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Abstract: Vitamin D deficiency is the most common nutritional deficiency, affecting almost one
billion people worldwide. Vitamin D is mostly known for its role in intestinal calcium absorption
and bone mineralization. However, the observation of seasonal changes in blood pressure and the
subsequent identification of vitamin D receptor (VDR) and 1«-hydroxylase in cardiomyocytes, as well
as endothelial and vascular smooth muscle cells, implicated a role of vitamin D in the cardiovascular
system. Animal studies provided compelling evidence that vitamin D signaling is essential for
cardiovascular integrity, especially for the regulation of vascular tone and as an antifibrotic and
antihypertrophic signaling pathway in the heart. In addition, observational studies reported an
association between vitamin D deficiency and risk of hypertension, atherosclerosis, and heart failure.
However, recent clinical intervention studies failed to prove the causal relationship between vitamin
D supplementation and beneficial effects on cardiovascular health. In this review, we aim to highlight
our current understanding of the role of vitamin D in the cardiovascular system and to find potential
explanations for the large discrepancies between the outcome of experimental studies and clinical
intervention trials.
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1. Introduction

Vitamin D is a secosteroid derived from cholesterol in animals (cholecalciferol, vitamin D3) and
ergosterol in plants (ergocalciferol, vitamin D). Although some studies reported that vitamin D3 and
D, are equipotent, there is accumulating evidence suggesting that vitamin D3 is more potent than
vitamin D, in raising total and free serum 25-hydroxyvitamin D (250HD) levels in humans [1-5].
Both forms of vitamin D are referred to as vitamin D in this review. Vitamin D needs to be activated by
25-hydroxylation in the liver, yielding 250HD, and by 1x-hydroxylation in the kidney, yielding the
vitamin D hormone 1,25-dihydroxyvitamin D (1,25(OH),D) [6]. It is currently thought that almost all
biological actions of vitamin D are mediated by its active form, 1,25(OH);D, signaling mainly through
the intracellular vitamin D receptor (VDR) [6].

Seminal discoveries at the turn of the 20th century led to the identification of vitamin D deficiency
as the cause of rickets [7]. Vitamin D deficiency is the most common nutritional deficiency, estimated
to affect almost one billion people worldwide [8]. Multiple factors influence 25(OH)D levels, including
nutrition, sunlight exposure, outdoor physical activity, and skin color. However, there is currently no
consensus about defining optimal serum levels and dietary requirements. For example, the Endocrine
Society defines deficiency as 25(OH)D levels below 50 nmol/L (20 ng/mL) but recommends at least
levels above 75 nmol/L (30 ng/mL), and preferably between 100 and 150 nmol/L (40-60 ng/mL) [9],
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whereas other opinions recommend using the considerably lower cutoff of 12.5 ng/mL for the definition
of vitamin D deficiency [10]. In addition, the threshold for sufficiency may be different for different
diseases and conditions, making it difficult to set the optimal reference values.

For a very long time, it was thought that the only physiological role of vitamin D is the regulation
of calcium and phosphate metabolism. However, about 40 years ago, Scragg et al. noticed a seasonality
in patients suffering from cardiovascular disease and attributed it to the low 250HD levels patients
had in winter [11-13]. Studies investigating the potential benefits of vitamin D supplementation for
cardiovascular health followed. Moreover, the discovery of VDR and 1a-hydroxylase in extra-osseous
tissues indicated additional physiological roles of vitamin D, apart from its well-known role in mineral
homeostasis. Epidemiological data indicate that vitamin D deficiency in humans is associated with
arterial stiffness, hypertension, left-ventricular hypertrophy, and endothelial dysfunction in patients
with chronic kidney disease, as well as in normal subjects, fostering the belief that vitamin D has a
protective role in cardiovascular diseases, and that it may lower the risk for heart failure [14-17].

However, a large Mendelian randomization study did not confirm the association between vitamin
D status and cardiovascular disease (CVD) [18], and the recently performed large intervention studies
vitamin D and omega 3 trial (VITAL) and vitamin D assessment study (ViDA) failed to demonstrate
a beneficial effect of vitamin D supplementation on cardiovascular outcomes [19-21]. Nonetheless,
animal studies provided compelling evidence in favor of the important role of vitamin D signaling in
the cardiovascular system.

