancy), 2 

their fifth child (one of which was a twin pregnancy), and 1 their sixth child.  

Table 3.1: Physical characteristics and delivery information of patients enrolled (n=42).  
Physical Characteristics 

 
Age (years) Height (cm) Weight (kg) BMI 

Range 21 - 44 148 - 170 37 – 150 17 – 52  
Mean ± SEM 30±1 160±1 68±3 26±1 
Maternal history 
Gravida 1st 2nd 3rd >3rd 
 29% 30% 17% 24% 
Parity 1st 2nd 3rd >3rd 

 
40% 29% 12% 19% 

Delivery method Vaginal birth Caesarean section 

 
64% 36% 

Abbreviations: BMI -body mass index; cm – centimetres; kg – kilograms; SEM – standard error of the mean. 

 

3.2 Therapeutic interventions 

All patients enrolled in the study were prescribed standard therapy comprised of diuretics, ACE 

inhibitors and β-blockers as detailed in table 3.2. At the 6-month follow-up, partial information 

was available for 25 patients (2 of which were not NYHA classified). All patients were treated with 

diuretics: 19 were treated with furosemide, 4 with HCTZ, and 3 with spironolactone – some 

patients were given more than 1 diuretic treatment.  Twenty-two patients were treated with RAAS 

inhibitors: 20 received treatment with Elanapril, 1 with Perindopril (ACEi) and 1 with Losartan 

(ARB). Twenty-three of the patients were treated with β-blockers: all patients received treatment 

with carvedilol. Treatment strategy and doses separated by NYHA class are indicated in table 3.2. 
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Table 3.2: Treatment strategy at 6 months follow-up. There were no patients reported to be NYHA IV. IQR = 
3rd – 1st quartile. Tribuss (trade name) contains efavirenz, tenofovir disoproxil fumarate, and emtricitabine.  

 NYHA I NYHA II NYHA III 

 
Median 

dose (mg) 
(IQR) 

n Median 
dose (mg) 

(IQR) 

n Median 
dose (mg) 

(IQR) 

n 

Diuretics       
Furosemide 80(40) 9 80(80) 8 120(40) 2 
HCTZ 25 1 25(0) 3 - 0 
Spironolactone 20 1 25(0) 2 - 0 
ACEi       
Elanapril 10(0) 10 10(5) 8 7.5(2.5) 2 
Perindopril - 0 8 1 - 0 
Losartan - 0 50 1 - 0 
Β-blockers       
Carvedilol 18.75(12.5) 10 25(7.25) 11 6.25(0) 2 
Other       
Bromocriptine 5(0) 8 5(0) 5 - 0 
Warfarin 5 1 5(0) 4 - 0 
Tribuss - 0 1 dose 1 1 dose 1 

Abbreviations: ACEi – Angiotensin-converting enzyme inhibitor; HCTZ - hydrochlorothiazide; IQR – inter-
quartile range; mg – milligrams; NYHA – New York Heart Association class. 

 

3.3 Cardiovascular function of patients with peripartum 

cardiomyopathy 

Of the patients enrolled, 12% had a known history of hypertension, 2% had history of tuberculosis 

and 31% had HIV. Ten percent of the patients had a family history of cardiovascular disease, but 

none reported a family history of PPCM. In all of these patients, PPCM was presented as the 

diagnosis, when all other possible were excluded as the cause of HF.  
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Of the 42 patients enrolled, 24% had experienced PPCM symptoms in previous pregnancies. 

Physical symptoms were reported and recorded for patients as follows: 32% had dizziness, 37% had 

palpitations, 5% had angina, 61% had elevated jugular venous pressure, 59% had crepitations, and 

5% had pulmonary thromboembolisms. Fifteen percent had right heart failure, and 15% had 

recorded systolic murmurs. Twenty-one percent of patients were reported to experience onset of 

PPCM symptoms pre-partum. Twenty-two percent of patients presented with gestational 

hypertension which persisted for 19% of them post-partum. Fifteen percent of patients presented 

with pre-partum heart failure while the remaining 85% presented with heart failure post-partum.  

 

Figure 3.1: Patient NYHA classification. NYHA classification and changes of patients from baseline (n=42) to 
6-month follow up (n=25) and further to 1 year (n=12). Most patients showed an improvement in NYHA 
classification after 6 months on standard recommended therapy. However, there were some who did not 
change classification at 6 months compared to baseline, most of whom were in NYHA II. Outcomes after 1 
year on standard therapy were mixed – patients in NYHA I at 6 months continued in NYHA I, while a few 
patients in other classes improved, and some worsened. Abbreviations: NYHA – New York Heart Association 
class.  
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With treatment, most patients showed an improvement in NYHA class after 6 months (see figure 

3.1), with only 1 of 25 patients showing a worsening in NYHA class. At 1 year, outcomes were 

mixed with 4 of 12 patients showing a worsening of NYHA class while the remaining 8 were stable 

or improved. These treatment strategies were very slow in improving HR, as only 3 of 25 patients at 

6 months had improved to obtain a resting HR of less than 75 BPM (see figure 3.2), despite the 

length of treatment. At 1 year, there was further improvement in terms of HR in 3 of 12 patients to 

obtain a resting HR of less than 75 BPM.  

 

Figure 3.2: Individual heart rates of patients at baseline, after 6 months and 1 year on standard, 
recommended therapy. Only 3 of the 42 patients observed had a healthy heart rate of <75 BPM (indicated 
by the red dotted line) at baseline. This improved to 5 of 25 patients who had recovered their resting heart 
rate to normal values after 6 months and 6 of 12 after 1 year on standard recommended therapy. 
Abbreviations: BPM – beats per minute; PPCM – peripartum cardiomyopathy. 

The initial grouping of patients according to the New York Heart Association (NYHA) scale (see 

table 3.3) produced the following clusters: 9% patients were classified as NYHA I, 31% as NYHA II, 
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43% as NYHA III, and 17% as NYHA IV. At 6 months follow-up, patients were assessed and 

reclassified as follows: 44% of patients were classified as NYHA I, 48% as NYHA II (3 re-

hospitalised), 8% as NYHA III (2 re-hospitalised), and 0% as NYHA IV. At 1-year follow-up, 

patients were assessed and reclassified as follows: 58% of patients were classified as NYHA I, 0% as 

NYHA II, 42% as NYHA III, and 0% as NYHA IV. 

Table 3.3: Cardiovascular function data as categorised by NYHA class. HR, SBP, DBP and EF values as 
recorded, distinguished by NYHA class at baseline, after 6 months, and after 1 year on standard 
recommended therapy. Values are expressed as mean ± SEM, and number of data points are indicated.  

Baseline NYHA I NYHA II NYHA III NYHA IV p-values 
n (total n = 42) 4 (9%)  13 (31%) 18 (43%) 7 (17%)  
HR (BPM) 87 ± 3 85 ± 4 99 ± 4• 104 ± 6* # *0.036 vs NYHA I; 

•0.005 vs NYHA II 
#0.002 vs NYHA II 

SBP (mmHg) 111 ± 4 121 ± 4 119 ± 6 105 ± 7 NS 
DBP (mmHg) 66 ± 5 76 ± 3 78 ± 4 70 ± 3 NS 
EF (%) 39 ± 8 34 ± 2 31 ± 2 24 ± 4* *0.030 vs NYHA I 
      
6 Months 
n (total n = 25) 11 (44%) 12 (48%) 2 (8%) 0 (0%)  
HR (BPM) 78 ± 2 84 ± 4 106 ± 6* - *0.007 vs NYHA I 
SBP (mmHg) 120 ± 4 111 ± 2 123 ± 23 - NS 
DBP (mmHg) 75 ± 2 66 ± 6 80 ± 20 - NS 
EF (%) 50 ± 3 37 ± 3* 36 ± 2 - *0.008 vs NYHA I 
      
1 Year 
n (total n = 12) 7 (58%) 0 (0%) 5 (42%) 0 (0%)  
HR (BPM) 69 ± 3 - 87 ± 2* - 0.028 vs NYHA I 
SBP (mmHg) 116 ± 8 - 105 ± 3 - NS 
DBP (mmHg) 70 ± 4 - 70 ± 2 - NS 
EF (%) 58 ± 3 - 36 ± 11* - *0.002 vs NYHA I 

Abbreviations: BPM – beats per minute; DBP – diastolic blood pressure; EF – ejection fraction; HR - heart 
rate; mmHg – millimetres of mercury; NS – not significant; NYHA – New York Heart Association; SEM – 
standard error of the mean; SBP – systolic blood pressure. 
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Systolic blood pressure (SBP), diastolic blood pressure (DBP) and ejection fraction were recorded 

and are clustered by NYHA group in table 3.3. Patients in NYHA I had increased SBP and DBP at 6 

months when compared to baseline. Patients in NYHA II had decreased SBP and DBP at 6 months 

(compared to baseline). Patients in NYHA III had comparable SBP and DBP at 6 months (compared 

to baseline) which decreased at 1-year follow-up. 

 

Figure 3.3: Individual ejection fractions of patients at baseline, after 6 months and 1 year on standard, 
recommended therapy. Only one of the 29 patients observed had a healthy ejection fraction of <50% 
(indicated by the red dotted line) at baseline. This increased to 6 of 25 patients with normal values after 6 
months and 6 of 12 after 1 year on standard recommended therapy.  

Echocardiography results were processed and ejection fraction (EF) was recorded and are clustered 

by NYHA group in table 3.3. Patients in NYHA I had increased EF at 6 months (compared to 

baseline) which further increased at 1-year follow-up. Patients in NYHA II had unchanged EF at 6 

months (compared to baseline). Patients in NYHA III had slightly increased EF at 6 months 

(compared to baseline) which was unchanged at 1-year follow-up. There was a general trend 
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toward an increase in EF with time (see figure 3.3), with deterioration in only 1 of 25 patients at 6 

months and 2 of 12 at 1-year follow-up. In terms of recovery of EF, 6 of 25 had normal EF (i.e. EF > 

50%) at 6 months, while 6 of 12 had normal EF after 1 year.  

 

Figure 3.4: Heart rate of individual patients clustered by NYHA class at baseline (n=29), 6-month follow-up 
(n=25) and 1-year follow-up (n=9). The trend of a higher heart rate associated with NYHA class shows 
more prominently at 6 months, and further at 1-year follow-up. Red dotted line indicates the upper limit of 
a physiological resting heart rate of 75BPM. Abbreviations: BPM – beats per minute; NYHA – New York 
Heart Association class 

Electrocardiogram (ECG) results at baseline indicated sinus tachycardia for 3 patients (7%). Resting 

heart rate (HR) was recorded for patients in NYHA I as follows: 87±3 beats per minute (BPM) at 

baseline, which decreased to78±2 BPM at 6 months follow-up and further deceased to 69±3 BPM 

at 1-year follow-up (see table 3.3). HR was recorded for patients in NYHA II as follows: 85±4 BPM 

at presentation, and remained constant at 84±4 BPM at 6 months follow-up. HR was recorded for 
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patients in NYHA III as follows: 99±4 BPM at presentation, which increased to 106±6 BPM at 6 

months follow-up, and decreased to 87±2 BPM at 1-year follow-up. HR was recorded for patients 

in NYHA IV as follows: 104±6 BPM at presentation.  Scattered illustration of the data obtained, as 

well as differences between groups can be found in figure 3.4. 

There is a trend toward correlation of heart rate with severity of the NYHA class and HF-like 

phenotype, as illustrated in figure 3.4.  Heart rate could perhaps serve as a useful predictive tool for 

the severity of the outcome of PPCM. Observations in figure 3.2 show more stability with a lower 

baseline HR, while the highest third of baseline HR points improved to varying degrees, but steadily 

over time.  

4. Discussion 

The aim of this study was to explore the recovery of HR, together with other HF-like symptoms, in 

South African PPCM women who were prescribed standard recommended therapy. Our data 

reported here show that most patients had partially improved in terms of HR after 6 months of 

standard recommended therapy, and further after 1 year, but still fell short of a healthy HR for 

most patients. 

Our main findings were as follows: 

- The majority of the PPCM patients enrolled in this study had an elevated HR (≥75BPM) at 

baseline (93%). 

- This trend persisted after 6 months on standard, recommended treatment, as 80% of patients 

had an elevated HR.  

- There was an improvement after 1 year on standard, recommended treatment, but 42% of 

patients still had an elevated HR.  



106 
 

- Higher HR was associated with higher NYHA classification, particularly after 6 months and 1 

year on standard, recommended treatment. 

In this population, we observed that of those delivering subsequent to their first child, 11 of the 26 

had experienced PPCM symptoms in a previous pregnancy.  

At the time of analysis of our data, Libhaber et al published a similar PPCM study, conducted in 

South Africa, in which they observed poor outcomes (i.e. mortality) in patients with HR above 100 

BPM (see figure 3.5) 246. A higher HR was more strongly correlated with mortality - this 

observation held true despite variation in SBP. This outcome echoes our findings – a single patient 

who had an initial heart rate of 100 BPM had died in our study – a higher heart rate corresponds 

with poorer cardiac outcomes in the setting of PPCM.  

Furthermore, Haghikia et al also published a study during the time of our analysis which 

documented the use of Ivabradine in 20 German PPCM patients over a period of 6 months 418. They 

reported significantly lower HR in patients after just 1 week of treatment, and better outcomes in 

LV function with Ivabradine in their cohort compared to those reported by previous registries. They 

showed that initial HR correlated with serum pro-BNP levels – an indicator that HR links to 

dysfunction. They also reported that ivabradine was well tolerated – as no patients suffered adverse 

reactions to treatment. 
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Figure 3.5: Cardiac parameters and outcomes in terms of survival as reported by Libhaber et al 246. Heart 
rate above 100 BPM correlated with greater mortality after 200 days. When HR and systolic blood pressure 
measures were combined and analysed, the combination of higher heart rate with higher blood pressure 
proved to be most detrimental after 200 days, followed by the combination of higher heart rate and low 
systolic blood pressure. Abbreviations: DBP – diastolic blood pressure; HR – heart rate; mmHg – millimetres 
of mercury; SBP – systolic blood pressure.  

Our study cohort had a smaller proportion of patients in NYHA III & IV cluster groups at baseline 

compared to that of Libhaber et al 246. Although our groups showed comparable SBP, DBP, HR and 

EF at baseline, there were slight differences in treatment, as they were prescribed digoxin as part of 

their treatment strategy. Interestingly, they observed that patients with poorer outcomes in their 

study were on lower doses of β-blockers. This resonates with the findings of Haghikia et al who 

found that PPCM patients who did not improve  had a lesser degree of β-blockade than those who 

recovered fully 205.  

Our findings, in terms of HR and EF, were consistent with those of Haghikia et al 205 – their patients 

showed elevated HR at baseline together with reduced EF. However, their EF values were lower 

than those seen in our group. Treatment strategies were consistent (including the use of 

Bromocriptine), but again, they prescribed digoxin as part of their treatment strategy, while we did 

not. Differences in race and social status may possibly explain the variation seen between the 

German study and our study.  
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The treatment that was prescribed to our patients maintained systolic and diastolic blood pressure 

below 120/80mmHg (as observed in table 3.3). These treatment strategies, together with the use of 

bromocriptine, improved the overall HF phenotype, as indicated by the improvement in the NYHA 

classification and ejection fraction measures from baseline to 6 months and further, in most cases, 

to a year. The groups studied by Haghikia et al and Libhaber et al followed a similar treatment 

strategy, with use of diuretics, ACEi, beta-blockers and bromocriptine. 

Libhaber et al observed that 57% of the patients who had poor outcomes in their study had HR 

greater than 100 BPM at baseline, which was significantly higher than patients who did not have 

poor outcomes (101+19 BPM vs 95+19 BPM, p=0.017) 246. In their study, 75% of patients who died 

had SBP below 110mmHg and were on a lower dose of β-blockers, but their treatment was the 

same in all other aspects. There was no distinction in terms of EF (25% vs 27% respectively) when it 

came to survival, but they found HR and SBP to be the distinguishing factors which correlated with 

survival outcome – a higher HR correlated with poorer outcomes.  

A lower HR correlates with lower NYHA class. These observations, particularly in terms of HR 

support the idea that modification of HR may serve as a useful tool to improve the outcome of HF. 

Thus, we propose that the use of the sinoatrial node inhibitor, ivabradine, to slow HR in patients 

with higher risk, particularly those with adverse reactions to β-blockers, may benefit outcome and 

NYHA classification in PPCM.  

5. Limitations 

One patient suffered a fatal cardiovascular-related event before the 6-month follow up, and 

information was thus only available for her baseline assessment. A second factor that limited the 

availability of data was that few patients reported for 6-month, and 1-year follow-ups. This 

restricted the statistical power and provided fewer comparative data points to work with. This may 

be a result of these patients deeming themselves recovered, and those who chose to attend did so 
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out of concern for a lack of improvement in their cardiac health status. The small sample size also 

served as a limitation in terms of statistical power.  

