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INTRODUCTION 

1. Normal cardiac function

Under healthy conditions, the heart provides sufficient oxygenated blood to meet the 
metabolic needs of the body. Contractility and rhythmicity are essential characteristics of 
normal cardiac physiology.1 Spontaneously-depolarizing pacemaker cells in the sinoatrial 
node determine the rate at which action potentials are conducted throughout the atria, via the 
atrioventricular node and His bundle, to the ventricles.2 Ventricular cardiomyocytes 
propagate the action potential via gap junctions, which depolarizes the neighboring cells. 
This allows the ventricles to contract synchronous as a unit, resulting in uniform ventricular 
systole.1 During systole, the left ventricle (LV) pumps oxygenated blood into the systemic 
circulation via the aorta. During diastole, the LV relaxes and is filled with blood.3  

Together, heart rate, contractility, end-diastolic and -systolic volumes of the LV determine 
cardiac output. The fraction of blood ejected by the LV is a commonly-used parameter of 
cardiac function.1 Cardiac performance is modulated by neurohormonal systems, the two 
most important being the sympathetic nervous system (SNS) and renin-angiotensin-
aldosterone system (RAAS).4 Their components and functions are described in more detail in 
Chapter 2 of this thesis. The RAAS and SNS modulate cardiac output by controlling the force 
and rate of myocardial contraction, and outflow resistance by mediating peripheral arterial 
constriction and blood volume by salt and water retention.1  

Besides extra cardiac-regulation mechanisms, proper cardiac function greatly depends on 
the interplay between the different cell types that make up the heart. Cardiomyocytes 
comprise about one third of the total cell number in the heart, while the remaining cells are 
predominantly cardiac fibroblasts and microvascular endothelial cells, and to a lower extent 
also immune-related cells and endothelial- and smooth muscle cells of the coronary 
vasculature.5 Together, these cells contribute to the biochemical, structural, mechanical and 
electrical properties of the heart.1 

1.1 Cardiomyocyte Ca2+ homeostasis 

Given that calcium (Ca2+) is a central player in excitation-contraction coupling, 
electrophysiological balance and regulation of various downstream signaling pathways and 
gene expression, tight control of intracellular Ca2+ concentration ([Ca2+]i) is crucial in 
cardiomyocytes  (Figure 1).6,7 Ca2+ is cycled between the cytosol and extracellular space and 
between the cytosol and intracellular Ca2+ stores.6 As a result, cardiomyocyte [Ca2+]i changes 
transiently from low in diastole to high in systole. 

Upon excitation by an action potential, L-type Ca2+ channels (LTCC) localized in transverse 
tubules of the plasma membrane become activated and are opened, allowing entry of 
extracellular Ca2+ into the cytosol.7 This inward Ca2+ current triggers the opening of ryanodine 
receptor 2 (RyR2) in the sarcoplasmic reticulum (SR), the main intracellular Ca2+ store in 
cardiomyocytes. This so-called Ca2+-induced Ca2+ release from the SR raises global 
cytosolic [Ca2+]i approximately 10-fold.7 Subsequently, Ca2+ binds troponin C in the troponin-
tropomyosin complex, enabling cross-bridge formation between the myofilaments actin and 
myosin, which slide past one another, thereby contracting the cardiomyocyte.8 Relaxation 
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occurs when Ca2+ is removed from the cytosol. Ca2+ is transported back into the SR by SR 
Ca2+ ATP-ase (Serca), the function of which is regulated by phospholamban (PLB). Ca2+ is 
extruded into the extracellular space by the Na+/Ca2+ exchanger (NCX) (Figure 1). 

1.2 Cardiac fibroblasts 

The structural and mechanical integrity of the heart is greatly dependent on resident 
cardiac fibroblasts.9 Cardiac fibroblasts orchestrate the production of a variety of 
extracellular matrix (ECM) proteins, the classical component of which being type 1 
collagen.10,11 Resident cardiac fibroblasts are mostly quiescent, and therefore net collagen 
deposition in the heart is normally very low.11,12 Furthermore, cardiac fibroblasts produce 
factors that are involved in ECM protein synthesis and degradation, such as cytokines, 
growth factors and matrix metalloproteinases, and thus are key players in maintaining 
balanced ECM homeostasis.10 The ECM is pivotal for proper cardiac function as it 
provides a scaffold for myofiber alignment to maintain LV geometry and contractility, 
distributes mechanical forces through the heart, and influences myocardial electrical 
behavior.9,14 Communication with cardiomyocytes, via either paracrine mediators or 
mechanical coupling13, is essential for cardiac fibroblast-mediated ECM homeostasis. 

