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Introduction
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Heart failure (HF) is a complex clinical syndrome caused by impaired ability of the heart to 

pump sufficient blood to fulfill the body’s metabolic demands. Major risk factors for HF are 

previous cardiovascular events, such as myocardial infarction, sustained hypertension and 

metabolic disorders including obesity and diabetes [1, 2]. HF remains a major health issue with 

a high morbidity and mortality and its prevalence is expected to increase as a result of the aging 

population and better treatment options for other cardiovascular diseases [3]. The clinical 

manifestations of HF involve dyspnea, fatigue, exercise intolerance and fluid retention, as well 

as subsequent pulmonary congestion and peripheral edema, amongst others. The clinical 

diagnosis of suspected HF patients is mainly based on the medical history of patients, physical 

examination and cardiac imaging. Since HF is a heterogeneous syndrome with different 

etiologies, individual HF patients will present a diverse set of signs and symptoms. Moreover, 

different co-morbidities are associated with HF and hence not all symptoms may be directly 

related to cardiac dysfunction. Therefore, additional parameters, providing better clinical 

stratification of HF patients, and delivering deeper insights in the underlying pathological 

processes, are eagerly awaited.  

Heart failure with reduced and preserved ejection fraction 

Currently, HF classification is rudimentary, and quite simply subdivided in HF with reduced 

Ejection Fraction, referred to as HFrEF, and HF with preserved Ejection Fraction, referred to 

as HFpEF. The two types of HF are equally distributed [4]. (Figure 1) Recently, a new category 

of HF with midrange EF (HFmrEF; 40%≤EF≤49%) was suggested and included in the 2016 

ESC HF guidelines [5]. The major cause of HFrEF is ischemic heart disease that results in loss 

of cardiomyocytes followed by replacement fibrosis and concomitant cardiac remodeling. 

These events can lead to eccentric remodeling, resulting in left ventricular (LV) dilatation and 

reduced systolic function. HFpEF on the other hand is mostly observed in elderly patients, 

often with obesity and hypertension, and these patients have predominantly concentric cardiac 

remodeling. They are often characterized by diastolic dysfunction evidenced by prolonged LV 

relaxation, impaired LV filling and increased cardiac stiffness [6]. Considering these 

differences, it is remarkable that most HF patients receive similar HF treatment, typically 

consisting of beta-blockers, ACE-inhibitors, Angiotensin Receptor Blockers (ARBs), and 

Mineralocorticoid Receptor Antagonists (MRAs). Patients with more advanced disease may 

receive device therapy: intracardiac defibrillators (ICD), Cardiac Resynchronization Therapy 

(CRT), or, in end-stage refractory HF, Left Ventricular Assists Devices (LVAD). These 

therapeutic strategies have resulted in beneficial effects in improving clinical outcomes for 

HFrEF patients, but have not shown any beneficial effects for HFpEF patients in clinical trials 

[3]. We still lack sufficient insight in the complex HF syndrome to understand which therapies 
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Figure 1 

Pathophysiological characteristics of HFrEF, HFmrEF and HFpEF. HF can be sub-divided in HFrEF, 

HFpEF and HFmrEF. In response to coronary artery disease or myocardial infarction the heart undergoes 

eccentric remodeling resulting in HFrEF. Concentric remodeling, indicated by normal or reduced volume in 

diastole can result in HFpEF and is commonly observed in patients with hypertension, atrial fibrillation 

and/or diabetes. CAD=Coronary artery disease, MI=Myocardial infarction, AF=Atrial fibrillation, 

EDV=End-diastolic volume. 

 

could be successful and we need better stratification possibilities, beyond classification on EF, 

to provide patients tailored therapies. Therefore, new methods are urgently needed to provide 

better diagnosis, risk stratification and therapeutic options for HF patients. 