6. Conclusion 

The data we have presented here show that most PPCM patients had partially improved in terms of 

HR after 6 months of standard recommended therapy, and further after 1 year, but still fell short of 

a healthy HR. Patients improved HF-like symptoms with treatment – each patient improved by at 

least one NYHA class within the first 6 months of standard recommended therapy. However, we 

observed that patients who returned after 1 year were either stable or had deteriorated 

symptomatically. Further to this, patients with higher NYHA classification had higher HRs at all 

time points observed. These data, together with the findings by Haghikia et al 418 and Libhaber et al 

246 support the idea of targeting HR by a means other than β-blockade to further improve the 

treatment of PPCM. 

Ivabradine, an inhibitor of the sinoatrial node, has been shown to reduced HR in PPCM patients 

and could therefore be considered as a potential therapy in the setting of PPCM.  



110 
 

Chapter 4 

Exploring the effect of reducing heart rate 
in an in-vivo mouse model of PPCM 

1. Study rationale 

PPCM is associated with reduced cardiac function (ejection fraction, fractional shortening), 

increased markers of cardiac stress (ANP, BNP), cardiac remodelling with dilatation and fibrosis 42–

46. Improvement in the PPCM phenotype is associated with an improvement of cardiac function, a 

drop in stress markers, limiting remodelling, thus preventing dilatation and chronic failure – but 

there is still a need for additional therapies, as the mortality rate remains high 226,227.  

In South African PPCM women with optimum standard treatment, we have observed that HR 

remains elevated in most patients after 6 months, an effect which was still observed after a year 

(see chapter 3). Libhaber et al have recently observed that an elevated HR at baseline is associated 

with poorer outcomes 246.  

The drug, ivabradine, reduces HR by slowing action-potentials without adrenergic involvement 

and is used to treat stable angina pectoralis and symptomatic chronic heart failure 417,424. It exerts 

secondary effects – such as reducing Ang II and aldosterone levels, and reducing reactive oxygen 

species 410- which may theoretically improve the outcomes of HF in addition to the slowing of HR 

408.   

Animal models used to study PPCM display similar features to those seen in humans. Cardiac-

specific signal transducer and activator of transcription 3 knockout (STAT3 KO) mice have been 

established as an animal model of PPCM, the phenotype of which develops after 3 consecutive 

pregnancies 196. The cardiac-specific STAT3 knockout mouse model of PPCM has been previously 

described as having reduced fractional shortening, increased heart weight to body weight ratio, 
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dilatation, cleavage of prolactin to its 16kD form and remarkable fibrosis when compared to 

healthy and nulliparous controls 196. This model has, for example, been used to validate the efficacy 

of bromocriptine – the drug used to prevent the release of prolactin by the pituitary gland – in the 

treatment of PPCM, which is now commonly used in clinical settings 196,226. However, HR 

modulation in this model has never been studied.  

In the present study, we therefore aimed to evaluate the effect of a chronic treatment with 

ivabradine on the cardiac performance and remodelling in a STAT3 KO mouse model of PPCM. 

2. Methods 

2.1 Animal ethics 

All animal-based experiments were conducted in female mice (9 – 38 weeks old). All procedures 

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

Town (project reference number 015/045). All experiments were conducted, in accordance with 

the Guiding Principles in the Care and Use of Animals and National Institute of Health Guidelines 

(NIH publication No. 85-22, revised 1996) 425. Cardiomyocyte-specific STAT3 KO and wildtype 

(WT) mice were bred at the animal unit at the University of Cape Town and were housed in a 

facility with 12-hour day/ night light cycles, with ad libitum access to food and water.  

2.2 Cardiac-specific STAT3 knockout mouse model 

Cardiac-specific STAT3-knockout mice (STAT3 KO) were created by crossing C57BL6 mice 

heterozygous for a Myosin Light Chain 2V (MLC2V) -driven Cre-recombinase 120 with C57BL6 

mice homozygous for flox-surrounded section of STAT3 as previously described 426. Mice 

characterised as homozygous for the deleted 1.4-kilobase fragment of STAT3 (containing exon 1, 

intron 1, exon 2 and part of intron 2) and MLC2V Cre-recombinase by means of polymerase chain 

reaction (PCR) analysis of tail biopsies 426,427 were used as STAT3 KO, and their littermates 
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characterised as lacking Cre-recombinase by PCR analysis were used as wildtype littermate 

controls, as previously described and published by our laboratory 426,428. 

2.3 Establishment of a peripartum cardiomyopathy model in 

STAT3 KO mice 

Hilfiker-Kleiner et al noted that cardiomyocyte-specific STAT3 KO mice developed PPCM, with 

heterozygote KO having a milder form than the homozygotes 196. They also reported that, after 3 

pregnancies, heterozygous STAT3 KO mice presented signs of HF, such as laboured breathing and 

generalised oedema. Echocardiography revealed left ventricular dilatation and depressed fractional 

shortening in STAT3 KO compared to control female mice, mimicking the setting of PPCM196.  

For experiments, STAT3 KO females and control littermates were age-matched and mated thrice, 

with weaning, before a baseline transthoracic echocardiography (TTE) was performed. A weaning 

period of 3 weeks was essential as lactation is believed to contribute to the development of 

PPCM196. 

2.4 Experimental protocol 

Twenty-two days after the 3rd delivery, STAT3 KO mice and their littermate control were examined 

by means of TTE – this was considered as the baseline time point. Immediately thereafter, the 

treatment with ivabradine was started at a dose of 10mg/kg/day body weight dissolved in the 

drinking water 429. The control mice did not receive any treatment in their drinking water. 

Drinking water containing ivabradine was continually available to mice and was changed every 

3rd day. After 30 days of treatment 430, a second TTE was taken and hearts were harvested for 

histology and mRNA (messenger ribonucleic acid) analysis (see figure 4.1.). Genotyping was 

performed on tail biopsies obtained at birth and repeated after hearts were harvested.  
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Figure 4.1: Experimental protocol to study the effect of ivabradine in a PPCM model. Mice had 3 consecutive 
pregnancies, with weaning, before a baseline TTE measurement. They were then treated with Ivabradine (10 
mg/kg orally, in drinking water) for 30 days before a follow-up TTE was taken, and hearts were excised for 
histological staining and mRNA transcript analysis. Abbreviations: H&E – Haematoxylin and Eosin; mRNA – 
messenger RNA; qPCR – quantitative polymerase chain reaction; STAT3 KO – signal transducer and 
activator of transcription 3 knockout; PPCM –peripartum cardiomyopathy; TTE – transthoracic 
echocardiography; WT – wildtype 

2.5 Mouse echocardiography  

Mice were anaesthetised with inhalant anaesthetic (4% isoflurane in medical oxygen at a flow rate 

of 1 ml/min) until loss of the righting reflex. Mice were transferred to a heating pad and 

anaesthesia was maintained with 2% isoflurane in medical oxygen (1 ml/min) fed by means of a 

nose cone for the TTE procedure. A rectal thermometer was inserted to monitor body temperature, 
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which was maintained at 37°C. Mice were placed in the supine position on a warming pad, and fur 

was removed from the thoracic region. TTE gel was warmed and placed on the exposed chest. The 

mouse heart was assessed using a 550 MHz linear transducer using VisualSonics® Vevo® 2100 

V.1.6.0 imaging software. The imaging probe was placed in contact with the gel only. The probe 

was positioned to obtain the left ventricular short-axis view of the heart without papillary muscle 

interference. The position along the axis of the heart was tracked using the M-mode function, and 

once the position was deemed central along the axis and satisfactory, the B-mode function was 

activated, and Doppler waveforms were recorded for measurements and analysis. TTE images were 

downloaded and blindly analysed, post-capture. 

TTEs were done using B-mode and targeted M-mode echocardiography. Systolic and diastolic LV 

dimensions were measured. 

Left ventricular (LV) anterior wall thickness (LVAW), LV internal diameter (LVID) and LV posterior 

wall thicknesses (LVPW) in systole and diastole (LVAWs, LWAVd, LVIDs, LVIDd, LVPWs & LVPWd 

respectively, see figure 4.2), as well as HR were measured from M-mode images at the level of the 

base just above the papillary muscles. Imaging software calculated approximate values for LV mass. 

LV ejection fraction (EF) and LV fractional shortening (FS) are measured for evaluation of LV global 

systolic function, and were calculated in this investigation by using the monoplane volume and 

ejection fraction.  
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Figure 4.2: Cardiac dimensions measured in M-mode across the widest diameter of the left 
ventricle. Left ventricular (LV) anterior wall thickness (LVAW), LV internal diameter (LVID) and LV 
posterior wall thicknesses (LVPW) in systole and diastole (LVAWs, LWAVd, LVIDs, LVIDd, LVPWs & 
LVPWd respectively) were measured as indicated. Lighter grey sections indicate the chamber walls,  

2.6 Histology 

2.6.1 Sacrifice and histological fixing of hearts 

Mice were anesthetized by intraperitoneal injection of sodium pentobarbitone (200mg/kg body 

mass) (Kyron Laboratories (PTY) LTD, Benrose, South Africa). Once a sufficient degree of 

anaesthesia had been obtained, indicated by absence of the pedal reflex, the chest was cut open, 

and saturated potassium chloride (50% potassium chloride, see appendix A) solution was injected 

into the left ventricular chamber until the heart arrested in diastole. It was then excised, and excess 

connective tissue trimmed before flushing with sterilized saline (9% sodium chloride, see appendix 

A). Body weight, heart weight, lung weight and tibia length were recorded.  

The bottom third section of the heart, closest to the apex, was cut off and flash-frozen in liquid 

nitrogen for quantitative PCR (qPCR) analysis (see chapter 4, section 2.7). The remainder of the 
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heart was submerged in paraformaldehyde (4% in phosphate-buffered saline (PBS), see appendix 

A) for a minimum of 2 days and transferred to 70% ethanol until sectioning for histological 

staining.  

The heart was then cut in transverse sections and set in paraffin wax in a histology cassette. 

Samples were dehydrated with 3 times 1-hour incubations in alcohol (70% - 90%), before 3 times 

100% ethanol. This was followed by 3 times 1-hour incubations in iso-octane, 2 times paraffin 

wax (at 60°C), followed by 2 hours in 1 change of paraffin. Samples were then embedded gently 

with hot wax and set for 5 – 10 min on a cold plate. Sections were then sliced from the apex to the 

basal part of the left ventricle using a cryostat at 3-4μm thickness for Haematoxylin and Eosin 

(H&E) and Sirius red staining, and 7-9μm thickness for immunostaining. H&E staining was done to 

visualise immune cell infiltration in cardiac tissue, and Sirius red staining was done to visualise 

collagen fibres which underlie fibrosis. All sections were mounted on glass slides for staining and 

analysis. 

2.6.2 De-waxing of paraffin-embedded tissue sections 

 Paraffin sections were de-waxed and hydrated using two 10-minute incubations in xylene and 

sequential incubations in ethanol solutions, 95% to 70%, and distilled water. Slides were stored in 

phosphate-buffered saline (PBS - see appendix A) until staining was performed. 

2.6.3 Haematoxylin and Eosin staining 

Separate slides were stained using the H&E method 431. Each slide was submerged in haematoxylin 

stain for 5 min and then into running tap water for 5 min to stain nuclei blue. They were then 

submerged in the eosin stain for 30 seconds before dipping in distilled water. Samples were 

dehydrated once more (see above) before placing a drop of entellan on which to place the cover 

slip over.  
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2.6.4 Sirius Red collagen staining 

Additional slides were stained with picrosirius red solution (1g Sirius red F3B per litre saturated 

aqueous solution of picric acid) for an hour. Sections were washed twice in acidified water (5 ml 

acetic acid per litre water) and drained before dehydrating in 3 changes of 100% ethanol. Sections 

were then cleared in xylene and mounted in a resinous medium for analysis. 

2.6.5 Examination of stained histological sections 

 Picrosirius and H&E stained histological sections were examined, by a blinded researcher, with a 

Nikon Eclipse 90i microscope. Images were captured with the use of NIS-Elements Basic Research 

software [Nikon Instech Co. Ltd, Japan]. The amount of fibrosis for each heart was semi-

quantitatively (visually) determined using a scale from 1 to 5, with a score of 1 having no visible 

signs of fibrosis, and 5 having complete tissue fibrosis with Sirius Red staining for collagen. The 

amount of immune cell infiltration was semi-quantitatively determined using a scale from 1 to 5, 

with a score of 1 having no signs of infiltration, and 5 having complete infiltration with H&E. 

Assessment of the tissue was performed in a blinded manner during the investigation. Visiopharm 

6.9.2.3050 software was used to quantitatively verify measurements for fibrotic areas. Five images 

were taken at random across the section of the heart, and software was used to detect pixel 

quantities of red fibrotic fibres and normal muscle.  

2.7 Quantitative PCR 

2.7.1 Messenger RNA extraction 

The apex of the heart was snap-frozen in liquid nitrogen and stored until mRNA extraction. All 

homogenization steps were carried out on ice using the Qiagen mRNA extraction mini kit (see 

figure 4.3).  Βeta-Mercaptoethanol was added at a ratio of 1:100 to the RLT lysis buffer provided in 

the kit. Approximately 30mg of each tissue sample was thawed in 300μL of this lysis buffer. Tissue 
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was disrupted using a 7mm probe rotor-stator in 10 second bursts for 30 – 80 seconds, depending 

on the size and toughness of the sample. Once uniformly homogenised, samples were incubated 

with 600μL of 0.33mg/mL proteinase K for 10 min at 55°C. They were centrifuged for 3 min at full 

speed to sediment cell debris. The supernatant was transferred to a clean Eppendorf tube and 

mixed 1:1 with 70% ethanol. The solution was then added 700μL at a time to an RNeasy spin 

column and centrifuged for 15 seconds at 8000g (10000 rpm) for the RNA to bind to the column. 

DNAse I enzyme solution was mixed 1:7 with the RDD buffer supplied in the kit. Eighty μL of this 

was added to the column and centrifuged for 15 seconds at 8000g. The column membrane was 

then washed by addition of 700μL of the RW1 buffer supplied in the kit and centrifugation for 15 

seconds at 8000g.  The spin column membrane was washed twice with 500μL of RPE buffer mixed 

1:4 with 100% ethanol, first for 15 seconds then for 2 min at 8000g. The RNeasy spin column was 

then transferred to a 1.5mL collection tube before addition of 40μL of RNAse-free water. The 

column and collection tube were then centrifuged for 1 min at 8 000g to elute mRNA. mRNA was 

stored at -80°C.  

 
Figure 4.3: Protocol for extraction of mRNA from heart tissue as per Qiagen mRNA extraction mini kit. 
Adapted from RNeasy Mini Handbook 432 
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2.7.2 Complementary DNA synthesis of isolated RNA 

Complementary DNA (cDNA) synthesis was done using a high capacity reverse transcription kit 

(Applied Biosystems by Thermofisher Scientific, Life Technologies, Foster City, CA 94404, USA). The 

method was, briefly, as follows. Reagents for the reverse transcription kit were thawed and gently 

mixed on ice, per reaction, as follows: 2μL 10x reverse transcription (RT) buffer, 0.8μL 25x 

deoxynucleotide (dNTP) mix, 2μL 10x primers, 1μL multiscribe reverse transcriptase, and 4.2μL 

nuclease-free water.  Ten μL of this master mix was added into a PCR tube on ice before addition of 

10μL of the mRNA sample. This was pipetted up and down gently to mix. The plate with was then 

put through heat cycles as follows: 10 min at 25°C, 120 min at 37°C, and 5 min at 5°C. Samples 

were kept at 4°C before transfer to long-term storage of cDNA was at -20°C. 

2.7.3 Complementary DNA quantification 

Complementary DNA (cDNA) was quantified using the Qubit fluorometer 2.0. Briefly, the Qubit 

RNA HS agent was diluted 1 in 200 using the Qubit RNA HS buffer. 199μL of this was incubated 

with 1μL of cDNA in a PCR tube for 5 min. Two controls were used for standardisation; 10uL of 

each of the standard solutions was incubated with 190μL of the aforementioned mix for 5 min. The 

controls were used to calibrate the fluorometer, after which each sample was read in triplicate. 

Sample concentrations were adjusted to 10 ng/μL with nuclease-free water.  

2.7.4 Quantitative analysis of cDNA with qPCR 

Reverse transcription of cDNA was done using target primers to quantify expression of transcripts 

related to cardiac dysfunction (see appendix B, table 1, for primer sequences). Atrial natriuretic 

peptide (ANP), Angiotensin-converting enzyme (ACE), and mineralocorticoid receptor transcripts 

levels were examined as an indicator of blood-volume regulation. Cluster of differentiation 68 

(CD68) transcript levels were examined as an indicator of inflammation. Brain natriuretic peptide 

(BNP), and bone morphogenic protein 4 (BMP4) transcript levels were examined as indicators of 
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anti-fibrotic activity. Galectin 3, and transforming growth factor β1 (TGFβ1) transcript levels were 

examined as indicators of pro-fibrotic activity. α-cardiac actin and α-skeletal actin transcript 

levels were examined as indicators of muscle contractility for reversion to the foetal gene program. 

Collagen 1, collagen 3, fibronectin, and tissue inhibitor of metalloproteinase 1 (TIMP1) transcript 

levels were examined as indicators of remodelling. α-myosin heavy chain (α-MHC) and β-myosin 

heavy chain (β-MHC) transcript levels were examined as indicators of reversion to the foetal gene 

program. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control.  