Figure 1. Calcium homeostasis and excitation-contraction coupling. Ca2+: calcium, CaN: calcineurin, 
LTCC: L-type Ca2+ channel, NCX: Na+/Ca2+ exchanger, PLB: phospholamban, RyR: ryanodine receptor, 
SERCA: SR Ca2+ ATP-ase. 
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2. Heart failure

Heart failure (HF) is one of the leading causes of death in the Western world, with a 
prevalence of over 23 million patients worldwide, and 5- and 10-year survival rates of 50% 
and 10%, respectively.15 The American Heart Association defines heart failure (HF) as “a 
complex clinical syndrome that can result from any structural or functional cardiac disorder 
that impairs the ability of the ventricle to fill or eject blood”.16 Indeed, HF is defined and 
diagnosed based on downstream outcomes rather than on a specific pathological stimulus. 
Acute events such as myocardial infarction (MI) may cause HF due to extensive 
cardiomyocyte death17. Chronic stressors may also underlie HF and these include elevated 
LV wall stress due to pressure overload by hypertension18 or aortic valve stenosis19, and 
enhanced cardiac workload due to SNS hyperactivity20. It has become clear from clinical 
studies that there is not a uniform clinical treatment that benefits all HF patients, as may be 
expected from the heterogeneity of the HF population, due to the different causes of HF.21,22  

2.1 Pathophysiology of adverse cardiac remodeling and heart failure 

Adverse cardiac remodeling encompasses the molecular, cellular and interstitial events that 
contribute to changes in cardiac shape, size and mass after an insult (Figure 2).23 When the 
heart experiences increased work load, LV wall stress or injury, individual cardiomyocytes 
grow by parallel addition of sarcomeres. This leads to concentric hypertrophy of the heart, 
which initially acts as a compensatory mechanism to maintain cardiac output by normalizing 
wall stress and cardiac work load.24 Persistent stress often leads to dilated remodeling, with 
elongated cardiomyocytes and LV wall thinning, ultimately leading to LV dysfunction and HF. 
Severe stress may, however, also lead to dilative remodeling without preceding concentric 
hypertrophy.23 

Adverse cardiac remodeling is characterized by re-expression of pro-hypertrophic genes of 
the fetal gene program25, cardiomyocyte death by necrosis or apoptosis26 and excessive 
cardiac fibrosis10. Furthermore, hyperactivity of neurohormonal systems4, in particular the 
SNS20, increases as a means to maintain cardiac output. However persistent enhanced SNS 
activity involves excessive activation of β-adrenergic receptors promoting adverse cardiac 
remodeling27, progressive deterioration of contractility28 and deadly arrhythmias29. In the 
clinic β-adrenergic receptor antagonists, so-called β-blockers, are often used to inhibit 
disproportionate SNS signaling.30 Details on SNS hyperactivity in adverse cardiac remodeling 
are further discussed in Chapter 2 of this thesis. 
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2.2 Cardiomyocyte Ca2+ homeostasis in hypertrophy and heart failure 

Alterations in cardiomyocyte Ca2+ homeostasis and Ca2+-dependent signaling pathways are 
key characteristics of hypertrophic and failing cardiomyocytes and are associated with 
arrhythmias (Figure 3).31,32 More specifically, these alterations involve diastolic Ca2+ overload. 
Elevated diastolic [Ca2+]i may arise from enhanced open probability of L-type Ca2+ channels 
or from altered SR Ca2+ release. Also Ca2+ leak via enhanced RyR opening and diminished 
SR Ca2+ sequestration due to impaired Serca expression or impaired inhibition by 
phospholamban may add to augmented diastolic Ca2+ levels. Together, these changes 
reduce SR Ca2+ load and thereby impair cardiomyocyte contractility.33  

Sustained elevation of [Ca2+]i increases the activity of the Ca2+-dependent serine-threonine 
phosphatase 2B, also known as calcineurin.34 Enhanced calcineurin activity is found in heart 
failure, but also in compensatory cardiac hypertrophy.35 Calcineurin dephosphorylates the 
nuclear factor of activated T-cells (NFAT) transcription factor, upon which NFAT translocates 
to the nucleus and activates transcription of hypertrophic markers such as atrial- and brain 
natriuretic peptides (anp and bnp), skeletal muscle α-actin (acta1) and β-myosin heavy chain 
(myh7).36,37 

