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Introduction

Heart failure
Heart failure (HF) is one of the leading causes of morbidity and mortality in the Western
World. According to the European Society of Cardiology (ESC) Guidelines, HF is defined as
a clinical syndrome that is the result of abnormalities in cardiac function or structure (1).
HF may be diagnosed by typical signs (e.g. elevated jugular venous pressure, pulmonary
crackles) and symptoms (e.g. fatigue, peripheral oedema, shortness of breath), in
combination with more objective evidence such as elevated natriuretic peptides and systolic
and/or diastolic dysfunction. The diagnosis of HF is not always easy, as the diagnostic value
of these signs and symptoms is limited. To formulate a correct diagnosis, recognition of the
underlying disease is of major importance. In most cases, HF is the result of myocardial
disease, such as loss of myocardium (e.g. due to myocardial infarction or myocarditis), or
sustained pressure to the myocardium (e.g. long term hypertension or valvular stenosis),
although HF can also be caused by disease of the valves, pericardium, endocardium, or the
conduction system.

HF is characterized by a primary deficit in cardiac output to nourish the peripheral organs.
In order to maintain sufficient perfusion of vital organs the human body employs several
compensatory mechanisms that affect both systemic and cellular processes. At a systemic
level, various neurohumoral adaptations take place, including activation of the sympathetic
nervous system and the renin-angiotensin-alodsterone-system (RAAS). Although these
mechanisms are beneficial in early stages of HF, these mechanisms become insufficient
with progression of disease and worsening of ventricular function, and actually contribute
to the process of adverse progressive cardiac remodeling. Cardiac remodeling is a multicellular process and is characterized by pathologic hypertrophic growth, myocyte apoptosis,
extracellular matrix alterations, re-expression of fetal gene programming, as well as changes
and activation in metabolism and inflammatory status (2).
Most of the current pharmacological treatment focuses on the disturbed systemic and
cellular processes, and interferes with one of the neurohumoral axes, such as the RAAS
and the sympathetic nervous system (SNS). This is contrast to supportive treatment, such
as diuretics and digitalis that mainly act to alleviate symptoms. Despite current treatment
the 5-year survival remains poor (1,3) and a continuous quest for novel interventions and
prognostic markers is ongoing.
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The vitamin D receptor
In the search for novel modifiers of HF pathophysiology, growing attention has been
attracted to the concept of intervening in transcriptional regulation (4,5). One of the gene
regulators that may be of particular importance in the development of cardiovascular
disease is the vitamin D receptor (VDR) (6). The VDR belongs to the nuclear receptor
superfamily of transcriptional regulators (4). This receptor is highly conserved among
vertebrate species (7) and is expressed in mouse, rat, and human heart tissue (8,9).
Liganded VDR forms a heterodimer with the retinoid X receptor (RXR) (10), a common
partner for other nuclear receptors such as liver X receptor (LXR), peroxisome proliferatoractivated receptor (PPAR) and thyroid hormone receptor (TR), and in this complex it acts as
a promiscuous transcription factor (11). The transcriptional activity of VDR is regulated by
several co-regulators that repress or transactivate gene transcription of several target genes
by binding to positive or negative vitamin D responsive elements (VDREs and nVDREs,
respectively)(12) (Figure 1).

Figure 1 - Mechanism of transcriptional regulation mediated by Vitamin-D Receptor (VDR).
VDRs form a heterodimer complex with the retinoid X receptor (RXR) that binds to a VDR response element
(VDRE). In the absence of the ligand vitamin D (vit-D), the complex is maintained in a repressed state by co-repressors. After binding of the ligand to the VDR, co-activators come in place of the co-repressors and this results
in activation of gene transcription.

12

It is intriguing to realize that the VDR/RXR regulates about 3% of the entire genome
(13), and the biological function of the genes that are regulated by the VDR/RXR complex
is therefore extremely diverse. This involves very fundamental processes, such as cell
cycle control, development of organs and calcium and phosphate homeostasis in bone
metabolism, inflammatory processes, and has effects in bone, kidney, parathyroid
gland, adrenal gland, gut, lung, liver, and many more organs. Interestingly, this complex
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is also able to suppress renin transcription by binding the Ec, Eb, or DR3 elements in
the renin promoter (5,14,15). Renin is a main component of the RAAS, that itself is an
essential regulatory system in HF pathophysiology and an important target for treatment.
Epidemiological data have consistently shown an inverse relationship between plasma
renin levels and vitamin D levels (16,17) and it has been suggested that modification of the
VDR-vitamin D complex may be a novel target in treatment and prevention of development
of hypertension, renal, and heart disease (18,19).