Primers were diluted to 100μM with nuclease-free water. Each reaction was performed by 

combining 10ng cDNA, 0.1uL of each 100mM primer (forward and reverse, Integrated DNA 

Technologies, Leuven, Belgium) with 6.25uL RT SYBR green (ThermoFisher Scientific, Waltham, 

MA USA 02451) and nuclease-free water to make up a final volume of 12.5uL, on ice, in a 

capillary reaction tube. Samples were loaded and cycled at 95°C for 15 seconds followed by 60°C 

for 60 seconds for 50 cycles, using a Corbett RG-6000 thermocycler (NSW, 2137, Australia) with 

Rotor-Gene V,1.7.75 software. Reactions were done in duplicate with GAPDH as a loading control 

for each sample in each run.   

2.8 Chemicals  

Unless otherwise specified, all chemicals were obtained from Merck/ Sigma-Aldrich Inc., and all 

antibodies from Thermofisher Scientific Inc.  

2.9 Statistical analysis 

Results are expressed as means ± standard error of mean (SEM). Statistical analyses were performed 

using Statistica v.13 software. Significant differences (p <0.05) were determined for normally 

distributed data using multi-factoral Anova, with Fisher correction, with n≥6.  
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3. Results 

3.1 Echocardiographic and physical measurements  

Echocardiographic measurements for STAT3 knockout mice (KO) and wildtype mice (WT) 

reflecting cardiac dimensions, calculated ejection fraction, fractional shortening and ventricular 

volumes at baseline and after 30 days of treatment, as well as HR, body weight, heart weight, lung 

weight/tibia length after 30 days of treatment are summarised in table 4.1, Echocardiographic 

measures are reported in both systole (s) and diastole (d).  

The WT groups at baseline (postpartum) were consistent with each other, no differences were 

found in functional parameters between these groups. Fractional shortening was lower than values 

seen in WT mice postpartum from a previously published STAT3 KO model of PPCM, but there was 

also an increase in HR in our mice compared to their findings 196. To our surprise, our WT mice 

seem to have thicker posterior walls compared to previous findings reported in the literature 196.  

Comparison of the WT and KO groups at baseline (postpartum) showed no significant differences 

in any functional parameters.  However, 1 month later, with no specific treatment, the KO group 

had significantly increased LVIDd (p=0.01), LVIDs (p=0.04), LV vol;d (p=0.01), and LV vol;s 

(p=0.04) compared to the WT untreated group. 

Treatment with ivabradine in the WT group significantly increased LVIDd (p=0.03), calculated LV 

mass (p=0.01), LV vol;d (p=0.03), and body weight (p=0.03) compared to the untreated WT group, 

while significantly decreasing the heart weight/ body weight ratio (p=0.03). 

Treatment with ivabradine in the KO group significantly decreased LVIDs (p=0.01), LV vol;d 

(p=0.01), and LV vol;s (p=0.01) compared to the untreated KO group.  
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Table 4.1: Physical and echocardiographic measures as obtained for wildtype and STAT3 KO mice after 3 pregnancies 
with weaning (postpartum) and after 30 days with, or without treatment.  

 Wildtype STAT3 KO 

 Untreated Ivabradine-treated Untreated Ivabradine-treated 

 Postpartum 
(n=6) 

1 month 
(n=8) 

Postpartum 
(n=8) 

1 month 
(n=9) 

Postpartum 
(n=10) 

1 month 
(n=9) 

Postpartum 
(n=11) 

1 month 
(n=11) 

Body weight (g) 33±2 31±1 35±2 33±1* 35±1 35±1 33±1 34±1 

Lung weight/tibia 
 length (mg/mm) 

 15.90±1.20  16.10±1.61  19.39±1.03  18.21±1.19 

Heart weight/tibia  
length (mg/mm) 

 13.04±0.67  9.69±1.72  11.84±1.46  11.94±0.44 

Heart weight / body 
weight (mg/g) 

 6.88±0.36  6.15±0.22*  5.82±0.70  5.84±0.22 

Heart rate (BPM) 462±41 485±34 487±12 422±23 487±20 503±26 475±21 433±15 

LVAWd (mm) 1.00±0.03 0.93±0.06 0.89±0.05 0.89±0.03 0.87±0.05 0.83±0.07 0.92±0.06 0.86±0.06 

LVAWs (mm) 1.33±0.02 1.31±0.08 1.21±0.10 1.27±0.07 1.25±0.04 1.20±0.06 1.30±0.08 1.25±0.06 

LVIDd (mm) 4.91±0.19 4.58±0.20 4.68±0.10 4.87±0.07 * 4.80±0.12$ 4.82±0.12* 4.59±0.10¤ 4.68±0.11#
# # 

LVID;s (mm) 3.77±0.26 3.26±0.41 3.48±0.14 3.64±0.10 3.71±0.18 3.74±0.21* 3.38±0.11 3.46±0.14 
** 

LVPWd (mm) 0.92±0.06 0.76±0.06 0.84±0.04 0.81±0.08 0.76±0.06 0.85±0.06 0.85±0.04 0.80±0.04 

LVPWs (mm) 1.22±0.10 0.98±0.09 1.18±0.04 1.04±0.08 1.05±0.08 1.10±0.05 1.11±0.06 1.10±0.05 

Ejection Fraction (%) 47±4 54±8 51±3 49±3 46±3 45±4 52±2 52±2 

Fractional Shortening (%) 24±3 30±7 26±2 25±2 23±2 23±3 27±2 26±2 

Calculated LV mass (mg) 169±9 127±10 134±8 143±12* 130±9 139±12 136±6 124±6 

LV vol; d (μL) 114±10 98±10 101±6 111±3* 108±7 109±6* 95±5 ¤ 97±6 # ** 

LV vol; s (μL) 63±11 50±12 50±5 56±4 61±7 62±8* 47±4 45±4** 

Abbreviations: d – diastole; LV – left ventricle; LVAW- left ventricular anterior wall thickness; LVID – left ventricular 
internal diameter, LVPW – left ventricular posterior wall thickness; s – systole; vol – volume *p<0.05 compared to WT 
1 month untreated; # p<0.05 vs WT 1-month ivabradine-treated; ** p<0.05 compared to KO 1 month untreated; ## 
p<0.05 vs KO postpartum ivabradine group, ¤ p<0.05 vs KO postpartum untreated 

After 1 month of ivabradine treatment, the KO group had significantly decreased LVID;d compared 

to the WT group(p=0.004 vs WT 1 month ivabradine). 

No changes were observed between genetic or treatment groups for lung weight/tibia length (see 

table 4.1).  
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Figure 4.4: Percentage change in heart rate (HR) after 1 month (30 days) of ivabradine treatment. Percentage change 
was taken for each mouse individually, and data was pooled.  Both wildtype (WT) and STAT3 knockout (KO) mice 
showed a trend toward decrease in HR with ivabradine treatment (10mg/kg orally in drinking water), albeit non-
significant. WT untreated n=6, WT treated n=8, STAT3 KO untreated n=9, STAT3 KO n= 11. 

Average HR did not show a marked decrease in groups treated with ivabradine. However, a trend 

toward a decrease in HR can be better observed in both KO and WT mice when looking at the 

average percentage change in HR for each mouse after 30 days, when compared to baseline (see 

figure 4.4).  

 

3.2 Quantitative PCR  

Cycle threshold (CT) scores obtained for qPCR analysis are represented in figures 4.5 – 4.11 which 

follow.  

3.2.1 Markers of blood volume regulation  

Results for the qPCR analysis of 3 markers of blood-volume regulation, ACE and mineralocorticoid 

receptor, did not differ significantly between WT and KO untreated groups (see figure 4.5) 

 

-15.0

0.0

15.0

C
h

an
ge

 in
 H

e
ar

t 
R

at
e

 (
%

)

WT 1 month WT ivab 1 month

KO 1 month KO ivab 1 month



124 
 

 

Figure 4.5: CT scores obtained for markers of blood volume regulation in heart tissue after 1 month of 
Ivabradine treatment. Values represented are mean ± SEM. Abbreviations: ACE – angiotensin-converting 
enzyme; A.U. – arbitrary units; CT – cycle threshold; Ivab – ivabradine; KO – cardiac-specific signal 
transducer and activator of transcription 3 knockout mice; SEM – standard error of the mean; WT – 
wildtype mice. WT n=6, WT + ivab n=8, KO n=7, KO + ivab n=6. 
 

3.2.2 Marker of inflammation 

 

Figure 4.6: CT scores obtained for CD68, a marker of inflammation, in heart tissue after 1 month of 
Ivabradine treatment. Values represented are mean ± SEM. Abbreviations: A.U. – arbitrary units; CD68 - 
Cluster of differentiation 68; CT – cycle threshold; Ivab – ivabradine; KO – cardiac-specific signal 
transducer and activator of transcription 3 knockout mice; SEM – standard error of the mean; WT – 
wildtype mice. WT n=6, WT + ivab n=8, KO n=7, KO + ivab n=6. 

Results for the qPCR analysis of CD68 as a marker of inflammation did not differ significantly 

between WT and KO untreated groups (see figure 4.6). Treatment with ivabradine did not alter 

levels of mRNA transcripts.  
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3.2.3 Markers of anti-fibrotic activity 

 

Figure 4.7: CT scores obtained for anti-fibrotic markers in heart tissue after 1 month of Ivabradine 
treatment. Values represented are mean ± SEM. Abbreviations: A.U. – arbitrary units; BMP4 – bone 
morphogenic protein 4; BNP –brain natriuretic peptide; CT – cycle threshold; Ivab – ivabradine; KO – 
cardiac-specific signal transducer and activator of transcription 3 knockout mice; SEM – standard error of 
the mean; WT – wildtype WT n=6, WT + ivab n=8, KO n=7, KO + ivab n=6. 

Results for the qPCR analysis of markers of anti-fibrotic activity, BNP and BMP4, did not differ 

significantly between WT and KO untreated groups (see figure 4.7). Treatment with ivabradine 

made no change to levels of mRNA transcripts.  

3.2.4 Markers of pro-fibrotic activity 

 

Figure 4.8: CT scores obtained for pro-fibrotic markers in heart tissue after 1 month of Ivabradine 
treatment. Values represented are mean ± SEM. Abbreviations: A.U. – arbitrary units; CT – cycle threshold; 
Ivab – ivabradine; KO – cardiac-specific signal transducer and activator of transcription 3 knockout mice; 
SEM – standard error of the mean; TGF-β1 – transcription growth factor -β1; WT – wildtype mice. WT n=6, 
WT + ivab n=8, KO n=7, KO + ivab n=6. 
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Results for the qPCR analysis of markers of pro-fibrotic activity, galectin 3 and TGFβ1, did not 

differ significantly between WT and KO untreated groups (see figure 4.8). Treatment with 

ivabradine did not alter levels of mRNA transcripts. 

3.2.5 Markers of change in muscle contractility 

 
Figure 4.9: CT scores obtained for markers of muscle contractility in heart tissue after 1 month of Ivabradine 
treatment. Values represented are mean ± SEM. Abbreviations: A.U. – arbitrary units; CT – cycle threshold; 
Ivab – ivabradine; KO – cardiac-specific signal transducer and activator of transcription 3 knockout mice; 
SEM – standard error of the mean; WT – wildtype mice. WT n=6, WT + ivab n=8, KO n=7, KO + ivab n=6. 

Results for the qPCR analysis of markers of muscle contractility, α-cardiac actin and α-skeletal 

actin, did not differ significantly between WT and KO untreated groups (see figure 4.9). Treatment 

with ivabradine did not alter levels of mRNA transcripts. 
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3.2.6 Markers of remodelling 

 

Figure 4.10: CT scores obtained for markers of remodelling in heart tissue after 1 month of Ivabradine 
treatment. Values represented are mean ± SEM. Abbreviations: A.U. – arbitrary units; Ivab – ivabradine; CT – 
cycle threshold; KO – cardiac-specific signal transducer and activator of transcription 3 knockout mice; 
SEM – standard error of the mean; TIMP1 – tissue inhibitor of metalloproteinases 1; WT – wildtype mice. 
WT n=6, WT + ivab n=8, KO n=7, KO + ivab n=6. 

Results for the qPCR analysis of 4 markers of cardiac remodelling, collagen 1, collagen 3, 

fibronectin and TIMP1, did not differ significantly between WT and KO untreated groups (see 

figure 4.10). Ivabradine significantly decreased RNA transcript levels of fibronectin in WT mice 

(p=0.03), but this effect was absent in KO mice.  
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3.2.7 Markers of reversion to the foetal gene program  

Results for the qPCR analysis of markers of reversion to the foetal gene program, α-MHC, β-MHC 

and ANP, did not differ significantly between WT and KO untreated groups (see figure 4.11). 

Ivabradine significantly increased RNA transcript levels of ANP in WT mice (p=0.02), but this effect 

was absent in KO mice. 

 

 

 

Figure 4.11: CT scores obtained for markers of reversion to the foetal gene program in heart tissue after 1 
month of Ivabradine treatment. Values represented are mean ± SEM. Abbreviations: A.U. – arbitrary units; 
ANP – atrial natriuretic peptide; CT – cycle threshold; Ivab – ivabradine; KO – cardiac-specific signal 
transducer and activator of transcription 3 knockout mice; MHC – myosin heavy chain; SEM – standard 
error of the mean; WT – wildtype mice. WT n=6, WT + ivab n=8, KO n=7, KO + ivab n=6. 
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In summary, quantification of mRNA showed minimal differences in the chosen transcripts linked 

to cardiac remodelling between KO and WT groups, indicating a similar cellular state in both 

groups.  

Treatment with ivabradine resulted in 2 significant changes in the WT group – increases in mRNA 

levels of ANP and fibronectin (see figures 4.10 & 4.11). ANP is an anti-hypertrophic factor which is 

involved in reducing cardiac load, and also suggesting reversion to the foetal gene program (see 

chapter 1, section 1.5). It was elevated in the WT group with treatment compared to the WT 

untreated group, without significant changes in ACE, mineralocorticoid receptor, TGF-β1, α-MHC, 

and β-MHC – the other transcripts examined which would indicate increased load stress or 

reversal to the foetal gene program.  

 

3.3 Histological examination 

3.3.1 Sirius red staining 

Semi-quantitative analysis of Sirius red staining for collagen (a precursor of fibrosis) was 

consistent with quantitative analysis performed. Both semi-quantitative and quantitative analyses 

revealed no change in fibrosis (represented by collagen) between untreated WT and KO groups. 

Treatment with ivabradine tended to decrease fibrosis in WT mice, and significantly decreased 

fibrosis in KO mice (p=0.017). Illustrative images of each group with Sirius red staining are 

indicated in figure 4.12, For tabulated results of quantitation, see appendix B, table 2,  
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Figure 4.12: Histological staining with Sirius red for collagen. (a) Greater collagen deposition (red striations) 
in untreated hearts (top row) compared to hearts from mice treated with ivabradine (bottom row) was 
observed at 10 x magnification. (b) Ivabradine treatment decreased the amount of collagen (and thus 
fibrosis, as determined by semi-quantitative analysis) in both WT and KO mice. WT n=14, WT + ivab n=8, KO 
n=11, KO + ivab n=11. 

Interestingly, WT mice showed more perivascular fibrosis, while KO mice showed more interstitial 

fibrosis. These results, together with the qPCR results for fibronectin (see chapter 4, section 3.2), 

suggest a propensity toward a decrease in fibrosis with ivabradine treatment. 

3.3.2 Haematoxylin and Eosin staining 

Semi-quantitative analysis of H&E staining for the presence of immune cells yielded no significant 

differences in immune cell infiltration between WT and KO groups. Treatment with ivabradine did 

not affect the level of infiltration (see figure 4.13, see appendix B, table 2, for tabulated results).  
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Figure 4.13: Histological staining with H&E to visualise immune cell infiltration in cardiac tissue. 
(a)Ivabradine very slightly reduced infiltration (lighter pink patches) in both wildtype and PPCM mice as 
observed at 10 x magnification, (b) but this was not significant. WT n=14, WT + ivab n=8, KO n=11, KO + ivab 
n=11. 

4. Discussion 

In this study, the aim was to evaluate the cardiac function and remodelling in a STAT3 KO mouse 

model of PPCM chronically treated with ivabradine. Although our data reported here show no 

cardiac alterations between WT littermate control and PPCM mice after 3 pregnancies – which is 

likely due to WT littermate control mice presenting with cardiac dysfunction – a chronic treatment 

with ivabradine reduced fibrosis in both healthy and PPCM mice.  

Our main findings were as follows: 

- Both WT littermate control and PPCM mice presented with low EF and FS when examined 

after 3 pregnancies with weaning 
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- No significant differences were seen for EF and FS for either WT littermate control or PPCM 

mice with ivabradine treatment, compared to untreated groups 

- No significant differences were observed for HR between WT littermate control and PPCM 

mice 

- Ivabradine did not significantly reduce HR, although there was a tendency toward a 

reduction in HR when observing each mouse individually 

- Changes in qPCR CT scores were seen for ANP (increase in WT group with ivabradine 

treatment) and fibronectin (decrease in WT group with ivabradine treatment, trend seen in 

KO group too) 

- Fibrosis was decreased in both groups with use of ivabradine (trend in WT, significant in 

KO)  

When comparing our STAT3 KO mice to their corresponding wildtype littermate controls after 3 

pregnancies, at the end of weaning (i.e. postpartum), we were surprised to find that physical and 

echocardiographic measurements were comparable between the 2 groups (see table 4.1). Both 

groups had low ejection fraction (<50%) and fractional shortening (<30%) at this time point 

compared to the literature with measurements on mice of the same background (C57BL6) 196,433.  

