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Summary of this thesis
Vitamin D biology is primarily known for its role in bone health. However, vitamin D is
a pleiotropic vitamin and transcription factor with several effects on global health. The
vitamin D receptor (VDR) is present in almost all organs and tissues (including the heart),
and it has been appreciated that vitamin D exerts various effects that transcend bone
metabolism. In fact, it has been postulated that up to 3% of the gene regulation may be
regulated by vitamin D (1). In the human body, vitamin D forms a complex with the VDR
(vitamin D-VDR). Via this complex, together with a nuclear hormone receptor partner such
as Retinoid-X-Receptor (RXR) and several co-factors, the expression of downstream genes
is regulated. For instance, the vitamin D-VDR complex is a negative endocrine regulator of
the renin-angiotensin-aldosterone-system (RAAS) (2,3). RAAS is an established target in
treatment and prevention of cardiovascular disease, including heart failure (HF). Further,
vitamin D regulates inflammatory (4-6) and proliferative pathways (7,8), pathways that are
also crucial for HF.
HF is a major problem in the Western World, with an ever increasing incidence and
prevalence (9). Despite current optimal therapies, the prognosis for HF remains poor, and
the 5-year survival rate of HF is worse than several types of cancer. Therefore, a current
search for novel and improved therapies is warranted and vitamin D may represent an
interesting modifiable factor in the pathophysiology of HF, as discussed by many (10-13).

The overall aim of this thesis was to investigate the role of vitamin D biology in HF of
vitamin D biology in HF, thereby contributing to better understanding of the therapeutic
and preventive potential vitamin D has in patients with HF. The data presented in this thesis
expand the current knowledge on the role of vitamin D biology in HF, using a clinical as
well as an experimental setting. In addition, it provides several recommendations on how
assessment of vitamin D levels as well as study of vitamin D biology might be used in daily
practice, and how specific values should be interpreted.
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Recognition of the interplay between vitamin D biology and cardiovascular disease.
Vitamin D deficiency is a global problem (14,15) and has been reported to be associated
with increased prevalence of several multifactorial diseases, including hypertension, COPD,
and diabetes mellitus. Within an individual, the number of diseases increases with age (16),
and at advanced age many individuals suffer from more than one disease. Previous studies
mainly focused on the role of vitamin D deficiency and “single” morbidity prevalence.
However, the VDR is present throughout the entire body and it was hypothesized that
decreasing levels of vitamin D would be associated with increasing disease prevalence
within several disease domains. To test this hypothesis we investigated if vitamin D status
was associated with changes in multimorbidity prevalence. Chapter 4 illustrated that a low
level of vitamin D, after adjustment for multiple confounders, is associated with increased
prevalence of morbidities within an individual, being most outspoken in individuals with
vitamin D deficiency (<25 nmol/L). The most frequently reported diseases were in the
gastro-intestinal (22%), central nervous system (17%), respiratory (16%), cardiovascular
(15%) and endocrine (12%) domain. Although the association between low vitamin D and
a higher morbidity prevalence was not restricted to one specific disease or disease domain,
there was a clear inverse relationship between levels of vitamin D and cardiovascular
disease prevalence. This observation supported the notion that vitamin D deficiency is a
common phenomenon in patients with cardiovascular disease.

This is not the first time that an association between low levels of vitamin D and increased
prevalence of cardiovascular disease has been described: already in 2003, Zittermann
reported on the observation that patients with congestive HF had significantly lower levels
of vitamin D than their aged-matched healthy controls (10). Various other studies reported
similar observations and emphasized that higher levels of vitamin D are associated with
better outcomes in patients with HF (17,18). However, the exact mechanisms underlying
the association between low vitamin D and worse outcome in patients with HF remained
unanswered. The aim of chapter 2 was to summarize the existing knowledge on vitamin D
and its biology in HF. Using a systematic analysis, this chapter provided a comprehensive
overview how vitamin D signaling may influence pathophysiological pathways and
molecular changes in HF. The vitamin D-VDR complex could potentially exert beneficial
effects in prevention and treatment of HF, via targeting renin and angiotensin II levels, and
(indirect) inhibition of the RAAS. Next to that, it was suggested that VDR-activation could
have other, multivalent, effects that delay HF development and progression, as for instance
by modification of inflammation (inhibition of macrophages and cytokines), and stimulation
of natriuretic peptides secretion, as well as several other signaling intracellular pathways.
The role for vitamin D biology in treatment of HF. In chapter 5 parts of the abovementioned
142
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theories were addressed and it was investigated if activation of the vitamin D-VDR complex
directly regulated HF pathophysiology. Mice were subjected to transaortic constriction
(TAC), or a sham operation, to provoke HF based on left ventricular pressure overload.
The mice were treated with placebo, losartan (an angiotensin receptor blocker [ARB]),
paricalcitol (a selective VDR-activator, VDRA), or a combination of losartan and paricalcitol
during five weeks. First, TAC demonstrated to be a reliable and reproducible technique
to induce left ventricular hypertrophy (LVH) and hypertension. Secondly, single or
combination-treatment with paricalcitol did not attenuate LVH. Nevertheless, treatment
with paricalcitol prevented diastolic dysfunction and significantly reduced the amount of
fibrosis in the left ventricle (TAC 5.9 ±1.0 vs. paricalcitol 1.6±0.3%).