HF plasma biomarkers 

In the past decades plasma biomarkers have gained great interest for their usefulness in HF 

diagnosis, prognosis and management. Typically, circulating biomarkers are released into the 

bloodstream in response to myocardial damage, myocardial stretch, or rather in response to a 

more generalized (systemic) reaction, such as inflammation or oxidative stress. As such, 

biomarkers have the potential to directly reflect HF pathological processes including 

myocardial stress, cell loss, impaired hemodynamics, neurohormonal activation, inflammation 

and extracellular matrix turnover (Figure 2). These properties could make these biomarkers 

interesting adjuvants to currently available diagnostic methods, and in the prognosis and 

treatment of HF. Natriuretic peptides (NPs), including atrial natriuretic peptide (ANP) and brain 

natriuretic peptide (BNP) are exclusively synthesized and secreted from the heart (atria and 

ventricles) in response to hemodynamic stress [7]. These peptides have emerged as established 

cardiac-specific biomarkers that provide incremental information to routine clinical 

evaluations for HF and are also included in the HF guidelines for diagnostic purposes [5, 8]. In 
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particular, the measurements of BNP, the N-terminal fragment of prohormone of brain 

natriuretic peptide (NT-proBNP), and the mid-regional fragment of prohormone of atrial 

natriuretic peptide (MR-proANP) are commonly used as the gold standard for diagnosis and 

exclusion of HF [9]. In addition, they are also used to predict adverse outcomes after acute and 

chronic HF [9]. However, clinicians should be aware that the values could be affected by a 

wide range of cardiac or extra-cardiac causes. Various risk factors of HF including age, 

pulmonary hypertension, renal disease and obesity could affect plasma NP levels [10-13]. In 

addition to NPs, cardiac troponins, which are specific markers of cardiomyocyte necrosis, have 

also been extensively studied and are used in clinical practice. The measurement of plasma 

troponin levels with high sensitivity troponin assays has been given a class I recommendation 

in acute HF and a class IIb recommendation in chronic HF in recent updated guidelines [14]. 

The incremental clinical value of these biomarkers has resulted in a strong drive to identify 

novel HF biomarkers that may have additional value in diagnosis, prognosis and disease 

management. Plasma proteins including Galectin-3 (Gal-3), Growth Differentiation Factor-15 

(GDF-15) and soluble suppression of tumorigenicity 2 (sST2) have emerged as novel 

promising HF biomarkers [15, 16]. The levels of these biomarkers can represent specific 

pathophysiological processes and may provide additional information beyond the current 

clinical indicators and established NPs [17-19]. Besides plasma proteins, circulating 

microRNAs (miRNAs) have been suggested as biomarkers and have been investigated in 

cardiovascular diseases including myocardial infarction [20], hypertension [21], diabetes [22] 

and HF [23]. Although the potential of miRNAs as HF biomarkers is acknowledged, there are 

still many unresolved aspects requiring further investigation [24]. For example, some 

circulating miRNAs, like miRNA-328, showed complex changes in plasma levels. This 

circulating miRNA is strongly diminished in HFrEF and moderately decreased in HFpEF [25], 

whereas it is strongly elevated in patients with atrial fibrillation and after myocardial infarction 

[26, 27]. Like most circulating miRNAs, this miRNA is not cardiac specific and is also altered 

in other diseases, probably contributing to the complexity [28]. Although several cardiac 

enriched miRNAs have been demonstrated to be associated with HF severity, there are issues 

with reproducibility and we do not understand their biology, and as a result, none of them have 

so far been included in AHA or ESC HF guidelines. Additional confirmation of the robustness 

and usefulness of these biomarkers will be needed before they can be considered for clinical 

usage.  

Plasma biomarkers as potential therapeutic targets 

The utility of plasma HF biomarkers is not necessarily limited to diagnostic and prognostic 

purposes, but these biomarkers could also constitute potential therapeutic targets. The  
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Figure 2 

Functional roles and therapeutic potentials of biomarkers in HF. HF biomarkers can be classified 

according to their specific pathophysiological role in the progression of HF, respectively. BNP=brain 

natriuretic peptide; NT-proBNP=N-terminal fragment of prohormone of brain natriuretic peptide, MR-

proANP=Mid-regional fragment of prohormone of atrial natriuretic peptide, GDF-15=Growth 

Differentiation Factor-15, MPO=Myeloperoxidase, Gal-3=Galectin-3, sST2=soluble suppression of 

tumorigenicity 2, MiRNAs= MicroRNAs. 