Our observations here in terms of the differences in ejection fraction and fibrosis in KO and WT 

groups were not as marked as that seen by Hilfiker-Kleiner et al 196. Previous experiments with 

mice in our laboratory have indicated that differences between C57BL6 floxed and non-floxed 

STAT3 mice can be observed (i.e non-littermates vs littermates) 434. The model used by Hilfiker-

Kleiner et al states that they use mice from the same background as that on which the STAT3 KO 

model was developed, but does not clearly define whether the corresponding littermates were used 
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as WT controls 196,435. This may underlie our inconsistent findings when compared to their model 

and account for the lack of significance between the WT and KO groups in our setting.  

The cardiac state in both control and STAT3 KO mice may also have been affected by the timing of 

pregnancies – 3 consecutive pregnancies initiated directly after weaning may have meant that 

there was insufficient time to recover between each pregnancy, and before treatment and analysis 

had begun. In order to determine whether the stress of consecutive pregnancies masks the contrast 

that has been described in the literature between WT mice and STAT3 KO mice 196, it would be 

necessary to compare these mice to nulliparous mice from the same strain (see additional 

experiments performed in section 7 of this chapter).  

Echocardiographic outcomes in experimental mice did not indicate any notable differences in 

cardiac function between WT and KO mice regardless of ivabradine treatment. Measurements 

were taken in a blinded fashion and separated by genotype after the treatment period (as described 

in the methods section) in time for data analysis. Evaluation of cardiac function at baseline showed 

no differences between the WT and KO groups.  

The natural progression in both groups after 1 month without treatment showed some degree of 

change when compared to their postpartum echocardiographic measures, though these were not 

statistically significant. There was, however, a trend toward better ejection fraction and fractional 

shortening in the WT group compared to their postpartum selves, while the STAT3 KO group 

remained low. It was also at this time point that physical measures associated with HF, such as 

increased body weight and lung weight to tibia length ratios, were more evident in the STAT3 KO 

group, though still not statistically significant.  

Another unexpected result in our study was that treatment with ivabradine did not show a 

significant reduction of HR pre- and post-treatment when data were pooled (see table 4.1). Again, 
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this may have been due to the use of the anaesthetic used when HR measurements were taken - 

isoflurane, is well known for modulation of HR in animals 436. We had used the same dosage of 

ivabradine as that reported by Custodis et al, for our long-term treatment, but the method of 

recording heart rate was different – they used a tail cuff system on conscious mice to measure HR, 

while we recorded HR in mice under anaesthesia 437. The use of anaesthetic may therefore have 

masked the reduction of HR observed in the literature with a chronic treatment of ivabradine 437.  

After 1 month of ivabradine, the WT group had comparable fibrosis (see figure 4.12) and immune 

cell infiltration to the STAT3 KO group (see figure 4.13), suggesting that after 3 successive 

pregnancies, both groups were in a similar state of function. After 1 month without treatment, the 

WT group showed some improvement in cardiac function, while the STAT3 KO group did not 

improve.  

Fibronectin is an extracellular matrix protein which binds collagen (see chapter 1, section 1.5.7), 

an increase of which indicates the early stages of fibrosis. Reduction of fibrosis (significant in KO, 

and trend in WT) with ivabradine treatment in this model echoes the findings of Custodis et al, 

who found that a long-term (6 weeks) treatment with ivabradine prevented deposition of cardiac 

collagen and thus fibrotic remodelling 437. This was also supported by the reduction we saw with 

ivabradine treatment in the collagen-anchoring element, fibronectin, which would help to reduce 

fibrosis. Custodis et al attributed their findings with ivabradine to downregulation of RAAS 

transcripts, an effect which was not supported by our findings, as we did not find any changes in 

mRNA levels of ACE and mineralocorticoid receptors 437. They also reported that ivabradine 

modulated the migration of immune cells which play a key role in inflammation – we observed 

differences in the deposition of collagen, but we did not observe differences in inflammatory cell 

infiltration 437. The differences seen in their model that could not be seen in ours may have been 
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explained by the duration of treatment (6 weeks vs 4 weeks in our model). Alternatively, it may be 

due to the stress involved in pregnancy in our model that was absent in their model.  

It is also important to bear in mind that results for qPCR show a snapshot in time and may not 

necessarily correspond with larger scale events in the cell, such as protein concentrations or 

structural changes. This is evident in the qPCR results for collagens 1 and 3 when compared to the 

results for presence of collagen in the myocardium with Sirius red staining (see figure 4.10). 

5. Limitations 

As mentioned in the discussion, one limitation was the choice of anaesthetic in anaesthesia for 

echocardiography. Isoflurane, which was our anaesthetic of choice has been reported to have 

different effects on cardiac measures in comparison to other anaesthetic agents. In particular, 

measurements taken for FS, HR, and aortic ejection time have been reported to be lower with the 

use of isoflurane than with other agents such as tribromethanol, ketamine-midazolam and 

ketamine-xylazine – these differences intensify with time 438. This may explain, at least in part, 

why our reported TTE values were lower than those seen by Hilfiker-Kleiner et al who used 

Ketamine-Xylazine as their anaesthetic196. Different genetic backgrounds of mice (e.g. C57BL6/6N 

vs C57BL6/JN mice) also have different reactions to anaesthetic, a factor which may contribute to 

differences seen by other groups 438.  

6. Conclusion 

In this study, we found that the STAT3 KO model did not produce a similar PPCM model to that 

previously reported in the literature 196, as both WT and STAT3 KO mice had unusually poor 

cardiac function. This may be as a result of the physiological stress caused by 3 successive 

pregnancies in our model, which may nullify the contribution of genotype as a factor in this study. 

Regardless, long-term treatment of both groups of mice with ivabradine elicited an effect on 

remodelling, as it reduced the formation of fibrotic scars in the heart.  
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In order to determine whether the poor cardiac function observed in both STAT3 KO and WT 

groups, are due to the physiological stress of 3 successive pregnancies on the heart, or due to a loss 

of genetic function, it would be necessary to compare the findings here with those of non-pregnant 

WT and STAT3 KO mice.  
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Chapter 5 

Sub-study with comparison of naïve 
STAT3 knockout mice 

1.  Study rationale 

In the above study, the STAT3 KO ‘PPCM’ mice did not show a difference in cardiac function or 

fibrosis when compared to wildtype littermates. Instead, both groups appeared to be in the same 

state with reduced cardiac function (poor fractional shortening and ejection fraction), as well as 

similar inflammation, immune infiltration, and fibrosis.  

The previously described STAT3 KO model of PPCM was characterised by severe diastolic 

dysfunction, reduced fractional shortening, and the development of severe fibrosis compared to 

their wildtype controls after 3 pregnancies with weaning 196. Their nulliparous STAT3 KO and WT 

mice showed similar function to WT mice after 3 pregnancies, but better function in comparison to 

the PPCM group. In order to determine whether the unusual findings in the main component of 

this study were due to genotype, or due to successive pregnancies, it would be necessary to 

compare the mice postpartum to their genotype-matched nulliparous (naïve) counterparts.  

The aim of this sub-study therefore to determine whether the unusual findings in in the main study 

were influenced by genotype or pregnancy.  
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2. Methods 

Figure 5.1: Experimental protocol to study the influence of genotype and pregnancy on cardiac outcomes in 
a PPCM model. TTE measurements were taken after 3 consecutive pregnancies, with weaning for both WT 
and STAT3 KO groups for comparative analysis. These were compared to TTEs taken in age-matched 
nulliparous (naïve) female mice from the same genetic background to evaluate changes with pregnancy. 
Hearts were excised, and Sirius red and H&E staining were done for nulliparous females to evaluate 
contributions of genotype without pregnancy. Abbreviations: H&E – Haematoxylin and Eosin; STAT3 KO – 
signal transducer and activator of transcription 3 knockout; PPCM –peripartum cardiomyopathy; TTE – 
transthoracic echocardiography; WT – wildtype.  

Twelve-week old nulliparous (naïve) female mice with the same genetic background as described 

in chapter 4, section 2.3 were used for these experiments. Transthoracic echocardiography (TTE) as 

described in chapter 4, sections 2.5 was performed on these mice, as well as histology with Sirius 

red staining and haematoxylin and eosin staining as described in chapter 4, section 2.6 (see figure 

4.1). Statistical analysis of results was performed as described in chapter 4, section 2.9, and 

included data obtained from the experimental protocol involving pregnancy for comparison.  
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3. Results 

3.1 Echocardiographic measurements 

Echocardiographic measurements for nulliparous knockout mice (KO), and naïve wildtype mice 

(WT) and experimental mice (who have had 3 successive pregnancies) reflecting cardiac 

dimensions, calculated ejection fraction, fractional shortening and ventricular volumes at 12 weeks 

of age, as well as HR, body weight, heart weight, lung weight/tibia length after are graphically 

represented in figures 5.2 – 5.4 (see appendix B, table 3 for detailed tabulated data).  

 

 
Figure 5.2: Left ventricular dimensions in nulliparous mice and after 3 pregnancies. Values (mean ± SEM) as 
obtained for nulliparous (naïve) as well as wildtype and STAT3 KO mice after 3 pregnancies with weaning 
(postpartum) from the main study. The postpartum groups reflect combined data for WT groups prior to 
treatment, as well as combined data for KO groups prior to treatment. Abbreviations: KO – signal transducer 
and activator of transcription genetic knockout mice; WT – wildtype mice; SEM – standard error of the 
mean. WT postpartum n=6, WT naïve n =10, KO postpartum=10, KO naïve n=3. 
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Figure 5.3: Left ventricular dimensions and functional measures in nulliparous mice and after 3 
pregnancies. Values (mean ± SEM) as obtained for nulliparous (naïve) as well as wildtype and STAT3 KO 
mice after 3 pregnancies with weaning (postpartum) from the main study. The postpartum groups reflect 
combined data for WT groups prior to treatment, as well as combined data for KO groups prior to treatment. 
Abbreviations: KO – signal transducer and activator of transcription genetic knockout mice; WT – wildtype 
mice; SEM – standard error of the mean. WT postpartum n=6, WT naïve n =10, KO postpartum=10, KO 
naïve n=3. 
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Figure 5.4: Left ventricular volume, and physical measures in nulliparous mice and after 3 pregnancies. 
Values (mean ± SEM) as obtained for nulliparous (naïve) as well as wildtype and STAT3 KO mice after 3 
pregnancies with weaning (postpartum) from the main study. The postpartum groups reflect combined data 
for WT groups prior to treatment, as well as combined data for KO groups prior to treatment. Abbreviations: 
KO – signal transducer and activator of transcription genetic knockout mice; WT – wildtype mice; SEM – 
standard error of the mean. WT postpartum n=6, WT naïve n =10, KO postpartum=10, KO naïve n=3. 

The WT naïve group had smaller LVAWd, LVIDd, LVIDs, LVPWd, lower weight, LV mass and 

volume (in both systole and diastole) higher EF and FS compared to the KO naïve group (see figure 

5.2 – 5.4). These indicate that the nulliparous WT mice were in a state of better cardiac health, had 

less hypertrophy, and better function compared to the naïve KO mice.  

The WT naïve group had lower values for LVAWd, LVAWs, LVPWd, LVPWs, LV mass, HR and body 

weight compared to the WT postpartum group (see figure 5.2 – 5.4). These data indicate that 

pregnancy in these WT mice induced the expected physiological changes (weight and HR – see 

chapter 1, section 2), as well as hypertrophy.  
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The KO naïve group had greater LVIDd, LVIDs, LV mass and volume, with a lower HR compared to 

the KO postpartum group (see figure 5.2 – 5.4). These data suggest that 3 consecutive pregnancies 

altered cardiac function in KO mice. 

3.2 Histological examination 

3.2.1 Sirius red staining 

 

Figure 5.5: Histological staining with Sirius red for collagen. (a) Greater collagen deposition (red striations) 
was observed in naïve WT mice compared to their pregnant counterparts at 10 x magnification (p=0.026). 
Similar trends were seen for the naïve WT group compared to the naïve KO mice, but (b) this was not 
significant when analysed with semi-quantitatively. WT postpartum n=6, WT naive n=6, KO postpartum n=10, 
KO naïve n=3. 

Semi-quantitative analysis of Sirius red staining for the detection of collagen (indicating fibrosis) 

showed a significant increase in collagen in WT mice after going through 3 pregnancies, compared 

to the naïve mice, therefore suggesting an increase in fibrosis associated with successive 

pregnancies and weaning (p=0.026, see figure 5.5, see appendix B, table 4, for tabulated results). 
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There was also a trend toward an increase in collagen deposition in KO naïve mice compared to 

WT naïve mice, but this was not significant.  

3.2.2 Haematoxylin & Eosin staining 

H&E staining for the presence of immune cells yielded results depicted in figure 5.6. Semi-

quantitative analysis showed no significant differences between groups (p>0.05, see figure 5.6).  

 

Figure 5.6: Histological staining with H&E for immune cell infiltration. (a) Greater immune cell infiltration 
(lighter pink patches) was observed in naïve WT mice compared to their pregnant counterparts at 10 x 
magnification (p=0.049). (b) Similar trends were seen for the naïve WT group compared to the naïve KO 
mice, but this was not significant. Abbreviations: H&E - Haematoxylin & Eosin; KO – signal transducer and 
activator of transcription 3 genetic knockout mice, WT – wildtype mice. WT postpartum n=6, WT naive n=6, 
KO postpartum n=10, KO naïve n=3. 

Semi-quantitative analysis of H&E staining for the presence of immune cell infiltration showed a 

significant increase in immune cell infiltration in WT mice after going through 3 pregnancies, 

compared to naïve mice, therefore suggesting an increased inflammatory state associated with 

successive pregnancies and weaning (p=0.049, see figure 5.6, see appendix B, table 4, for tabulated 
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results). There was also a trend toward an increase in KO naïve mice compared to WT naïve mice, 

but this was not significant.  

4. Discussion 

In this sub-study, the aim was to determine whether the loss of function found in the ‘healthy’ WT 

littermate mice who had gone through 3 pregnancies was due to genotype, or due to the 

physiological stress of having 3 successive pregnancies (with weaning). We therefore compared 

cardiac function and fibrosis in nulliparous (naïve) WT and STAT3 KO mice with mice who were 

subjected to 3 consecutive pregnancies. 

Our main findings were as follows: 

- KO naïve mice showed wider ventricular dimensions in diastole, and had lower EF and FS 

than WT naïve mice 

- Pregnancy in WT mice caused anterior and posterior wall expansion, and an increase in LV 

mass compared to naïve WT mice, while pregnancy in KO mice contracted internal LV 

diameter 

- Fibrosis was increased in the KO naïve group, as well as the WT group postpartum 

compared to the WT naïve group 

- Immune cell infiltration was increased in the KO naïve group, as well as the WT group 

postpartum compared to the WT naïve group 

Our findings in the WT groups, when comparing naïve (non-pregnant) mice to mice who have 

gone through 3 consecutive pregnancies, indicate that there is increased hypertrophy (indicated by 

wider LV wall dimensions, see figures 5.2 – 5.3), as well as onset of fibrosis (indicated by increased 

collagen deposition, see figure 5.5) with 3 consecutive pregnancies. These findings suggest that 
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there is a degree of cardiac dysfunction associated with pregnancy in this model. It is possible that 

this occurred as a result of there being no recovery time between pregnancies, thus compounding 

cardiac symptoms, resulting in dysfunction and the onset of hypertrophy and fibrosis.  

When comparing the WT naïve and KO naïve groups, there were clear differences between the 2 

groups with dampening of cardiac function in nulliparous KO mice compared to WT controls 

(indicated by reduced EF and FS, see figure 5.3).  The results, in terms of wall dimensions, also 

appear to indicate that the pathology associated with knocking out of the STAT3 gene in 

cardiomyocytes is consecutive to diastolic dysfunction (see figures 5.2 – 5.3). Further to this, we 

found tendencies toward reduced fibrosis and immune cell infiltration between the 2 groups, but 

this was not significant. These results indicate that there is cardiac (diastolic) dysfunction 

associated with KO mice even without pregnancy. It is necessary to note that STAT3 KO mice have  

been shown to develop dilated cardiomyopathies as they age 105 – an outcome which may be 

variable in terms of timing of onset, possibly depending on the genetic background of mice.  