Vitamin D biology
In order to activate the VDR, first, the ligand calcitriol (1,25-dihydroxyvitamin D3) or
other analogues are needed. Calcitriol is the biologically active form of vitamin D, the
4th discovered vitamin (after vitamin A, B, and C). Vitamin D is mainly produced by the
skin in response to ultraviolet-B sunlight, although it can also be ingested from diet
or supplements. Vitamin D is stored in fat, and has both vitamin and hormone-like
properties. The main components of the group of this fat-soluble vitamin are vitamin D3
(cholecalciferol) and vitamin D2 (ergocalciferol). Primary hydroxylation of cholecalciferol
in the liver results in calcidiol (25-hydroxyvitamin D3), and this metabolite is normally
measured to determine a person’s “vitamin D status”. Calcidiol has to undergo a second
hydroxylation step in the kidney before it becomes the biologically active variant calcitriol
(Figure 2).

Figure 2 - Overview of vitamin D metabolism: from UV-B to calcitriol.

Vitamin D levels are tightly regulated by our body. The main feedback axis is with
parathyroid hormone (PTH) that is produced by the parathyroid glands and responds to
plasma calcitriol levels. Together, these hormones are responsible for regulation of bone
homeostasis by maintenance of ionized calcium and phosphorus levels. More recently,
13
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vitamin D is also thought to exert effects that go beyond bone metabolism (Figure 2). The
fact that the VDR is expressed by cardiomyocytes suggests that vitamin D biology may also
be of importance in the heart (20). This is underscored by the observations that calcitriol
itself is shown to be a negative endocrine regulator of the RAAS, and a modifier of cardiac
contractility via regulation of calcium ion uptake in ventricular cardiomyocytes (21). Mice
that have a genetic disruption of the VDR (VDR-/--mice) develop cardiac hypertrophy, while
treatment with a VDR-activator reduces left ventricular (LV)-mass in Dahl salt-senstive
rats and improves diastolic function in hemodialysis patients (22). Furthermore, low levels
of vitamin D are a well-known cause for secondary hyperparathyroidism, a condition that
is characterized by chronic elevation of serum PTH levels. Not only VDR but also PTHreceptors are present by cardiomyocytes (23) and it may be that elevated levels of PTH are
an important factor in the development of HF as well.

Figure 3. Overview of all vitamin-D-associated factors that could possibly modify HF development
and/or progression. HF: heart failure, RAAS: renin-angiotensin-aldosterone-system

The potential beneficial effects of vitamin D may not all rely on direct effects of vitamin D
biology in HF pathophysiology. Vitamin D deficiency is associated with several so called
HF-precursors, such as hypertension and diabetes mellitus type II (DM2). VDR-/--mice
have increased blood pressure levels, and an inverse relationship between vitamin D
14
Proefschrift_final_zonder.indd 14

22-10-15 15:08

Introduction

levels and blood pressure is observed (14). The prevalence of DM2 inversely relates with
serum calcitriol levels, and this also accounts for serum glucose levels (24). It was further
hypothesized that calcitriol levels may, at least partially, explain the observed differences in
glucose tolerance between population groups (24). Therefore, vitamin D biology may also
modify these HF-precursors, and via these indirect effects contribute to development and
progression of HF.

Altogether these data suggest that vitamin D biology could be an important player in
maintaining cardiovascular health. Figure 3 illustrates that vitamin D biology reflects an
extensive and complex endocrine feedback system that has the potential to influence HF
development and progression via several pathways. This thesis assesses the importance of
vitamin D biology in HF as a whole, and additionally considers the role single pathways may
have in the development and progression of HF.

Outline of this thesis
The general aim of this thesis is to investigate the role of vitamin D biology in HF. This
thesis focuses on exploring the potential preventive and therapeutic role of vitamin D in HF,
but also assesses the utility of vitamin D biology as preventive or therapeutic application
besides HF. To this end a series of clinical and experimental studies were designed.

Chapter 2 provides an overview and systematic review of molecular mechanisms of vitamin
D biology that may play a role in development of HF. In chapter 3 the association of vitamin
D deficiency and increased prevalence of morbidity in a general population is described
(data from the LifeLines Cohort Study Databank). Chapter 4 explores the relation between
vitamin D biology and new onset HF in a general population. It describes whether vitamin
D metabolites and/or PTH have added value in identifying patients at risk for new onset HF
(data from PREVEND). Chapter 5 studies the effect of the vitamin D analogue paricalcitol on
LV hypertrophy and fibrosis in a murine model of pressure overload and HF development.
In chapter 6 the effect of parental vitamin D deficiency on cardiovascular health in the
offspring is investigated. The underlying mechanisms are studied, focusing on epigenetic
modifications. Chapter 7 provides a general summary and discussion of the presented
findings in this thesis, and reflects on the main outcomes from chapter 2-6. It concludes
with providing the implications and recommendations for future research.
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