 

beneficial effects of natriuretic peptides on vasodilatation and cardiac unloading has, for 

example, resulted in the generation of drugs that limit their degradation by inhibiting the 

peptidase neprilysin. One of the exciting new HF drugs, Entresto, consists of a neprilysin 

inhibitor prodrug, sacubitril and the angiotensin-receptor blocker (ARB), valsartan. Another 

potentially interesting drug target could be the HF biomarker Gal-3. Genetic and 

pharmacological inhibition of Gal-3 in mice has been shown to suppress cardiac fibrosis, 

cardiac remodeling and subsequent HF development [29, 30]. Myeloperoxidase (MPO), a 

protein released by activated neutrophils, has demonstrated to be increased in plasma levels in 

HF patients and is positively correlated with HF severity [31, 32]. Several studies have shown 

that MPO contributes to cardiac electrical and structural remodeling in post-MI or AngII 

infused mouse [33-35]. These results indicate that in addition to their potential as HF biomarker, 
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these molecules could also be therapeutic targets for treatment of HF. Again, besides protein 

we should also include miRNAs as potential HF targets due to their critical involvements in 

multiple pathological processes of HF [24, 36]. On one hand these can be easily targeted by 

antagomirs, on the other hand their levels can also be restored by mimics [24].  

 

AIMS OF THIS THESIS 

The main aims of this thesis are: 

1) Review current HF biomarker literatures 

2) Investigate miR-328 as a potential anti-fibrotic target 

3) Investigate MPO inhibition as a therapeutic option for HF  

4) Investigate the tissue origin and cardiac specificity of novel HF biomarkers 

As discussed above, plasma biomarkers can have great value in diagnosis, prognosis and HF 

management, but could also act as potential drug targets. Nevertheless, there are still many 

uncertainties and the value of many suggested HF biomarkers is still vague. Of note, the 

experimental and translational research in this field is limited and this may explain in part why 

there is slow progression. We therefore decided to conduct translational studies using animal 

models to investigate the therapeutic potential of certain cardiac biomarkers and to investigate 

the dynamic expression of these biomarkers in the heart and other tissues to explain their 

plasma level fluctuations.  

In chapter 2, we review current clinical and experimental studies regarding the diagnostic and 

prognostic role of the most relevant and potential new HF biomarkers, and also indicate the 

deficiencies of these biomarkers in the utility for HF patient identification. We address some 

of the common issues and propose to investigate these elusive biomarkers more 

comprehensively in HF animal models. 

In chapter 3, we investigated the role of miR-328 in cardiac fibrosis post-MI. Plasma levels of 

miR-328 are known to be elevated after myocardial infarction, and in transgenic mice, miR-

328 overexpression was shown to induce cardiac fibrosis. In this study, we showed that miR-

328 was strongly induced in cardiac tissue post-MI concomitantly with cardiac fibrosis. We 

showed that miR-328 specific antagomirs could act as a potential anti-fibrotic target both in 

vitro and in vivo. In chapter 4, we aimed to determine whether a novel myeloperoxidase (MPO) 

inhibitor, AZM198, could reverse cardiac adverse remodeling in an in vivo mouse model of 

pressure overload after 4 and 8 weeks. Plasma MPO has been shown to be elevated in patients 

with HF and using mouse studies a role for MPO in cardiac fibrosis was suggested. Although 
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we observed a temporal delay in cardiac hypertrophy, we did not observe anti-fibrotic effects 

with this inhibitor. Importantly, MPO plasma levels were not increased in these mice, despite 

strongly reduced cardiac function, challenging its potential function as a cardiac biomarker and 

target. In chapter 5, we describe an elaborate mouse plasma biomarker study involving three 

different mouse HF models. In particular, we included two models of HF with reduced ejection 

fraction (HFrEF), namely a transverse aortic constriction and a myocardial infarction model 

(TAC and MI) and one model with HFpEF characteristics generated by high fat diet (HFD) and 

angiotensin II (AngII) infusion (obesity/hypertension). We subsequently investigated HF 

biomarkers ANP, Gal-3, GDF-15 and TIMP-1 at three different levels: i) organ gene expression, 

ii) organ protein quantities and iii) plasma protein levels, all in relation to cardiac function and 

structure. Surprisingly, in contrast to the established HF biomarker ANP, plasma levels of HF 

biomarkers (Gal-3, GDF-15, TIMP-1) did not show a direct association with cardiac function. 

All biomarkers were elevated in cardiac tissue in diseased hearts, but this did not affect plasma 

pools. In contrast, high fat diet strongly elevated plasma levels of these biomarkers, most likely 

as a result of elevated production in adipose tissue. In chapter 6, we extend these observations 

by investigating cardiac expression and plasma levels of these biomarkers in a transgenic rat 

model with hypertension (Ren2). Finally, in chapter 7, we discuss these new findings and view 

them in a broader perspective and provide recommendations for future cardiac research in this 

field. 
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