Circulating levels of vitamin D are inversely associated with parathyroid hormone (PTH),
and low levels of vitamin D are a well-known cause of secondary hyperparathyroidism
(19). Patients suffering from this disease have extremely elevated PTH levels, and it has
been observed that this is associated with increased cardiovascular disease risk and
cardiovascular pathology (3,12,20,21). Mechanistically, high levels of PTH are known
to induce hypertrophy in cardiomyocytes, and to promote a pro-fibrotic state [44]. In
chapter 5 we demonstrated that paricalcitol not only reduces the amount of fibrosis, but
also decreases serum PTH-levels. Although we could not establish if the reduced amount
of fibrosis was a direct PTH-related effect, I hypothesize that the observed decrease in
PTH levels, at least partly, explains the reduced formation of myocardial fibrosis. Cardiac
remodelling is a complex process, and future studies should address if PTH is culprit in this
process. Accumulating evidence suggests that modifying PTH may represent a promising
novel target in prevention of cardiac remodelling and treatment of cardiovascular disease
(22-24) .
The role for vitamin D biology in prevention of HF. Low levels of vitamin D are associated
with an adverse cardiovascular risk profile that is characterized by increased systolic
and diastolic blood pressure, higher serum glucose and LDL levels, and lower HDL levels
(chapter 3 & 4). In this thesis (chapter 3 & 4) it was demonstrated that individuals with
lower vitamin D (<50 nmol/L) levels were more likely to be of male sex, to have a higher
BMI, and to perform less physical activity. Furthermore, individuals with deficient levels of
vitamin D (<25 nmol/L) are more often active-smokers, and consume less dairy products
(chapter 4). Interestingly, (most of) these abovementioned factors are regarded as risk
factors for HF as well. To elucidate if vitamin D biology was associated with development
and progression of HF, we tested the association between vitamin D biology and new onset
HF in participants from the PREVEND database (for more information see Brouwers et
al.(25)). Individuals in this database were well phenotyped and we had availability of an
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extensive set with information on demographics, laboratory values and other possible
confounding factors. The primary analysis focused on the association of calcidiol, calcitriol,
PTH and the risk for new onset HF. During a median follow-up of 12.6 (interquartile range
12.3-12.9) years, 283 individuals developed new onset HF. Development of HF, however
was not independently associated with calcidiol, calcitriol or PTH levels. This suggests that
in subjects from the general population plasma levels of calcidiol, calcitriol or PTH do not
directly contribute to HF pathophysiology. Although low levels of vitamin D may thus be
associated with an unfavourable cardiovascular profile, from these data, it is unlikely to
consider vitamin D biology causally associated with development and progression HF.