There were few differences found between the KO naïve and postpartum groups – overall cardiac 

function, fibrosis, and immune cell infiltration were consistent – both groups were in a similar 

state of dysfunction. The only differences were compensatory changes in HR and contractility 

which maintained stable cardiac output between the 2 groups. This works on a similar principle to 

that seen by Kulandavelu et al who found compensatory changes in HR and stroke volume pre- 

and post-pregnancy in eNOS deficient mice, which maintained stable cardiac output 439. Our 

findings here do differ from those published by Hilfiker-Kleiner et al, as they found their 

nulliparous STAT3 KO mice to have normal function, while mice who were put through 3 

pregnancies had notably decreased function, with hypertrophic thickening of walls, and severe 

fibrosis 196. It appears that our knockout model has an earlier onset of cardiac dysfunction than 

that of Hilfiker-Kleiner et al 196. This difference may be due to the method of inactivation of STAT3 
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in each model – the model we have used removes the entire STAT3 gene, producing no protein in 

cardiomyocytes 426, while the model used by Hilfiker-Kleiner et al removes only part of the gene 

103, producing an aberrant protein which may possibly still have some cardioprotective effect prior 

to pregnancy. 

These observations help to explain the results seen in chapter 4, section 3, in the main study – 

timing of pregnancies appears to be an important factor, as consecutive pregnancies are associated 

with cardiac dysfunction in our model, irrespective of the genetic background. Pregnancy in itself 

is a cardiac stress, and three consecutive pregnancies, without sufficient recovery time, may have 

masked the differences that would be expected in a STAT3 KO model of PPCM, due to WT mice 

suffering cardiac alterations with pregnancy. 

It would have been useful to try a longer period after each weaning to see whether the 

dysfunctional state we have reported here could have been reversible in WT mice. 

5. Conclusion 

Our main finding in this study was that WT mice who are subjected to 3 consecutive pregnancies 

show abnormal function, similar to that of their PPCM littermates.  

The STAT3 knockout / PPCM model we have used here behaves differently to those previously 

published by other groups –  we did not observe a marked change in function between the WT and 

KO groups following 3 consecutive pregnancies, thus failing to mimic a PPCM model. This 

outcome appears to be linked to the timing of onset of dysfunction in the genetically modified mice, 

as our genetic knockout model shows marked functional changes prior to the onset of pregnancy, 

indicating early onset of cardiac dysfunction. It also appears to be linked to the timing of 

pregnancies, as 3 consecutive pregnancies in WT mice showed remodelling usually linked to long-
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term cardiac dysfunction, thus masking the effects which would otherwise be seen between WT 

and a STAT3 KO model supposed to mimic PPCM.  

Despite this limitation, we found that long-term use of ivabradine in a setting associated with 

cardiac stress and dysfunction helps to reduce fibrotic remodelling. This is consistent with findings 

in the literature 437, although our quantitation of transcripts suggests that the anti-fibrotic activity 

of ivabradine is facilitated by an alternate pathway to RAAS regulation. Our data here suggest that 

this effect of ivabradine is independent of the SA node (and HR) or STAT3. A candidate pathway 

facilitating the anti-fibrotic effect of ivabradine may possibly involve suppression of the phospho-

inositol 3 kinase/ protein kinase B (PI3K/Akt), as a study by Yu et al in mice showed a decrease in 

PI3K activity with ivabradine treatment, together with reduced hypertrophy, fibrosis and 

cardiomyocyte apoptosis 440.  
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Chapter 6  

Exploring the beneficial effect of reducing 
heart rate in ex-vivo mouse models of 

acute heart failure 

1. Study rationale 

AHF is the sudden onset of HF-like symptoms, with varying causes and manifestations. A switch in 

preference for energy substrate from glucose to free-fatty acids, higher circulating levels of 

catecholamines and changes in pressure and cardiac contractility are observed. AHF has high 

mortality rates, and one of the main problems with studying AHF is the lack of basic, pre-clinical 

models which mimic the condition 441–443. Most data obtained in clinical studies are only able to 

record observations after interventions begin which make it difficult to study the pathophysiology 

of the disease and putative novel therapies for it.  

One notable observation in clinical studies of AHF is the change in HR – in pathologies like 

haemorrhagic shock it is very low; in Takotsubo cardiomyopathy (TC), it is differentially 

modulated. In these pathologies, it is suggested that the change in HR is modulated by adrenergic 

activity, and compensatory mechanisms following changes in blood pressure 444,445.  

A previously validated ex-vivo animal model which mimics hypotensive AHF as observed in 

haemorrhagic shock – with an increase in adrenergic activation, a switch in availability of 

metabolic substrates and a drop in pressure – shows poor recovery as would be associated with 

high mortality rates 312,446. This model displays a great HR variability during the recovery phase, 

therefore suggesting that the sinoatrial node might be involved and may play a vital role in the 

outcomes. This ex-vivo model, which is un-paced and makes use of adrenaline to exacerbate the 
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HF-like insult, could also potentially be adapted to mimic TC, characterised by absence of severe 

hypotension at the onset of the pathology, but further increased adrenergic stimulation.  

Observations in both clinical and experimental settings allude to the idea that the ability to regulate 

heart rate – without involvement of the adrenergic pathways – could modify the outcomes in HF 

conditions (see chapter 1, section 3) 310,417. The sinoatrial node inhibitor, ivabradine, is a prime 

candidate to test this idea, and would provide a better mechanistic understanding of the role that 

the sinoatrial node may play in AHF. 

In this study, we therefore aimed to evaluate the cardiac function recovery in ex-vivo models of 

hypotensive AHF, mimicking haemorrhagic shock, and a reductionist model of TC, in the presence 

of ivabradine, a modulator of HR.  

2. Methods 

2.1 Animal ethics 

All procedures were approved by the Faculty of Health Sciences Animal Ethics Committee of the 

University of Cape Town (project reference number 014/029). All experiments were conducted, in 

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

Health Guidelines (NIH publication No. 85-22, revised 1996). C57BL6 mice were bred at the 

faculty’s breeding unit and housed in a facility with 12-hour day/ night light cycles, with ad 

libitum access to food and water. Only male mice (11 weeks – 15 weeks of age) were used, as 

oestrogen levels vary through the reproductive cycle and may misrepresent the outcomes 

attributed to drug treatments 446.  
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2.2 Langendorff isolated mouse heart perfusion system 

The chemical composition of buffers used in the following protocols are given in appendix A. 

C57BL6 male mice between 13 – 15 weeks of age were used for the hypotensive AHF model and 11 

– 14 weeks for the TC model.  

2.2.1 Anaesthesia and heart excision 

Mice were anaesthetized by intraperitoneal injection of sodium pentobarbitone (200mg/kg body 

weight) and heparin (80IU/kg body weight). A sufficient degree of anaesthesia was determined by 

absence of the pedal reflex, after which an incision was made to expose the thoracic cavity. This 

was cut open at the surface of the sternum, and the ribs and intercostal muscles were incised to 

access the heart. The heart was gently cupped and lifted slightly before cutting the connection with 

the aorta, vena cava and pulmonary vessels. The heart was rapidly immersed in ice cold Krebs 

buffer (see appendix A) and immediately cannulated. Cannulation was done by inserting a blunt-

ended 21-gauge needle filled with Krebs buffer into the aorta and fastening it at the base of the 

needle by means of a silk suture thread. The cannulated heart was then connected to the 

Langendorff retrograde perfusion system to conduct the simulation protocols.  

2.2.2 Measurement of left ventricular pressure 

Balloons were constructed using a 2.5 x 2.5cm square of polyvinyl chloride film (clingfilm) which 

was carefully stretched over the end of a size 13 knitting needle to create an inelastic pocket 

protrusion (approximately 1cm in length) which would contour the inside of left ventricle. This 

pocket was filled with deionised water and carefully fastened to a length of fine polythene tubing 

attached to the blunt end of a 21-gauge needle. The balloon, once bound, was approximately 

0.5cm in length. Extreme care was taken to remove any air bubbles present in the balloon and 

connected tubing as presence of air in any part of the recording system would cause dampening of 

the pressure signal. Balloons were stored in deionised water.   
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The balloon was connected to a pressure transducer, which was connected to a PowerLab signal-

recording device (ADInstruments, Sydney, NSW, Australia). After the initiation of perfusion, the left 

atrial appendage was removed, and the balloon was deflated and inserted through the mitral valve 

into the left ventricle. Once in the ventricle, the balloon was secured using a clamp. The balloon 

was filled with water until a diastolic pressure of between 4 and 10mmHg was obtained during 

stabilisation.  The mechanical beating of the heart was converted to an electrical trace which was 

digitally recorded and could be used for the continuous monitoring of the HR, left ventricular 

systolic and diastolic pressures and resultant left ventricular developed pressure (LVDP) 447. 

2.3 Experimental protocol for ex-vivo hypotensive acute heart failure 

model 

The perfusion model used to simulate hypotensive AHF, mimicking haemorrhagic shock, was 

validated by Deshpande et al in a rat model  with administration of adrenaline during the low 

pressure phase 312. The model used in the present study was adapted to mice, with the use of a 

pressure-sensing balloon, and administration of adrenaline during the low-pressure phase, as in 

the rat model.   

Each heart included in the study had to meet the parameters listed in table 6.1 below: 

Table 6.1:  Baseline criteria for hearts used in the AHF experiments. Abbreviations: AHF – acute heart failure; 
BPM – beats per minute; min – minute; ml - millilitres; mmHg – millimetres of mercury 

Parameter Baseline 

Heart rate  ≥200 BPM 

Left ventricular developed pressure  ≥55mmHg 448,449 

Diastolic pressure  4-10mmHg 

Coronary flow  ≥1.5 ml/min 

Temperature  ~37°C 
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The perfusion apparatus consisted of 3 water-jacketed fluid reservoirs (see figure 6.1). All buffers 

were gassed with carbogen (95% O2 + 5% CO2) prior to and during perfusions.   

The AHF protocol was split into three phases as follows - (1) stabilisation, (2) acute HF and (3) 

recovery. We switched between the three phases by means of a stopcock which allowed perfusion 

from separate reservoirs. 

 

 

Figure 6.1: Perfusion setup as per AHF protocol. Phase 1, stabilisation, was perfusion with high glucose KHB 

at 100cm column height. Phases 2 and 3, AHF and recovery, were perfusion with high free fatty-acid KHB 

at 20cm and 100cm respectively. Abbreviations: AHF – acute heart failure; KHB - Krebs-Henseleit Buffer 

Stabilisation phase 

During the stabilisation phase, the fluid reservoir was filled to produce a pressure of 73mmHg 

(100cm) at the base of the cannula against which the heart pumped. The duration of this phase 

was 20 min with high glucose (11.1mM) as the sole substrate in Krebs buffer (see appendix A). The 
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basal functional parameters were recorded and hearts were continued only if functional values fell 

within the range indicated in the table 6.1. This phase served to flush the heart of blood and to 

achieve the necessary baseline functional data against which later measurements would be 

compared.  

Acute heart failure phase 

During the AHF phase, the fluid reservoir was filled to produce a pressure of 18mmHg (20cm) at 

the base of the cannula against which the heart pumped. The duration of this phase was 15 min 

with low glucose (2.5mM) and high free fatty-acids as substrates in Krebs buffer (see appendix A). 

Adrenaline (1x10-8mM) was administered using a drug pump, via a side arm to further exacerbate 

the response as previously described by Deshpande et al 312.  These changes were made to mimic 

the metabolic state within the body at the onset of HF - the heart preferentially chooses FFA as a 

substrate, glucose is depleted, and the sympathetic nervous system is activated. Functional 

parameters were recorded at the end of the AHF period. This was the phase in which Ivabradine 

was administered to hearts in the treated groups (final concentration 3μM 450, delivered in buffer, 

see figure 6.2). 

Recovery phase 

During the recovery phase, the pressure was returned to 73mmHg (100cm) as in the stabilisation 

phase. The duration of this phase was 25 min with the same low glucose /high free fatty acid buffer 

as the AHF phase (see figure 6.1). These substrates together with an improved perfusion pressure 

mimic the recovery phase seen in patients with hypotensive de novo AHF.  
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Figure 6.2: AHF perfusion protocol for control and ivabradine-treated groups. Treatment with ivabradine 
was administered during the low-pressure phase together with adrenaline in a high FFA buffer. 
Abbreviations: AHF – acute heart failure; FFA – free fatty acids. 

2.4 Perfusion apparatus and setup for simulated Takotsubo 

cardiomyopathy 

The perfusion apparatus was set up as indicated in figure 6.3, and inclusion criteria can be found 

in table 6.2 below. The TC protocol was split into three phases as follows - (1) stabilisation, (2) TC 

and (3) recovery. 

Table 6.2:  Baseline criteria for hearts used in TC experiments. Abbreviations: BPM – beats per minute; min – 
minute; ml - millilitres; mmHg – millimetres of mercury; TC – Takotsubo cardiomyopathy 

Parameter Baseline 

Heart rate ≥200 BPM 

Left ventricular developed pressure  ≥70mmHg 109 

Diastolic pressure 4-10mmHg 

Coronary flow  ≥1.5 ml/min 

Temperature  ~37°C 
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Figure 6.3: Perfusion setup as per AHF protocol. Phase 1, stabilisation, was perfusion with high glucose KHB 
at 100cm column height. Phases 2, TC stress simulation, was perfusion with high free fatty-acid KHB with 
adrenaline (10-7M) at 100cm. Phase 3, TC recovery, was perfusion with high glucose KHB at 100cm. 
Abbreviations: KHB - Krebs-Henseleit Buffer; TC – Takotsubo cardiomyopathy 

Stabilisation phase 

Stabilisation was performed for 25 min, as described above, with inclusion criteria as per table 6.2.  

Takotsubo cardiomyopathy phase 

During the TC phase, the fluid reservoir was filled to produce a pressure of 73mmHg at the base of 

the cannula against which the heart pumped. The duration of this phase was 12 min with low 

glucose/ high free fatty-acids as substrates in Krebs buffer (see figure 6.4). Adrenaline (1x10-7M) 

was administered in the buffer. These changes were made to mimic those described in TC (see 

chapter 1, section 3.5) with a sudden onset of adrenergic stimulation and spike in LVDP and HR. 
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The change in substrate in this phase was to preferentially favour the uptake of fatty acids as a 

substrate, so as to exacerbate the TC phenotype. This was the phase in which Ivabradine was 

administered to hearts in the treated groups (final concentration 3μM in high FFA Krebs buffer) 450. 

Functional parameters were recorded at 3 min intervals through the TC phase. 

Recovery phase 

During the recovery phase, the fluid reservoir was a pressure of 73mmHg as in the stabilisation 

and TC phases. The duration of this phase was 25 min with high glucose Krebs buffer, as in the 

stabilisation phase. This substrate choice, together with a reduced adrenergic state theoretically 

simulates the recovery conditions in patients with TC (see chapter 1, section 3.5.4).  

 

Figure 6.4: TC perfusion protocol for control and ivabradine-treated groups. Treatment with ivabradine was 
administered during the TC phase, together with 10 x the dose of adrenaline used in the AHF protocol, in a 
high FFA buffer. Abbreviations: AHF – acute heart failure; FFA – free fatty acids; TC – Takotsubo 
cardiomyopathy 

2.5 Quantitative PCR 

Quantitative PCR was performed as described in chapter 4 (see chapter 4, section 2.7) with primers 

for ANP and BNP. 
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2.6 Chemicals  

Unless otherwise specified, all chemicals were obtained from Sigma-Aldrich Inc. 

2.7 Statistical analysis of animal study data 

Results are expressed as means ± standard error of mean (SEM). Statistical analyses were performed 

using Statistica v.13 software. Significant differences (p <0.05) were determined, for normally 

distributed data, using multi-factoral Anova, with Fisher correction, with n≥6.  

3. Results 

3.1 Hypotensive acute heart failure simulation  

Cardiac parameters were measured at the end of stabilisation, at the end of the AHF phase (1.e. 

after 15 min of hypotensive simulation) and 5, 15 and 25 min into recovery for both control 

(n=10) and ivabradine-treated (n=7) hearts. Parameters observed were HR, systolic and diastolic 

ventricular pressure, LVDP, rate pressure product and percentage functional recovery. Results 

produced are represented in figures 6.5 – 6.8 below (see appendix B, table 5 for tabulated results). 

3.1.1 Heart rate 

After 20 min of stabilisation, HR in the control group was 388±11 BPM, similar to the ivabradine-

treated group (393±20 BPM) and to previously reported models of mouse heart perfusions 451. At 

the end of the AHF phase, HR dropped to 94±28 BPM, and to 102±31 BPM in the control and 

ivabradine-treated groups respectively. In both groups, HR did not improve during the recovery 

phase compared to the AHF phase, and similar values were seen in the control and ivabradine-

treated group (5 min recovery – 158±23 BPM control vs 216±23 BPM ivabradine; 15 min recovery 

– 120±22 BPM control vs 127±14 BPM ivabradine; 25 min recovery – 161±42 BPM control vs 

105±13 BPM ivabradine). 
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Low pressure 

+ ivabradine 

 

 

Figure 6.5: The effect of ivabradine on heart rate in an isolated heart model of hypotensive acute heart 
failure. Heart rate (HR) as recorded by pressure-sensing transducer. Abbreviation: AHF – acute heart failure; 
BPM – beats per minute; #p<0.05 vs respective stabilisation value. Control n =10, ivabradine n =7. 