Figure 2. Patterns of hypertrophy. Effect of cardiac stress on cardiomyocyte hypertrophy and dilatation (A) 
and subsequent macroscopic cardiac hypertrophy and dilatation (B). LV: left ventricle, RV: right ventricle.  
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2.3 Cardiac fibrosis 

Fibrosis is a hallmark of adverse cardiac remodeling and it refers to excessive ECM, 
largely collagen, deposition and cross-linking by cardiac fibroblasts. Upon chronic cardiac 
stressors, fibrosis occurs initially to preserve cardiac structure and function, however, 
excessive or prolonged fibrosis may induce adverse adaptation at later stages. This 
involves stiffening of the LV wall resulting in decreased elasticity and impaired LV 
function, and enhanced susceptibility for arrhythmias.38,39 Different patterns of fibrosis may 
occur, depending on the cardiac insult. Reactive interstitial fibrosis is characterized by 
spreading throughout the myocardium without being preceded by cardiomyocyte 
death.40,41 Alternatively, perivascular fibrosis of coronary arteries may develop, which is 
associated with pressure overload and reduces oxygen delivery to the myocardial tissue, 
promoting ischemia.42 As cardiomyocyte death ensues, replacement fibrosis follows as the 
only reparative mechanism to prevent cardiac rupture.41 

Resident cardiac fibroblasts become activated upon cardiac insult and rapidly start 
proliferating and differentiating into so-called myofibroblasts (MyoFB).43 MyoFB are 
characterized by α-smooth muscle actin and periostin expression44, depositing elevated 

Figure 3. Altered cardiomyocyte Ca2+ homeostasis in HF. Bold arrows indicate elevated activity, dashed 
arrows indicate diminished activity in hypertrophic and failing cardiomyocytes. Acta1: skeletal muscle α-actin, 
anp: atrial natriuretic peptide, bnp: brain natriuretic peptide, Ca2+: calcium, CaN: calcineurin, LTCC: L-type Ca2+ 
channel, myh7: β-myosin heavy chain, NCX: Na+/Ca2+ exchanger, NFAT: nuclear factor of activated T-cells, PLB: 
phospholamban, RyR: ryanodine receptor, SERCA: SR Ca2+ ATP-ase. 
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levels of collagen and other ECM proteins and exhibit elevated proliferation and 
migration40 (Figure 4). Thereby, these cells promote a pro-fibrotic environment and are the 
dominant regulator of ECM turnover and fibrosis in the remodeling heart.9 Cardiac fibroblasts 
become activated by a variety of signals from the stressed myocardium. These include 
mechanical changes45, growth factors such as transforming growth factor-β (TGF- β)46 and 
non-coding RNAs47.  But also, enhanced neurohormonal activation in response to HF can 
activate cardiac fibroblasts directly.12  

2.4 Immune- and hematopoietic stem- and progenitor cells 

Besides cardiac MyoFBs, immune-related cells contribute substantially to remodeling of the 
heart under pathological conditions. In response to cardiac injury, immune cells infiltrate the 
myocardium. Monocyte recruitment from the bone marrow and spleen to the heart in 
response to myocardial ischemia has been well described.48  These monocytes are produced 
from hematopoietic stem- and progenitor cells (HSPCs) in the bone marrow during medullary 
hematopoiesis. In mice HSPCs are multipotent cells that are characterized by the lack of 
lineage markers, expressing the stem cell antigen-1 (Sca-1) and stem cell growth factor 
receptor (c-Kit).49 HSPC proliferation, differentiation and migration out of the bone marrow is 
regulated by circulating factors as well as factors in the bone marrow niche. HSPC survival is 
supported by low oxygen tension and concomitant expression of the transcription factor 
hypoxia-inducible factor (HIF)-1α subunit50,51. Addtionaly, the sympathetic co-transmitter NPY 
supports the bone marrow niche to promote HSPC survival by enhancing TGF-β secretion 
from macrophages.52 In response to MI, also sympathetic signaling in the bone marrow 
becomes elevated, enhancing HSPC proliferation and bone marrow egress via 
norepinephrine-induced decrease of the retention factor stromal cell-derived factor 1 (SDF1) 
in bone marrow niche cells.53 Elevated HSPC release from the bone marrow after MI leads to 
enhanced HSPC seeding in the spleen. As such, the spleen may become a site of 
emergency extramedullary hematopoiesis to meet the immune cell demand of the injured 
heart.54  

Figure 4. Schematic representation of cardiac fibroblast activation and myofibroblast differentiation 
during development of cardiac fibrosis initiated by a cardiac insult. ECM: extracellular matrix. 
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3. Mouse models of adverse cardiac remodeling

To study adverse cardiac remodeling and HF, we applied dedicated mouse models that were 
developed to assess the function of specific cardiac insults separately.  In our studies we 
employed three models that are described below. 