Vitamin D deficiency is the most common nutritional deficiency in men, women and
children all over the world (15). Accumulating evidence suggests that environmental
factors in adults, such as maternal nutritional deficiencies, may affect health-outcomes in
offspring due to epigenetic modifications (26). In the early embryonic phase, establishment
of DNA methylation is a stochastically process that is responsible for interindividual
epigenetic variation (27). Recently, it has been shown that the process of DNA methylation
is predictably influenced by periconceptional levels of biomarkers and substrates (28).
It was already discussed that during adult life, vitamin D deficiency is associated with
increased disease prevalence. However, periconceptional (epi)genetic modifications may
contribute to altered disease susceptibility as well. This interesting issue was addressed
in chapter 6. Male and female Sprague-Dawley rats were fed with a standard, or a vitamin
D depleted diet. After 10 weeks of diet, rats from each dietary arm were mated. Following
delivery, the vitamin D deficient diet was replaced by the standard diet and during
subsequent experiments all rats received the same standard diet. The offspring in this study
was considered genetically identical, and so were environmental conditions. Observed
differences in the offspring were therefore most likely to be associated with in-uterine
modifications. At age of 10 weeks, we observed that offspring from vitamin D depleted
parents (F1-depl-rats) had a significantly elevated systolic and diastolic blood pressure,
and an impaired endothelial-dependent relaxation of the large vessels. Mechanistically,
this was associated with increased hypermethylation of the pannexin-1 gene (Panx1), and
a concomitant decrease in transcript abundance in aortas of F1-depl-rats. Panx1 encodes
for the hemichannel Pannexin-1, which is thought to play a pivotal role in Acetylcholinedependent endothelial relaxation in the vasculature (29,30). This suggested a plausible
underlying biological mechanism of the observed elevated blood pressure. Because of these
results I hypothesize that parental vitamin D deficiency may be associated with epigenetic
changes that contribute to increased disease susceptibility in children later in life. However,
future studies are needed to address the translational importance of this finding.
144
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Discussion and future perspectives
Vitamin D has received considerable attention during the last decades. Specifically, its
potential roles outside bone metabolism have been studied more extensively than ever
before. The quest of unraveling the multivalent potencies of vitamin D in cardiovascular
disease has excited researchers all over the world, but most recent data has dampened this
enthusiasm: not all outcomes are as positive as the initial observations suggested they could
have been. The outcomes of VITAL (31), a large scale supplementation study on the effect
of daily vitamin D3 supplementation (2000 IU) or omega-3 fatty acids (1 gram) in primary
prevention of cancer, heart disease, and stroke in the general population are therefore
eagerly awaited.
Vitamin D biology and HF. The high hopes on a central role for vitamin D in HF
pathophysiology took a blow by the publication of the results from the PRIMO randomized
control trial (RCT). This multicenter double-blind placebo-controlled trial evaluated the
effect of forty-eight week treatment with paricalcitol on cardiac structure and function in
227 patients with chronic kidney disease and LVH. Disappointingly, neither left ventricular
mass index nor diastolic function improved after paricalcitol-therapy. Although these first
results were considered negative, the general opinion about the possibilities for vitamin
D-VDR complex as potential therapy in HF remained positive. This study has been followed
by several more RCTs with paricalcitol and other VDR-activators, all with ambiguous
outcomes (32-35). Nevertheless, based on some recent studies I believe that the initial
enthusiasm that vitamin D biology was provided needs re-evaluation. A meta-analysis
describing the overall effect of at least 1 year vitamin D supplementation on development
of HF in individuals >50 years of age (36) concluded that vitamin D supplementation was
not effective in reducing HF (overall effect RR 0.83 [95% CI 0.60-1.13]). This was also
suggested by the results from the Women’s Health Initiative (a double-blind RCT in which
35983 women were randomized 1:1 to receive 1000 mg/d of calcium plus 400 IU/d vitamin
D3 or placebo (37)). Their findings were, however, nuanced by the observation that vitamin
D supplementation was protective in women with baseline low-risk for HF (hazard ratio
0.63 [95% CI 0.46-0.87]), but not in women in the high-subgroup (37). The effect of dietary
vitamin D (fortification) seems to be limited as well: a prospective study in 19,653 middleaged males did not observe an association between dietary vitamin D and incident HF (38).
I therefore support the recommendation that supplementation in patients with HF should
not diverge from standard guidelines for vitamin D supplementation (34).
The abovementioned effects rely on the concept that vitamin D directly modifies
HF pathophysiology via processes that modulate endothelial function, fibrosis,
immunomodulation, and inflammation [Figure 1]. On the other hand, vitamin D deficiency
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is also associated with increased prevalence of several HF-precursors (e.g. elevated blood
pressure, BMI and unfavorable metabolic profile). This could mean that targeting of these
HF precursors by activation of vitamin D biology could possibly (indirectly) modify HF
pathophysiology. Disappointingly, the results from the recently published Styrian Vitamin
D Hypertension Trial (a single-center, double-blind, placebo-controlled in which 200
participants with arterial hypertension and calcidiol levels <30 ng/mL 1:1 received a daily
gift of 2800 IU vitamin D3 or oily drops for 8 weeks) suggest that supplementation is not
effective in lowering blood pressure levels (39). This is in line with the outcomes of a recent
meta-analysis on the effect of vitamin D supplementation in hypertension that concluded
that vitamin D is most likely to be ineffective as blood pressure lowering agent (40). A
Mendelian randomization study (108,173 individuals from 35 different studies) nonetheless
concluded that increased plasma concentrations of vitamin D may have the potential to
reduce the risk of hypertension: in instrumental variable analysis, each 10% increase of
vitamin D was associated with a decrease of 0.29 mmHg in diastolic blood pressure and 0.37
in systolic blood pressure (41). Clearly, the observed effects in this study are small, much
smaller than expected, and future studies with comparable sample sizes are warranted to
bolster and validate if these findings have clinical implications. Studies that focused on the
effect of vitamin D biology on other HF-precursors expressed a similar message (42,43).
Despite the availability of sizeable cohorts and a large amount of data, so far there has
been no definite conclusion if activation of the vitamin D-VDR axis is in favor of, neutral or
disadvantageous in development and progression of HF (44). Altogether, I believe that the
effect of vitamin D supplementation as direct and indirect modulator of HF pathophysiology
is restricted. In general, even in these large cohorts, the observed effects are very small and
this suggests that the expected number-to-treat has to be extremely high before any effect
will be seen. Although the idea of worldwide vitamin D supplementation may theoretically
be laudable (and may already be done by fortification of some dairy-products), I believe
this seems no feasible suggestion in daily practice; not in the last place because of its likely
marginal or absent effect.
Vitamin D biology: the role of genetics and epigenetics. Despite the accumulating body
of neutral, and at times even disappointing results, the role for vitamin D biology in HF
cannot be effaced yet. Recently, it has been suggested that genetic variation is an important
factor in interracial differences in vitamin D biology. This genetic diversity may be of major
importance in the association between low vitamin D and HF. Individuals with a genetic
variation in a single allele were predisposed to have lower levels of vitamin D, and so was
their risk for HF (45). Furthermore, the increased prevalence of obesity and diabetes
mellitus type 2 in individuals with low vitamin D levels could, at least in part, be explained
by genetic variants (42). Several studies have shown that vitamin D biology and VDR
146
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regulation depends on several important factors: environment, genetics, epigenetics, and
the interaction between them (46). Whereas levels of vitamin D mainly reflect exposure
to sunlight and dietary intake of vitamin D (47), VDR transcriptional activity and protein
expression is subjected to genetic and epigenetic modifications. These modifications
influence direct regulation of VDR, as well as the VDR-dependent-regulation of other genes
(46).