3.1.2 Systolic pressure 

After 20 min of stabilisation, systolic pressure in the control group was 73±3mmHg, similar to the 

ivabradine-treated group (75±3mmHg) and to previously reported models of mouse heart 

perfusions 448,452. At the end of the AHF phase, systolic pressure in the control group dropped to 

54±14mmHg, and to 27±6mmHg in the ivabradine-treated group. Systolic pressure rose steadily in 

the control group during the recovery phase. A similar pattern was seen in the ivabradine-treated 

group but was significantly lower 5 min into recovery when compared to the control group – an 

effect which was lost with time (5 min recovery – 93±12mmHg control vs 61±8mmHg ivabradine; 

15 min recovery – 105±14mmHg control vs 95±12mmHg ivabradine; 25 min recovery – 

104±10mmHg control vs 103±8mmHg ivabradine).  
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Low pressure 

+ ivabradine 

 

Figure 6.6: The effect of ivabradine on systolic pressure in an isolated heart model of hypotensive acute 
heart failure. Systolic pressure as recorded by pressure-sensing transducer. Abbreviation: AHF – acute heart 
failure; mmHg – millimetres of mercury. *p<0.05 control vs ivabradine at the same time point; #p<0.05 vs 
respective stabilisation value. Control n =10, ivabradine n =7. 

3.1.3 Diastolic pressure 

After 20 min of stabilisation, diastolic pressure in the control group was 6.4±0.6mmHg, similar to 

the ivabradine-treated group (6.5±0.5mmHg) and to previously reported models of mouse heart 

perfusions 447. At the end of the AHF phase, diastolic pressure in the control group rose to 

35.2±15.4mmHg, and to 15.4±0.6mmHg in the ivabradine-treated group. In both groups, diastolic 

pressure rose steadily during the recovery phase, similar values were seen in the control and 

ivabradine-treated group (5 min recovery – 46.0±12.6mmHg control vs 17.3±6.4mmHg 

ivabradine; 15 min recovery – 62.4±15.8mmHg control vs 31.9±8.4mmHg ivabradine; 25 min 

recovery – 65.0±12.1mmHg control vs 40.3±9.3mmHg ivabradine).  
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Figure 6.7: The effect of ivabradine on diastolic pressure in an isolated heart model of hypotensive acute 
heart failure. Diastolic pressure as recorded by pressure-sensing transducer. Abbreviation: AHF – acute 
heart failure; mmHg – millimetres of mercury. #p<0.05 vs respective stabilisation control. Control n =10, 
ivabradine n =7. 

3.1.4 Left ventricular developed pressure 

After 20 min of stabilisation, LVDP in the control group was 66±3mmHg, similar to the ivabradine-

treated group (68±3mmHg) and to previously reported models of mouse heart perfusions 448,449. At 

the end of the AHF phase, LVDP in the control group dropped to 18±4mmHg, and to 19±6mmHg in 

the ivabradine-treated group. In both groups, LVDP rose steadily in the control group for the first 5 

min of recovery, stabilising thereafter. LVDP rose steadily in the ivabradine-treated group for the 

first 15 min of recovery, stabilising thereafter at a significantly higher level compared to the 

control group (5 min recovery – 47±7mmHg control vs 44±6mmHg ivabradine; 15 min recovery – 

43±7mmHg control vs 63±8mmHg ivabradine; 25 min recovery – 39±6mmHg control vs 

62±5mmHg ivabradine). 
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Low pressure 

+ ivabradine 

 

Figure 6.8: The effect of ivabradine on left ventricular developed pressure in an isolated heart model of 
hypotensive acute heart failure. Left ventricular developed pressure (LVDP) as recorded by pressure-sensing 
transducer. Abbreviation: AHF – acute heart failure; mmHg – millimetres of mercury. *p<0.05 control vs 
ivabradine at the same time point; #p<0.05 vs respective stabilisation value. Control n =10, ivabradine n =7. 

The timing of the AHF protocol was protracted compared to the model used by Deshpande et al and 

Breedt et al, as the strain of mice and model we used displayed greater sensitivity to insults 312,446. 

The 15 min duration we have used for AHF proved most suitable, as the outcomes would be able to 

indicate both improvement or detriment with treatment.  

3.1.5 Atrial natriuretic peptide and B-type natriuretic peptide levels 

CT scores obtained for qPCR analysis are summarised in figure 6.9 below (see appendix B, table 6 

for tabulated results). Levels of ANP were variable and showed no significant change with 

ivabradine treatment. BNP levels were significantly higher in the ivabradine-treated group 

compared to the untreated group (p=0.01, n=5 per group).  
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Figure 6.9: mRNA expression of ANP and BNP in mouse hearts subject to simulated AHF with ivabradine 
treatment. Administration of ivabradine significantly increased levels of BNP in a simulated model of 
hypotensive AHF. Abbreviations: AHF - acute heart failure; ANP – atrial natriuretic peptide; A.U – arbitrary 
units; BNP – brain natriuretic peptide; ivab – ivabradine; mRNA – messenger ribonucleic acid. Control n 
=10, ivabradine n =7. 

3.2 TC protocol simulation  

Cardiac parameters were measured at the end of stabilisation, 1, 3, 6, 9 and 12 min into TC phase, 

and 5, 10, 15, 20 and 25 min into recovery for both control (n=11) and ivabradine-treated (n=6) 

hearts. Parameters observed were HR, systolic and diastolic ventricular pressure, LVDP, rate 

pressure product and percentage functional recovery. Results produced are represented in figures 

6.10 – 6.13 below (see appendix B, table 7 for tabulated results).  

3.2.1 Heart rate 

After 20 min of stabilisation, HR in the control group was 318±24 BPM, similar to the ivabradine-

treated group (314±34 BPM) and to previously reported models of mouse heart perfusions 451. HR 

in the control group remained steady for the first few min of the Takotsubo cardiomyopathy (TC) 

phase (simulated by addition of 10x adrenaline), dropping at the 6th min, and recovering at the 

end of the 12 min TC phase. The ivabradine-treated group had an immediate spike with 

administration of adrenaline and ivabradine together, at the start of the TC phase, and declined 

steadily (but not significantly until the end of the TC phase (1 min TC – 333±37 BPM control vs 
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10 x adrenaline 

+ ivabradine 

431±17 BPM ivabradine; 3 min TC – 296±37 BPM control vs 318±67 BPM ivabradine; 6 min TC – 

251±44 BPM control vs 273±44 BPM ivabradine; 9 min TC –250±35 BPM control vs 157±34 BPM 

ivabradine; 12 min TC –248±35 BPM control vs 149±32 BPM ivabradine). Treatment with 

ivabradine showed a tendency toward a decrease in HR after 9 and 12 min of administration 

during the TC phase, illustrating the action of ivabradine. HR was stable following the onset of 

recovery in the control group, and the same pattern was seen in the ivabradine-treated group (5 

min recovery – 273±38 BPM control vs 188±36 BPM ivabradine; 10 min recovery – 259±28 BPM 

control vs 229±38 BPM ivabradine; 15 min recovery – 233±27 BPM control vs 249±45 BPM 

ivabradine; 20 min recovery – 230±27 BPM control vs 208±34 BPM ivabradine; 25 min recovery – 

193±21 BPM control vs 184±29 BPM ivabradine). 

 

 

Figure 6.10: The effect of ivabradine on heart rate in an isolated heart model of Takotsubo cardiomyopathy. 
Heart rate (HR) as recorded by means of pressure-sensing transducer. Abbreviation: BPM – beats per 
minute, TC – Takotsubo Cardiomyopathy. #p<0.05 vs respective stabilisation value. Control n =11, 
ivabradine n =6. 
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10 x adrenaline 

+ ivabradine 

3.2.2 Systolic pressure 

 

Figure 6.11: The effect of ivabradine on systolic pressure in an isolated heart model of Takotsubo 
cardiomyopathy. Systolic pressure as recorded by pressure-sensing transducer. Abbreviation: mmHg – 
millimetres of mercury; TC – Takotsubo Cardiomyopathy. *p<0.05 ivabradine-treated vs control; ** 
p<0.005 ivabradine-treated vs control; #p<0.05 vs respective stabilisation value. Control n =11, ivabradine 
n =6. 

After 20 min of stabilisation, systolic pressure in the control group was 95±4mmHg, similar to the 

ivabradine-treated group (94±7mmHg) and to previously reported models of mouse heart 

perfusions 448,451. Systolic pressure in the control group spiked suddenly at the onset of the TC 

phase, dropping rapidly thereafter, and rising again until the end of the phase. The ivabradine 

group also spiked at the onset of the TC phase, and maintained an elevated systolic pressure until 

the 6th min, declining slowly thereafter to match the control group (1 min TC – 119±7mmHg 

control vs 156±8mmHg ivabradine; 3 min TC – 74±9mmHg control vs 119±17mmHg ivabradine; 

6 min TC – 93±14mmHg control vs 138±9mmHg ivabradine; 9 min TC – 112±11mmHg control vs 

128±8mmHg ivabradine; 12 min TC – 115±11mmHg control vs 125±7mmHg ivabradine). The 

control group remained stable from the end of the TC phase, through the recovery phase. The 

0

45

90

135

180

Sy
st

o
lic

 P
re

ss
u

re
 (

m
m

H
g)

Control

Ivabradine

* 

** 
* 

# 

# 

# 

# 

# 

# 
# 

# # # 



165 
 

10 x adrenaline 

+ ivabradine 

ivabradine-treated group declined steadily through the recovery phase to the similar levels as 

stabilisation (5 min recovery – 125±7mmHg control vs 125±9mmHg ivabradine; 10 min recovery 

– 112±8mmHg control vs 118±8mmHg ivabradine; 15 min recovery – 113±8mmHg control vs 

106±7mmHg ivabradine; 20 min recovery – 103±7mmHg control vs 94±9mmHg ivabradine; 25 

min recovery – 108±8mmHg control vs 90±11mmHg ivabradine). 

3.2.3 Diastolic pressure 

 

Figure 6.12: The effect of ivabradine on diastolic pressure in an isolated heart model of Takotsubo 
cardiomyopathy. Diastolic pressure as recorded by pressure-sensing transducer. Abbreviation: mmHg – 
millimetres of mercury; TC – Takotsubo Cardiomyopathy. #p<0.05 vs respective stabilisation value. Control 
n =11, ivabradine n =6. 

After 20 min of stabilisation, diastolic pressure in the control group was 6.8±0.4mmHg, similar to 

the ivabradine-treated group (7.8±0.8mmHg) and to previously reported models of mouse heart 

perfusions 447. Diastolic pressure in the control group rose steadily through the TC phase. Diastolic 

pressure in the ivabradine-treated group also increased steadily, but more rapidly through the TC 

phase, such that it was significantly higher 6 min compared to the control group, after which it 
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gradually decreased until the onset of recovery (1 min TC – 8.0±0.7mmHg control vs 

7.4±1.0mmHg ivabradine; 3 min TC – 12.7±2.7mmHg control vs 36.5±11.8mmHg ivabradine; 6 

min TC – 31.1±9.2mmHg control vs 61.7±7.3mmHg ivabradine; 9 min TC – 55.3±10.5mmHg 

control vs 55.8±8.6mmHg ivabradine; 12 min TC – 60.5±11.4mmHg control vs 54.1±8.1mmHg 

ivabradine). At the onset of recovery, diastolic pressure was raised, remaining stable through 

recovery in the control group, and the same pattern was seen in the ivabradine-treated group (5 

min recovery – 75.0±10.3mmHg control vs 48.4±8.2mmHg ivabradine; 10 min recovery – 

66.0±8.3mmHg control vs 46.0±8.0mmHg ivabradine; 15 min recovery – 66.9±8.4mmHg control 

vs 46.0±8.0mmHg ivabradine; 20 min recovery – 61.9±7.7mmHg control vs 46.3±7.6mmHg 

ivabradine; 25 min recovery – 63.2±8.0mmHg control vs 45.6±7.5mmHg ivabradine). 

3.2.4 Left ventricular developed pressure 

 

Figure 6.13: The effect of ivabradine on left ventricular developed pressure in an isolated heart model of 
Takotsubo cardiomyopathy. Left ventricular developed pressure (LVDP) as recorded by pressure-sensing 
transducer. Abbreviations: mmHg – millimetres of mercury; TC – Takotsubo Cardiomyopathy. *p<0.05 
ivabradine-treated vs control; ** p<0.005 ivabradine-treated vs control; #p<0.05 vs respective stabilisation 
value. Control n =11, ivabradine n =6. 
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After 20 min of stabilisation, LVDP in the control group was 88±4mmHg, similar to the ivabradine-

treated group (87±6mmHg) and to previously reported models of mouse heart perfusions 448,449. 

LVDP in the control group spiked at the start of the TC phase, and rapidly dropped after 3 min, 

remaining stable thereafter. LVDP in the ivabradine treated group also spiked at the start of the TC 

phase, but much higher compared to the control group, dropping quickly to stabilisation levels, 

remaining stable thereafter (1 min TC – 111±7mmHg control vs 149±8mmHg ivabradine; 3 min 

TC – 62±8mmHg control vs 83±19mmHg ivabradine; 6 min TC – 62±9mmHg control vs 

76±10mmHg ivabradine; 9 min TC –57±7mmHg control vs 73±13mmHg ivabradine; 12 min TC – 

54±8mmHg control vs 71±11mmHg ivabradine). LVDP was stable following the onset of recovery 

in the control group. The ivabradine treated group had a slight increase at the onset of recovery 

compared to the control, an effect which was lost with time as LVDP continued to gradually 

decrease (5 min recovery – 5±6mmHg control vs 76±11mmHg ivabradine; 10 min recovery – 

46±6mmHg control vs 71±9mmHg ivabradine; 15 min recovery – 46±5mmHg control vs 

60±4mmHg ivabradine; 20 min recovery – 41±5mmHg control vs 48±5mmHg ivabradine; 25 min 

recovery – 45±5mmHg control vs 45±5mmHg ivabradine). 

3.2.5 Atrial natriuretic peptide and B-type natriuretic peptide levels 

CT scores obtained for qPCR analysis are summarised in figure 6.14 below (see appendix B, table 8 

for tabulated results).  

Levels of ANP were variable and showed no significant change with ivabradine treatment. BNP 

levels were significantly higher in the ivabradine-treated group compared to the untreated group 

(p=0.001, n=4 and n=5 in TC control and TC with ivabradine treated groups respectively).  
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Figure 6.14: mRNA expression of ANP and BNP in mouse hearts subject to simulated TC, with ivabradine 
treatment. Administration of ivabradine significantly increased levels of BNP in a simulated model of 
Takotsubo cardiomyopathy. Abbreviations: ANP – atrial natriuretic peptide; A.U – arbitrary units; BNP – 
brain natriuretic peptide; ivab – ivabradine; mRNA – messenger ribonucleic acid; TC – Takotsubo 
cardiomyopathy. Control n =11, ivabradine n =6. 

4. Discussion 

4.1 Hypotensive acute heart failure 

In this study, we aimed to evaluate the effect of HR modulation with ivabradine using an ex-vivo 

model of AHF. Modulation of HR with ivabradine during acute incidents (haemorrhagic shock) 

appears to improve cardiac function, as measures observed were closer to physiological levels with 

ivabradine treatment.   

Our main findings were as follows: 

- This model of simulated AHF is associated with a reduction in HR and LVDP, and an 

increase in systolic and diastolic pressures. 

- Ivabradine administered during the acute phase of AHF improved LVDP compared to the 

control group. 

Previous ex-vivo models on which we have based our design and experiments showed more severe 

outcomes following the AHF phase. The rat model described by Deshpande et al used a low 

0

20

40

60

TC TC + ivab

C
T 

sc
o

re
 (

A
.U

)

ANP

0

1

2

3

4

5

TC TC + ivab

C
T 

sc
o

re
 (

A
.U

)

BNP

P=0.001 



169 
 

pressure insult with adrenaline (un-paced) for 35 min, followed by a 30 min recovery period – 

they reported a drop in function to ~3% during the acute phase, with overall functional recovery 

in their control group of ~15% 312. The mouse model described by Breedt et al used a low pressure 

insult with pacing (no adrenaline) for 25 min, followed by a 25 min recovery period – they showed 

a drop in function to ~3% during the acute phase, with overall functional recovery in their control 

group of ~17%  446. Our model showed a drop in function to ~8% during the acute phase, with 

overall functional recovery in the control group of 20 - 30%. We adjusted the timing of the low-

pressure insult to give this approximate recovery, as it would allow scope to demonstrate benefit 

(increase in functional recovery) or detriment (decrease in functional recovery) with our 

intervention – either of which was possible. Additionally, the timing of 15 minutes used in the 

hypotensive model without pacing was chosen, as preliminary experiments with longer insults (18 

min, 20 min, or 25min) caused hearts to die during the insult (data not shown).  

As the experiments involved targeting the activity of the SA node, hearts were not paced. Without 

pacing, the intrinsic sensitivity of the heart is far more noticeable, and many factors that would 

otherwise be masked by pacing are evident. In the paced model used by Breedt et al, HR during the 

acute insult was well in excess of the stabilisation norm (>200%), and the same was true for 

recovery (~120%) 446, Our model did not show an increase, but rather a sustained decrease in HR 

both during and after the acute insult, similar to that demonstrated with the use of adrenaline in 

the model by Deshpande et al 312.  