3.1 Isoproterenol infusion 

Hyperactivity of the SNS and subsequent catecholamine release promote cardiomyocyte 
hypertrophy, death and cardiac interstitial fibrosis, contributing to adverse cardiac remodeling 
and HF.20 Isoproterenol is the synthetic isopropyl analog of norepinephrine and acts as a 
potent non-selective β-adrenergic receptor agonist.55 By continuous isoproterenol infusion via 
subcutaneously-placed osmotic minipumps (Figure 5A), the deleterious effect of SNS 
hyperactivity on cardiac remodeling can be modeled in mice.56,57 

3.2 Transverse aortic constriction 

Transverse aorta constriction (TAC) is a model of chronic LV pressure overload-induced 
hypertrophy and heart failure.58 The aorta is constricted by placing a suture ligation on the 
aortic arch between the left common carotid artery and the brachiocephalic artery (Figure 
5B). A few days after the procedure high-frequency Doppler can be used to measure the 
ratio between blood flow velocities between the left and right carotid arteries as a measure of 
the amount of constriction.59 TAC leads to concentric cardiac hypertrophy with interstitial and 
perivascular fibrosis, which gradually develops into cardiac dilatation and heart failure in 
response to the chronic hemodynamic overload.58 

3.3 LAD ligation 

MI as a consequence of myocardial ischemia is the most common cause of HF in patients.15 
In mice, permanent occlusion of the left anterior descending (LAD) coronary artery by suture 
ligation is a widely-used model to induce MI (Figure 5C).60 The subsequent ischemia causes 
cardiomyocyte death, infiltration of inflammatory cells and excessive fibrosis in the ischemic 
area, to prevent rupture.17 As atherosclerosis is usually the underlying cause of myocardial 
ischemia and MI in humans, this context may be modeled by using mice in a 
hypercholesterolemic background, such as mice deficient for apolipoprotein E (ApoE), which 
is normally involved in cholesterol clearance.53 
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4. The nuclear receptor Nur77 in cardiac function: scope of the thesis

Nur77 is a transcription factor that belongs to the NR4A family of nuclear receptors. The 
structure and properties of NR4A nuclear receptors are discussed in detail in Chapter 2 of 
this thesis. Nur77 is an early-response gene, which is rapidly induced by a wide array of 
stimuli including growth factors, cytokines and hormones. Subsequently, Nur77 is a key 
regulator of proliferation, differentiation, metabolism and stress responses in various cell 
types and organ systems.61  

The functional role of Nur77 in cardiovascular disease has been extensively studied in the 
context of atherosclerosis. Nur77 is expressed in human and mouse atherosclerotic 
lesions62–64,  in distinct cell types, and suppresses atherosclerosis development and 
progression. Nur77 inhibits SMC proliferation and promotes the quiescent, contractile 
phenotype of these cells64–66. In endothelial cells, Nur77 inhibits activation67 and promotes 
proliferation and angiogenesis68. Furthermore, Nur77 decreases macrophage-derived foam 
cell formation62,69 and modulates bone marrow-derived macrophages towards an anti-
inflammatory phenotype by which atherogenesis is dampened70,71. Collectively, Nur77 
protects against the development of atherosclerosis. The major adverse clinical outcome of 
atherosclerosis is MI and subsequent HF. It has been demonstrated that Nur77 inhibits the 
infiltration of inflammatory monocytes into the myocardium post-MI in mice, and also 
represses a pro-inflammatory phenotype in monocyte-derived macrophages in the infarcted 
myocardium.72 Taken together it has been concluded that Nur77 limits adverse cardiac 
remodeling post-MI and preserves LV function.72  

While the involvement of Nur77 in the inflammatory compartment of cardiovascular disease 
is now evident, research on Nur77 in cardiac tissue itself has just recently started emerging. 
Likewise, the function of Nur77 in neurohormonal regulation of cardiac function and HF is 
largely unknown. In this thesis we provide novel insight into the functional role of Nur77 in 
cardiomyocytes and cardiac fibroblasts during adverse cardiac remodeling, in the absence of 
inflammation. 