The term epigenetic modification refers to a subset of changes in specific genomic regions
that modify transcript abundance of a gene without altering DNA sequence. Epigenetic
modifications especially occur during early embryonic phase and these changes are
associated with interindividual variation in gene expression levels in multiple cell types
later in life (27). I hypothesize that genetic and epigenetic diversity in vitamin D biology
may have a role in HF pathology as well. As an example, in this thesis it was shown that
periconceptional vitamin D deficiency in rats was associated with elevation in blood
pressure of the offspring. Although the genotype and environment were the same, rats from
vitamin D deficient parents fed had a different phenotype. Furthermore, a previous study
reported about the observation that underlying VDR genotype modulated expression levels
of plasma microRNAs, and by this mechanism influenced plasma vitamin D levels (48).
These results suggest that epigenetic and genetic variation is associated with changes in
vitamin D biology and may affect health outcomes later in life. I therefore propose that inutero programming of vitamin D biology contributes to altered disease susceptibility in an
individual. In my opinion, targeting vitamin D biology as modifier of genetic and epigenetic
variation must be regarded as a novel and promising field. Future studies are requested to
elucidate if targeting of vitamin D biology from early life on may prevent development and
progression of (cardiovascular)disease at higher age.
Vitamin D: a marker of general health? The potency of vitamin D in HF is coming into a
clearer view. Although the results from some major studies are still awaited, the general
profile of vitamin D as potential target in HF has taken shape. I illustrated this in Figure
1 and provide an overview on how I foresee the role of vitamin D in HF. I consider the
potential of activation of the vitamin D-VDR axis as therapeutic target in HF likely to be
limited, although I would like to stress that future studies are crucial to form a conclusive
message if vitamin D therapy is beneficial, neutral or harmful in HF. A novel and interesting
topic in this field may be within modification of genetis and epigenetic diversity. Future
studies should address if these variations provide novel targets in vitamin D biology as well
as in prevention and treatment of HF.
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Figure 1 - Overview of the potency of vitamin D biology as modifier in HF

Although it may now appear that low levels of vitamin D are not a direct cause or risk factor
in development and progression of HF, however, low levels of vitamin D are consistently
associated with all-cause and cardiovascular-specific mortality (49,50). In my opinion, this
suggests that low levels of vitamin D are indicative for an individual’s general health status,
and that low levels of vitamin D may indicate overall poor health. In addition, I propose that
vitamin D should be regarded as a biomarker of health, and that it should be assessed as
such. With the ageing population breathing down our necks, novel strategies are currently
employed to identify and treat diseases as early as possible. I hope that future studies will
focus on the question if assessing vitamin D could prove its usefulness in this.

Conclusion
In the last decade, vitamin D biology has been studied more extensively than ever before.
Although modifying vitamin D biology has been considered to have multivalent potency
148
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in heart disease, the initial enthusiasm has dampened. This thesis contributes to the
understanding of the role of vitamin D biology in HF. It further shows that interesting
associations between vitamin D biology and HF exist, and that modulation of vitamin D in
experimental models affects the condition of the heart and HF. However, the role for vitamin
D as a novel target in HF biology is not straightforward and may be limited. Nevertheless,
at this stage, a potential utility of vitamin D supplementation or VDR activation cannot
be ruled out yet and large scale studies are underway addressing this issue. For sure, if
low levels of vitamin D are not cause, but rather consequence of disease (51), monitoring
vitamin D biology may be used as a novel and useful tool in the panoply of means to
ascertain an individual’s general health status.
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