Our findings with the administration of ivabradine differ from previous publications – we showed 

a significant effect on lowering systolic pressure (at the onset of recovery) and a tendency to restore 

diastolic pressure, resulting in improvement of the LVDP with ivabradine, but no effect on HR 

437,453. This observation may be due to hearts being tested in isolation to the rest of the body, or 

perhaps it may be a secondary effect of the drug itself.  
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We were puzzled by the fact that we did not see any significant reduction of HR. However, similar 

findings have been reported in the context of ischaemia reperfusion (see Heusch et al)454. Our data 

suggest that the effect of ivabradine might be independent of its action on the sinoatrial node. 

Instead, the benefits derived from ivabradine in this ex-vivo model may be as a result of limiting 

cellular dysfunction due to ROS released into the myocardium. Ivabradine appears to oppose the 

activity of ROS, when the latter is released from mitochondria in response to cardiac stress – this 

anti-oxidant activity appears to be independent of HR reduction 454–456.  Ex-vivo experiments 

examining shear stress in aortic band demonstrated that acute administration of ivabradine linked 

to pathways involving activation of mammalian target of rapamycin complex (mTORC) 2 /Akt, and 

suppression of the pro-oxidative mTORC 1/ eNOS pathway 455. It is therefore a possibility that 

regulation of these pathways by ivabradine (without significantly reducing HR) is the underlying 

mechanism involved in the cardioprotective effects in this acute setting.  

The qPCR results for BNP tend to suggest that use of ivabradine in the setting of hypotensive AHF 

significantly increases transcription of the gene. This finding is counter-intuitive at first glance, but 

it must be taken into account that this method of quantification provides a snapshot in time, 

showing the transcription, but not necessarily translation of the BNP protein in these hearts.  This 

snapshot is taken at the end of the recovery phase, and may be reflective of the greater loss of 

advantage seen with withdrawal of ivabradine over a shorter time, in the treated group.  

BNP is a marker of adaptation, as it helps to maintain dimensions of the heart under stress, 

including hypertrophy and fibrosis. Levels of BNP, which are high in the setting of diabetes, have 

been shown to further increase with diastolic dysfunction 457.  Use of ivabradine in our model 

helped to maintain diastolic pressure, but withdrawal of ivabradine was followed by a rapid 

increase in diastolic pressure – considering the findings in the above-mentioned study, this may be 

a factor underlying the increase in BNP in the treated group.  
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In our model, ivabradine was only given during the acute phase of AHF. It would be of interest to 

check whether administration of ivabradine during the recovery phase (which would be more 

clinically relevant) could add further benefit.  

In conclusion, our data suggest that administration of ivabradine during an acute, hypotensive HF 

phase results in an improvement of cardiac function during recovery and may benefit patients who 

suffer an acute episode of HF. Additionally, pre-clinical investigation in an in-vivo model of 

haemorrhagic shock which would take into account the possible role of sympathetic nervous 

activation would be required to confirm our novel findings.  

4.2 Takotsubo cardiomyopathy 

In this study, we aimed to 1) validate a model of TC using adrenaline and 2) evaluate the recovery 

in a novel ex-vivo model of TC with modification of HR by ivabradine. Our model, once 

established, showed that ivabradine, given during the acute TC incident, appears to improve 

cardiac function. 

Our main findings were as follows: 

- The model we have designed here mimics the adrenal action associated with TC, with 

reduced glucose and increased free-fatty acids as fuel as occurs in AHF (see chapter 1, 

section 1.5).  

- In our isolated heart model, we observed patterns in response to adrenaline as described for 

TC – an initial increase in LVDP, followed by an exhaustive response where HR and LVDP 

drop.  
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- The model we have designed mimics a secondary incident of TC, as it does not reach full 

restoration of function. Even after the recovery phase starts, the events that occur only 

slightly improve, but mostly stabilise cardiac function, following the TC incident. 

- Administration of ivabradine in this reductionist model of TC increased both systolic blood 

pressure and diastolic pressure, resulting in an increased LVDP during the insult,  

This model of TC was adapted from the above model used for hypotensive AHF. The timing used in 

the TC model here was determined, in preliminary experiments, to be the most comparable to 

clinical description. Administration of 10 times the physiological dose of adrenaline (mimicking 

the clinical setting), together with change in the metabolic substrate produced a spike in LVDP as 

seen during the acute phase in patients. In preliminary experiments, heart exposed to longer TC 

insults (15 min, or 18 min) died during the recovery phase. Instead, we used a 12 min TC insult to 

mimic secondary TC – with incomplete recovery of cardiac function after restoration of metabolic 

compounds and withdrawal of adrenaline.  

Surprisingly, our model did not show a spike in HR at the onset of the TC insult. It is possible that 

the excess of adrenaline perfused resulted in cellular absorption of the compound. A study 

conducted by Iversen et al clearly illustrated that higher concentrations of adrenaline in a 

perfusate buffer would have quicker uptake by cardiac tissue, and this might impair the expected 

activity of adrenaline 458, as it has to bind to the β1-adrenergic receptor at the cell surface in order 

to cause muscle contraction 458,459. Once bound to β1-adrenergic receptors, adrenaline increases 

cardiac cell-membrane conductance to calcium ions (Ca2+), allowing for more rapid, powerful 

heart muscle contractions 459. With the addition of ivabradine to the perfusate, there may have 

been competitive binding at play which made the HR spike more apparent, as there may have been 

more adrenaline in the buffer available to bind to cell-surface β1-adrenergic receptors.  
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 This model serves as a reductionist model. It is restrictive in some respects, as it is a model in an 

isolated heart and does not have full range of catecholaminergic responses elicited by the body in 

patients who experience TC. However, we are of the opinion that it shows sufficient similarity to 

the pathology, and can be used for proof of concept studies prior to in-vivo testing in small 

mammals.  

Administration of ivabradine during the TC phase in this model improved LVDP, while better 

stabilising pressure during the latter part of the TC phase and early in recovery. These benefits 

were lost in the late phase of recovery during which ivabradine was not perfused. It is possible that 

ivabradine may benefit the heart if continued during the recovery phase as well.  

Unfortunately, we were not able to evaluate the validity of maintained administration of 

ivabradine, as our experiments here were discontinued due to modification of the animal unit and 

breeding practices. There were changes in the strains, location and breeding of mice, each at a 

different time, and each factor of which would affect the reproducibility of our experiments. 

Housing and breeding locations of mice were scheduled to change internally at the University from 

a conventional breeding unit to an SPF unit – previous experience with animal experiments in 

which animals are housed in different places have shown us that they behave differently in 

response to cardiac insults, causing instability and inconsistency in function between groups based 

at each location. New mice were imported to start new strains which would be specifically bred in 

different unit at the University, thus, to continue tests with ivabradine during the recovery phases it 

would be necessary to restart experiments, as different strains react differently to cardiac insults  

460. This would have been a logical future direction, but would take far longer than the time 

allotted for a PhD, and as such it was not possible to test this idea. Nevertheless, we have established 

and validated a reductionist model of TC.  
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To our surprise, the qPCR results for BNP tend to suggest that use of ivabradine in the setting of TC 

significantly increases transcription of the gene, similar to our findings with hypotensive AHF. The 

same logic is applicable, as was discussed in chapter 6, section 4.1. Interestingly, a study which 

looked at circulating levels of BNP in patients with TC compared to those who had myocardial 

infarcts showed that between these pathologies, higher levels of BNP in TC did not correlate with 

greater cardiac haemodynamic failure 304.  

As TC affects a greater proportion of women compared to that of men, it would have been useful to 

evaluate the model of TC we have developed here in female mouse hearts, (see chapter 1, section 

3). However, we have used only male mice to evaluate this model of TC established here, as the 

study by Breedt et al examined a model similar to that of the AHF one used here, and found that the 

oestrous cycle in healthy females afforded healthy females an advantage in terms of recovery over 

healthy males 446. In order to accurately evaluate the effect of the drug ivabradine, it was necessary 

to use males to avoid distortion of data due to oestrous cycles. Additionally, the age group for 

women who develop TC are mainly post-menopausal, and it was more beneficial to make use of 

male mice who do not experience the oestrous cycle, as they show similar patterns of susceptibility 

to cardiovascular insult as female mice who do not have healthy cycles 446.   

5. Limitations 

- One of the most notable limitations with the TC model was the limited catecholaminergic 

stimulation in our model compared to that found in the pathological setting in vitro. We 

administered adrenaline, while the human pathology would have adrenaline, 

noradrenaline, acetylcholine, and multiple other factors which are not enumerated here 

which would contribute to the phenotype in its entirety.  

- Hearts were un-paced causing factors that would otherwise be masked – such as 

arrhythmias during stabilisation -  to be more apparent.   
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6. Conclusion: 

In this study, we have used an isolated heart model to validate 2 reductionist models of AHF: 1) a 

model of AHF mimicking haemorrhagic shock, and 2) a model of to excess adrenergic activation 

mimicking TC. In these models, we explored the effect of ivabradine, a well-known modulator of 

HR.  

Administration of ivabradine during the acute phases of hypotension and TC, had effects on 

mechanical function which were most notable at the onset of recovery, and appeared to be 

independent of a reduction in heart rate.  

Mechanisms of protection with ivabradine may involve activation of cardioprotective signalling 

pathways such as protein kinase B (Akt), and anti-oxidant pathways which ivabradine is known to 

activate 455. Previous work that we have conducted in the laboratory has highlighted STAT3 

activation as a possible target to protect in this model of AHF 461.  Further work will be required to 

delineate the possible cardioprotective mechanisms involved in the protective effect of ivabradine 

against AHF 

Our findings here indicate that ivabradine could potentially improve the outcomes of acutely 

induced HF, an effect which might be further enhanced if ivabradine was also administered during 

the recovery phase.  Further work using an in-vivo model of mimicking either haemorrhagic 

shock, or TC will be required to validate our findings.  
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Chapter 7   

General conclusion and future work 

Acute-onset heart failure is a burden disease with a high mortality rate. It has many aetiologies, 

and a standard set of agents which are recommended as a general treatment strategy to help with 

recovery after an acute event. During acute events themselves, there are very different approaches 

taken to try and stabilise patients and to limit damage. However, they still have poor outcomes as 

the mortality rate is very high. Modulation of HR with the sinoatrial node inhibitor, ivabradine, has 

successfully been shown to benefit patients suffering from chronic HF, but very little has been 

researched in patients suffering from AHF. Using different approaches, the main aim of this study 

was to explore the possible benefit of administering ivabradine in acute-onset HF. 

1) A retrospective study was performed to evaluate the progression of HR in PPCM patients on 

standard recommended therapy at presentation, after 6 months, and 1 year of treatment 

(see Chapter 3). 

2) A genetic mouse model of PPCM (STAT3 KO mice undergoing 3 pregnancies with weaning 

196) was used to explore the potential benefit of chronic treatment with ivabradine. (see 

Chapter 4).  

3) An un-paced isolated heart model of AHF used to mimic clinical conditions of 

haemorrhagic shock and TC was adapted from rat hearts to mouse hearts, in order to test 

the potential benefit of ivabradine in these conditions. (see Chapter 6). 

Our retrospective analysis highlighted an elevated HR in patients at presentation, with gradual 

improvement over the period of a year, but most patients still did not reach normal HR despite 

standard therapy. In this cohort, we observed a correlation between higher HR and poorer cardiac 

function – most prominently after 1 year of treatment. As an additive agent, ivabradine may help to 

modulate HR much earlier on and possibly assist in improving and maintaining cardiac function. 
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This is supported by a case study by Scadovi et al with a PPCM patient who manifested with 

cardiogenic shock had a HR of 180 BPM and severe hypotension. She did not respond to standard 

treatment interventions nor electrical cardioversion to restore sinus rhythm 462. Her condition only 

began to improve when ivabradine was given, together with norepinephrine and inotropes, and 

continued to improve over the period of 18 months with ivabradine as part of her treatment 

program. Overall, these findings support the potential benefit of ivabradine as an additive agent in 

the setting of PPCM. 

Following on from these findings, we explored the effect of sinoatrial node inhibition with 

ivabradine in a previously established mouse model of PPCM, where PPCM develops in mice with a 

cardiomyocyte-specific deletion of STAT3 after 3 pregnancies with weaning. Ivabradine showed its 

effect most prominently by reducing cardiac fibrosis, thus slowing ventricular remodelling (see 

figure 7.1). Surprisingly, we did not observe a significant reduction in HR with the use of 

ivabradine, as has been reported by other groups 437,463,464, suggesting that this effect on fibrosis 

may be independent of reducing HR. However, an important point to bear in mind is that mice 

have HR ranges approximately between 300 – 800 BPM 465, and there is great room for variability 

with such a large range. This variability may possibly have masked the HR-lowering effect of 

ivabradine when data are pooled from mice with cardiac dysfunction. When comparing our 

findings to those experiments conducted in-vivo by Custodis et al, from whence we had chosen our 

dosage, we did not find a clear reduction in HR with ivabradine as they did 437. It must, however, be 

taken into account that they investigated signalling with ivabradine treatment in dyslipidemic 

mice, and had made use of tail-cuffs in conscious animals to record their data for HR, whereas our 

measurements were taken from TTEs when mice were under inhalant anaesthesia, which in itself 

alters HR 437,466. 
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Figure 7.1: The potential use of ivabradine in the treatment of PPCM. Our findings in this study support the 
concept of using ivabradine in the setting of PPCM, for both the primary effect it has shown in clinical 
studies by others, in which it reduces HR of patients, but also because of the secondary effect we have 
illustrated here, where it assists in reducing fibrosis. Abbreviation: PPCM – peripartum cardiomyopathy 

To our surprise, in our mouse model of PPCM, we found an unusual degree of cardiac dysfunction 

in the ‘healthy’ WT group – their functional parameters were similar to those of the PPCM mice. 

When comparing these mice to nulliparous mice from the same genetic backgrounds (both PPCM 

and ‘healthy’ WT), out findings strongly suggested that the stress of 3 consecutive pregnancies, 

without time to recover, induced cardiac dysfunction in healthy mice, which left their functional 

parameters recorded for TTE remarkably similar to those seen in PPCM mice. Future research 

involving this model may require that matings are timed with a recovery period for mice so as not 

to compound dysfunction in WT mice. This novel finding brings the question as to whether women 

who have multiple, consecutive pregnancies without significant recovery time in between 

pregnancies may have an increased risk of CVD.  

In our ex-vivo experiments, we found that ivabradine administered during the acute phase showed 

beneficial effects on mechanical function at the onset of the recovery phase. These gain of 

advantage effects could potentially be magnified or sustained if ivabradine was to be given during 

the recovery phase. This echoes the report of cardiogenic shock in response to ivabradine as seen in 

the PPCM case reported by Scardovi et al (see above), whose poor mechanical function improved 
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with ivabradine as an agent, and was maintained as she continued to take ivabradine as part of her 

treatment following her acute incident 462.  

 

Figure 7.2: The effect of ivabradine in ex-vivo mouse models of hypotensive acute heart failure, and 
Takotsubo cardiomyopathy. Our findings in these studies show the effects of ivabradine on systolic and 
diastolic pressure, as well as left ventricular developed pressure.  

In our ex-vivo studies, our findings with use of ivabradine during the acute phase – with low 

pressure for the hypotensive (haemorrhagic) heart failure model, and excess adrenaline for the TC 

model - support the notion that the sinoatrial node plays a distinct role in acutely-induced heart 

failure. Administration of ivabradine during these phases, to modulate the sinoatrial node, had 

effects on mechanical function which improved LVDP (see figure 7.2). The path forward on these 

models would be to administer ivabradine not just during the acute phase, but also during the 

recovery phase, to see whether it would sustain or improve function. Thereafter, the timing of 

ivabradine use would allow for the investigation of a mechanistic pathway of action. 

The reduction in fibrosis associated with a chronic treatment of ivabradine did not correlate with 

levels of mRNA transcripts of pathways known to be involved in remodelling and long-term heart 
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failure. However, levels of mRNA transcripts are a reflection of gene transcription prior to 

translation into proteins in the cell, and there are many post-transcriptional modifications.  Thus, 

the pathways involved in this anti-fibrotic activity of ivabradine are yet unclear. We propose that it 

is likely to work via a pathway independent of the sinoatrial node / heart rate, or STAT3 activity. 

Possibly, it exerts its effect on remodelling via suppression of the PI3K/Akt pathway in a chronic 

setting 440. An additional pathway which may contribute to the effects of long-term treatment with 

ivabradine could involve micro-RNA’s, miR-1 and miR-133, which modulate post-transcriptional 

expression of HCN2 and HCN4 genes. These micro-RNA’s have been shown to be significantly 

increased in cardiomyocytes of rats with myocardial infarctions who were chronically treated with 

ivabradine 467.  

Notably, in a short-term setting, ivabradine has also been shown to reduce ROS activity, thereby 

preventing oxidative stress and endothelial inflammation 455. In animal models of ischemia-

reperfusion, administration of ivabradine helped to reduce infarct size, even without HR reduction 

– an effect attributed to a reduction in ROS formation in mitochondria 454. The mechanism of this 

antioxidant activity of ivabradine is proposed to work via activation of mTORC2 /Akt, together with 

suppression of the pro-oxidative mTORC 1/ eNOS pathway 455.   