Figure 5. Schematic representation of mouse models to induce adverse cardiac remodeling applied in 
our studies. A. An osmotic minipump containing isoproterenol (ISO), placed subcutaneously in the 
subscapular space in mice. B. Surgically-induced stenosis of the aorta by transverse aortic constriction (TAC). 
C. Surgical occlusion of the left anterior descending (LAD) coronary artery ligation in mice and downstream 

15672_MEDZIKOVIC_BNW.indd   16 07-08-18   14:27



1

Chapter 1 

16 

3. Mouse models of adverse cardiac remodeling

To study adverse cardiac remodeling and HF, we applied dedicated mouse models that were 
developed to assess the function of specific cardiac insults separately.  In our studies we 
employed three models that are described below. 

3.1 Isoproterenol infusion 
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and HF.20 Isoproterenol is the synthetic isopropyl analog of norepinephrine and acts as a 
potent non-selective β-adrenergic receptor agonist.55 By continuous isoproterenol infusion via 
subcutaneously-placed osmotic minipumps (Figure 5A), the deleterious effect of SNS 
hyperactivity on cardiac remodeling can be modeled in mice.56,57 

3.2 Transverse aortic constriction 

Transverse aorta constriction (TAC) is a model of chronic LV pressure overload-induced 
hypertrophy and heart failure.58 The aorta is constricted by placing a suture ligation on the 
aortic arch between the left common carotid artery and the brachiocephalic artery (Figure 
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In mice, permanent occlusion of the left anterior descending (LAD) coronary artery by suture 
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cardiomyocyte death, infiltration of inflammatory cells and excessive fibrosis in the ischemic 
area, to prevent rupture.17 As atherosclerosis is usually the underlying cause of myocardial 
ischemia and MI in humans, this context may be modeled by using mice in a 
hypercholesterolemic background, such as mice deficient for apolipoprotein E (ApoE), which 
is normally involved in cholesterol clearance.53 
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Chapter 2 reviews the current literature on the role of Nur77 and NR4A family members 
Nurr1 and NOR-1 in cardiac hypertrophy and HF. Additionally, their role in neurohormonal 
regulation mechanisms is discussed in the context of cardiac regulation. 

Chapter 3 identifies Nur77 as a novel regulator of cardiomyocyte [Ca2+]i homeostasis. Using 
mouse models of cardiac hypertrophy induced by β-adrenergic receptor overstimulation and 
cardiac pressure overload, it is demonstrated that Nur77 deficiency leads to differential 
cardiac remodeling outcomes, dependent on the type of cardiac insult. 

Chapter 4 elucidates the role of Nur77 in the sympathoadrenal-cardiac axis. It is 
demonstrated that the cardioprotective action of Nur77 can be ascribed to repression of 
circulating NPY levels and to cardiomyocyte-specific modulation of NPY type-1 receptor 
signalling. Furthermore, it is shown that cardiomyocyte-specific Nur77 deficiency is sufficient 
to elevate cardiomyocyte [Ca2+]i and promote β-adrenergic -induced adverse cardiac 
remodeling. 

Chapter 5 unravels the function of Nur77 in cardiac (myo)fibroblasts and cardiac fibrosis. It is 
shown that Nur77 in cardiac fibroblasts promotes their differentiation into myofibroblasts 
upon stimulation with β-adrenergic receptor agonist isoproterenol or TGF-β. However, Nur77 
in cardiomyocytes represses their ability to induce TGF-β-mediated myofibroblast 
differentiation. These opposing roles of Nur77 in fibrosis induced by cardiomyocytes or 
fibroblasts may explain cardiac ruptures in full-body Nur77-KO mice during isoproterenol-
induced cardiac remodeling. 

Chapter 6 reveals that a widely-used mouse model of Nur77 deficiency expresses a 
truncated variant of Nur77, encoding for part of the amino-terminal domain of Nur77. This 
explains that these mice suffer from hematopoietic bone marrow and spleen abnormalities, 
which does not occur in a novel true Nur77-KO mouse model that we have generated. It is 
demonstrated that truncated Nur77 regulates bone marrow homeostasis via HIF-1α 
stabilization and activity. Moreover, a human Nur77 transcript variant that encodes solely for 
its amino-terminal domain, is characterized with relatively high expression in acute myeloid 
leukemia. 

Chapter 7 provides a discussion of the most relevant findings of this thesis and sheds light 
on future research. 
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