Mitochondrial dynamics and the pathways linked to mitochondrial function may also be linked to 

both short- and long-term effects of ivabradine. ROS often originates in the mitochondria 456, and 

long-term damage caused by ROS is known to be involved in the formation of fibrotic scars in the 

heart in certain contexts 468–471.  The mitochondria in particular would be an interesting point to 

investigate, as a study in dyslipidaemic mice illustrated an effect on glucose metabolism with the 

use of ivabradine which did not occur with the use of a beta-blocker, despite a similar reduction of 

HR in both cases 464.  
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In summary, our clinical study highlighted the correlation of high HR with worse outcomes in 

PPCM, and illustrated the potential place that ivabradine could fill to improve the current 

recommended treatment of HF. Our animal experiments, both in-vivo and ex-vivo, have shown 

that ivabradine has had beneficial effects in all of these models, diverse in nature as they are. The 

outcomes with ivabradine highlight the flexibility of use of the drug – it is already used in the 

management of angina, and it could potentially be used as an additive agent in acute cases of 

cardiac dysfunction to help stabilise patients, or in a more chronic setting to maintain or improve 

cardiac function, and also to prevent pathological remodelling. Much work is still required to take 

these ideas from rodent models through to clinical application, but these models are a first point of 

reference to direct future research with the use of ivabradine in AHF – the beneficial effects may be 

much more than just targeting HR.  
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Appendix A 

High free-fatty acid Krebs buffer 
NaCl 118.5mM; NaHCO3 25.0mM; KCl 4.7mM; MgSO4 1.2mM; KH2PO4 1.2mM; palmitic acid conjugated 
to BSA (FFA 1.2mM); glucose 2.5mM; CaCl2 1.4mM, pH 7.4 
 
Potassium chloride (KCl) 50% 
50g per 100ml dH2O 
 
Sodium chloride (NaCl) 9% 
9g NaCl per 100ml dH2O 
 
Phosphate-Buffered Saline (PBS) 
NaCl 137mM; KCl 2.7mM; Na2HPO4 10mM; KH2PO4 1.8mM; pH 7.4 
 
Paraformaldehyde 4% 
4 g paraformaldehyde per 100 ml PBS; pH 7 – 7.5 
 
Stabilization Krebs-Henseleit buffer (KHB) 
NaCl 118.5mM; NaHCO3 25.0mM; KCl 4.7mM; MgSO4 1.2mM; KH2PO4 1.2mM; glucose 11.0mM; CaCl2 
1.4mM, pH 7.4 
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Appendix B 

Table 1: RNA transcript sequences. 
RNA transcript Primer sequence (5’ to 3’) 

Atrial Natriuretic Peptide (ANP) CCT AAG CCC TTG TGG TGT GT (F) 

 CAG AGT GGG AGA GGC AAG AC (R) 

Angiotensin-converting enzyme (ACE) CAG AAT CTA CTC CAC TGG CAA GGT (F) 

 TCG TGA GGA AGC CAG GAT GT (R) 

Mineralocorticoid receptor (MR) TCA CAT TTT TAA CAT GTG ACG GC (F) 

 CTT AGT CAG CTC AGG CTT GCC (R) 

Cluster of differentiation 68(CD68) TTC TGC TGT GGA AAT GCA AG (F) 

 AGA GGG GCT GGT AGG TTG AT (R) 

Brain Natriuretic Peptide (BNP) AGA CCC AGG CAG AGT CAG AA (F) 

 CAG CTC TTG AAG GAC CAA GG (R) 

Bone morphogenic protein 4 (BMP4) TGA GCC TTT CCA GCA AGT TT (F) 

 CTT CCC GGT CTC AGG TAT CA (R) 

Galectin 3 CAG TGC TCC TGG AGG CTA TC (F) 

 ATT GAA GCG GGG GTT AAA GT (R) 

Transforming Growth Factor (TGFβ1) TGG AGC AAC ATG TGG AAC TC (F) 

 GTC AGC CGG TTA CCA (R) 

α cardiac actin ACT CTT GCT TGC TGA TCC AC (F) 

 GCC AAC AAT GTC CTA TCT GG (R) 

α skeletal actin GCA TGC AGA AGG AGA TCA CA (F) 

 TTG TCG ATT GTC CTC AG (R) 

Collagen 1 GCA GGT TCA CCT ACT CTG TCC T (F) 

 CTT GCC CCA TTC ATT TGT CT(R) 

Collagen 3 TCC CCT GGA ATC TGT GAA TC (F) 

 TGA GTC GAA TTG GGG AGA AT (R) 

Fibronectin ACT GAC GAA GAG CCC TTA C (F) 

 AGA TAA CCG CTC CCA TTC C (R) 

Tissue Inhibitor of Metalloproteinase 1 (TIMP-1) ATT CAA GGC TGT GGG AAA TG(F) 

 CTC AGA GTA CGC CAG GGA AC (R) 

α-Myosin Heavy Chain (α-MHC) ACC GTC TGG ACG AGG AGA GCA GA(F) 

 CGT GCA TCT TGG CAC CAA (R) 

β-Myosin Heavy Chain (β-MHC) TGC AAA GGC TCC AGG TCT GAG TCT (F) 

 GCC AAC ACC AAC CTG TGC AAG TTC (R) 

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) ACA CAT TGG GGG TAG GAA CA (F) 

 AAC TTT GGC ATT GTG GAA GG (R) 

Primer sequences used to quantify expression of mRNA transcripts related to cardiac dysfunction. Abbreviations: F – 
forward; R – reverse. 
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Table 2: Histological results for Sirius red, and H&E staining. 
 WT WT + ivab KO KO + ivab p 

Immune cell infiltration score (A.U) 2.17+0.38 1.95+0.22 2.10+0.15 1.70+0.19 p>0.1 

Sirius red scale score (A.U) 3.10+0.28 2.31+0.22 3.08+0.28 2.18+0.24 0.017 KO vs KO + ivab 

Sirius red (% total area) 4.77+0.58 3.39+0.53 5.15+0.83 3.23+0.44 0.036 KO vs KO+ ivab 

Semi-quantitative analysis of H&E staining was done using a rating scale with 1 being no immune cell infiltration, and 
5 being complete immune cell infiltration. There were no significant changes between WT and KO groups either with 
or without treatment. Semi-quantitative analysis of collagen deposition with Sirius red was done using a rating scale 
with 1 being no collagen present, and 5 being complete collagen infiltration. Results obtained for quantitative Sirius 
red staining analysis were expressed as a percentage of the total area; these were consistent with that of the semi-
quantitative analysis.  

 

Table 3: Physical and echocardiographic measures as obtained for nulliparous (naïve) as well as wildtype and STAT3 
KO mice after 3 pregnancies with weaning (postpartum) from the main study. 

 Wildtype STAT3 KO 

 Naïve (n=10) Postpartum (n=14) Naïve (n=3) Postpartum 
(n=21) 

LVAWd (mm) 0.68±0.05 0.94±0.03 0.98±0.15 0.89±0.04 

LVAWs (mm) 1.03±0.07 1.26±0.06 1.23±0.13 1.28±0.04 

LVIDd (mm) 4.35±0.18 4.78±0.10 5.47±0.52 4.69±0.08 

LVIDs (mm) 3.18±0.19 3.60±0.14 4.51±0.73 3.53±0.11 

LVPWd (mm) 0.65±0.04 0.88±0.03 0.86±0.05 0.81±0.04 

LVPWs (mm) 1.02±0.12 1.19±0.05 1.11±0.09 1.08±0.05 

Ejection Fraction (%) 53.10±2.54 49.11±2.42 37.10±9.89 48.95±2.14 

Fractional Shortening (%) 27.18±1.56 24.88±1.44 18.42±5.28 24.87±1.28 

LV vol; d (μL) 86±8 107±6 149±34 101±4 

LV vol; s (μL) 41±5 56±6 100±39 53±4 

Heart rate (BPM) 440±17 477±17 430±17 481±14 

Body weight (g) 28.68±1.18 33.6 ±1.1 32.18±1.35 34.0±0.8 

Lung weight/tibia length (mg/mm) 13.45±0.82  17.15±3.08  

Heart weight/tibia length (mg/mm) 10.00±0.42  17.24±5.44  

The postpartum groups reflect combined data for WT groups prior to treatment, as well as combined data for KO 
groups prior to treatment. Abbreviations: d – diastole; LV – left ventricle; LVAW- left ventricular anterior wall 
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thickness; LVID – left ventricular internal diameter, LVPW – left ventricular posterior wall thickness; s – systole; Vol – 
volume 

Table 4: Histological results for H&E and Sirius red staining. 
 WT naïve WT 

postpartum 
KO naïve KO 

postpartum 
p 

Immune cell infiltration 
score 

1.42+0.15 2.17+0.38 2.17+0.33 2.10+0.15 0.026 WT vs WT 
nulliparous 

Sirius red scale score 2.00+0.43 3.10+0.28 3.00+0.87 3.08+0.28 0.049 WT vs WT 
nulliparous 

Sirius red (% total area)  4.77+0.58  5.15+0.83  

Semi-quantitative analysis of H&E staining was done using a rating scale with 1 being no immune cell infiltration, and 
5 being complete immune cell infiltration. Semi-quantitative analysis of collagen deposition with Sirius red was done 
using a rating scale with 1 being no collagen present, and 5 being complete collagen infiltration. Both immune cell 
infiltration and collagen deposition was significantly increased in WT mice who have had successive pregnancies. 
Abbreviations: KO – signal transducer and activator of transcription 3 genetic knockout mice, WT – wildtype mice 

 

Table 5: Data obtained at the end of stabilisation, at the end of the AHF phase, and 5, 15 and 25 min into recovery  
  Heart rate 

(BPM) 
Systolic pressure 

(mmHg) 
Diastolic 
pressure 
(mmHg) 

LVDP 
(mmHg) 

Rate Pressure 
product 

(mmHg.BPM) 

Recovery 
(%) 

20 min 
Stabilisation 

Control (n=10) 388 ± 11 72.73 ± 3.20 6.39 ± 0.64 66.33 ± 2.73 25755 ± 1366 100 

Ivabradine (n=7) 393 ± 20 74.86 ± 3.28 6.49 ± 0.48 68.37 ± 3.23 26754 ± 1570 100 

15 min AHF 

Control 94 ± 28 53.59 ± 13.86 35.22 ± 15.37 18.40 ± 4.30 2053 ± 633 7 ± 2 

Ivabradine 102 ± 31 27.26 ± 6.38 8.12 ± 0.64 19.14 ± 6.27 1263 ± 295 5 ± 1 

5 min 
recovery 

Control 158 ± 23 92.55 ± 12.26 45.99 ± 12.60 46.62 ± 6.65 6604 ± 739 25 ± 3 

Ivabradine 216 ± 23 60.86 ± 7.91 17.32 ± 6.38 43.54 ± 5.52 9091 ± 981 36 ± 6 

15 min 
recovery 

Control 120 ± 22 105.21 ± 14.13 62.36 ± 15.77 42.89 ± 6.56 6141 ± 1272 23 ± 5 

Ivabradine 127 ± 14 95.20 ± 12.39 31.85 ± 8.41 63.35 ± 8.05 7550 ± 598 29 ± 3 

25 min 
recovery 

Control 161 ± 42 104.08 ± 9.88 65.00 ± 12.07 39.07 ± 5.71 6405 ± 1625 25 ± 6 

Ivabradine 105 ± 13 102.63 ± 7.94 40.26 ± 9.26 62.37 ± 4.54 5419 ± 1163 24 ± 2 
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Data are expressed for both control (n=10) and ivabradine-treated (n=7) hearts. Parameters observed were HR, systolic 

and diastolic ventricular pressure, rate pressure product and percentage functional recovery. Abbreviations: min – 

minute, AHF – acute (haemorrhagic) HF; BPM – beats per minute; LVDP – left ventricular developed pressure; mmHg – 

millimetres of mercury 

Table 6: CT scores for mRNA transcript analysis

AHF AHF + ivab p 

ANP 7.27±2.63 24.64±11.44 >0.05

BNP 1.48±0.16 2.51±0.28 0.01 

Values are expressed as mean ± SEM (A.U). No changes were observed in levels of ANP between the treated and 
untreated groups. BNP was significantly higher in the AHF group treated with ivabradine. Abbreviations: AHF – acute 
haemorrhagic heart failure; ANP – atrial natriuretic peptide; BNP – brain natriuretic peptide; ivab – ivabradine 

Table 7: Data obtained at the end of stabilisation, at the end of the TC phase, and 5, 15 and 25 min after restoration to 
high glucose and low adrenergic state 

Heart rate 
(BPM) 

Systolic 
pressure 
(mmHg) 

Diastolic 
pressure 
(mmHg) 

LVDP 
(mmHg) 

Rate Pressure 
product 

(mmHg.BPM) 

Recovery 
(%) 

25 min 
Stabilisation 

Control 318 ± 24 95.18 ± 4.02 6.78 ± 0.45 88.37 ± 3.82 28057 ± 2331 100 

Ivabradine 314 ± 34 94.27 ± 6.66 7.75 ± 0.85 86.52 ± 6.27 26801 ± 2838 100 

1 min TC 

Control 333 ± 37 118.91 ± 6.92 7.98 ± 0.75 110.93 ± 6.64 38598 ± 5947 143 ± 22 

Ivabradine 431 ± 17 156.34 ± 8.28 7.39 ± 0.98 148.95 ± 8.22 65862 ± 6150 247± 7 

3 min TC 

Control 296 ± 37 74.36 ± 9.11 12.70 ± 2.67 61.65 ± 7.80 18965 ± 3705 70 ± 14 

Ivabradine 318 ± 67 119.28 ± 17.33 36.48 ± 11.82 82.80 ± 18.60 20333 ± 4193 81 ± 18 

6 min TC 

Control 251 ± 44 93.27 ± 13.68 31.08 ± 9.23 62.19 ± 8.88 14974 ± 2682 56 ± 10 

Ivabradine 273 ± 44 137.85 ± 8.80 61.72 ± 7.25 76.13 ± 10.22 18621 ± 2775 73 ± 11 

9 min TC 

Control 250 ± 35 112.31 ± 11.12 55.36 ± 10.52 56.95 ± 7.14 13733 ± 2850 51 ± 9 

Ivabradine 157 ± 34 128.38 ± 8.13 55.84 ± 8.63 72.54 ± 13.81 13447 ± 3480 48 ± 13 
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12 min TC 

Control 248 ± 35 114.53 ± 11.33 60.52 ± 11.38 53.91 ± 7.71 11636 ± 1486 44 ± 6 

Ivabradine 149 ± 32 125.21 ± 7.80 54.09 ± 8.07 71.12 ± 10.89 12263 ± 3010 44 ± 11 

5 min 
recovery 

Control 273 ± 38 125.33 ± 7.26 74.99 ± 10.26 50.33 ± 5.84 13194 ± 2502 48 ± 8 

Ivabradine 188 ± 36 124.68 ± 8.62 48.38 ± 8.16 76.31 ± 11.04 15637 ± 3721 56 ± 12 

10 min 
recovery 

Control 259 ± 28 111.81 ± 8.20 66.01 ± 8.28 45.80 ± 5.58 10981 ± 1518 42 ± 6 

Ivabradine 229 ± 38 117.88 ± 8.12 46.48 ± 8.26 71.39 ± 8.91 16989 ± 3706 61 ± 10 

15 min 
recovery 

Control 233 ± 27 113.16 ± 7.90 66.84 ± 8.39 46.18 ± 5.27 9954 ± 1162 39 ± 5 

Ivabradine 249 ± 45 105.77 ± 7.14 45.99 ± 8.00 59.78 ± 4.32 15242 ± 3018 56 ± 9 

20 min 
recovery 

Control 230 ± 27 103.02 ± 7.31 61.92 ± 7.69 41.11 ± 4.78 8401 ± 881 33 ± 5 

Ivabradine 208 ± 34 94.04 ± 9.49 46.31 ± 7.65 47.74 ± 4.76 9604 ± 1241 56 ± 4 

25 min 
recovery 

Control 193 ± 21 107.97 ± 8.45 63.18 ± 8.03 44.71 ± 5.75 7522 ± 875 29 ± 5 

Ivabradine 184 ± 30 89.53 ± 10.80 45.57 ± 7.49 44.12 ± 4.66 7927 ± 1316 30 ± 5 

Data are expressed for both control (n=11) and ivabradine-treated (n=6) hearts. Parameters observed were HR, systolic 

and diastolic ventricular pressure, rate pressure product and percentage functional recovery. Abbreviations: min – 

minutes; LVDP – Left Ventricular Developed Pressure; BPM – beats per minute; mmHg – millimetres of mercury 

 

Table 8: CT scores for mRNA transcript analysis 

 TC  TC + ivab p 

ANP 36.05±19.34 10.47±5.34 >0.05 

BNP 1.82±0.24 4.22±0.41 0.001 

Values are expressed as mean ± SEM (A.U.). No changes were observed in levels of ANP between the treated and 
untreated groups. BNP was significantly higher in the TC group treated with ivabradine. Abbreviations: ANP – atrial 
natriuretic peptide; BNP – brain natriuretic peptide; TC – Takotsubo cardiomyopathy; ivab – ivabradine 