The purpose of this review is to highlight our current understanding of the role of vitamin D in
cardiovascular health, focusing on hypertension, atherosclerosis, and heart failure, and to find potential
explanations for the large discrepancies between the outcome of experimental studies and clinical
intervention trials.

2. Vitamin D Metabolism

Vitamin D metabolism is a complex process involving multiple organs [6,22]. Vitamin D
can be synthetized de novo in the skin by exposure to ultraviolet B (UVB) light that converts
7-dehydrocholesterol to cholecalciferol, or it can be taken up by ingestion. Cutaneously synthetized
or ingested cholecalciferol binds to the vitamin D-binding protein and is transferred to the liver.
The hepatic enzyme CYP2R1 (25-hydroxylase) transforms vitamin D to 250HD. 250HD has a long
half-life and is usually used to determine vitamin D status in the blood. The second hydroxylation
step takes place in the kidneys. In the proximal renal tubule, 1x-hydroxylase (CYP27B1) converts
250HD into 1,25(0OH),D. Active 1,25(OH),D is released into the blood stream and binds to the vitamin
D-binding protein. As a lipophilic hormone, 1,25(OH),;D can cross the cell membrane and can bind
to the VDR present in the cytoplasm and/or nucleus of target cells. The VDR is a ligand-activated
transcription factor and regulates gene expression. Over 30 cell types expressing VDR are known,
suggesting multiple roles of vitamin D beyond mineral homeostasis [23].

The metabolism of vitamin D is strongly regulated by calcium, phosphate, fibroblast growth
factor 23 (FGF23), and parathyroid hormone (PTH) levels. FGF23 inhibits 1a-hydroxylase, thereby
downregulating 1,25(0OH),D production and promoting its catabolism [24]. On the other hand,
PTH upregulates CYP27B1 expression in the kidneys, exerting the opposite effect. An increase in
ionized blood calcium inhibits PTH secretion in the parathyroid glands, consequently leading to lower
1,25(0OH),;D production [25]. Hyperphosphatemia also has an inhibitory effect on 1x-hydroxylase
activity in the kidneys. When in excess, 1,25(0OH),;D initiates negative feedback mechanisms by
downregulating the expression of the CYP27B1 gene in the kidney, downregulating the expression of
the gene encoding PTH in parathyroid glands, and upregulating FGF23 secretion in the skeleton [24,26].
Due to the tight endocrine regulation of renal vitamin D hormone production, circulating 1,25(OH),D
levels remain within physiological limits even in the presence of very low 25(OH)D levels associated
with severe vitamin D deficiency [27]. This regulation in vitamin D-deficient subjects occurs at the
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expense of elevated PTH levels, leading to subsequent mobilization of calcium from the skeleton and
increased bone turnover, together with potential untoward cardiovascular effects of increased PTH.

Importantly, vitamin D can be activated extra-renally in tissues expressing 1x-hydroxylase. Hence,
circulating 25(OH)D also serves as a substrate for local 1,25(0OH),D synthesis. Locally produced
1,25(0OH),D may have autocrine and paracrine effects in cells that express the VDR. Therefore,
the biological effects of vitamin D signaling in VDR-expressing target cells are presumably determined
by the sum of circulating 1,25(OH),;D concentrations in addition to locally produced 1,25(OH),D
(Figure 1). Hence, the blood concentrations of 25(0OH)D, routinely used to assess vitamin D status, are
not a direct read-out for the activity of vitamin D signaling within target cells.

. 1,25(0H).D,
25(0H)D

RXR VDR

RXR VDR
VDRE

Figure 1. Biological effects of vitamin D signaling in vitamin D receptor (VDR)-expressing target
cells are determined by the sum of circulating 1,25(0OH),;D concentrations in addition to locally
produced 1,25(0OH),D. The 1,25(0H),D3-VDR complex dimerizes with the retinoid X receptor (RXR)
and translocates to the nucleus where it binds to vitamin D response elements (VDRE) found in the
promoter region of target genes. 25(OH)D originating from the blood stream can be locally converted
into 1,25(0OH),;D in cells expressing 1x-hydroxylase.

3. Expression of VDR and 1x-Hydroxylase in the Cardiovascular System

The vitamin D receptor was first identified in cardiovascular tissues in low-salt chromatin
preparations in normal rat hearts by Walters et al. in 1986 [28]. The demonstration of the presence
of a specific receptor for vitamin D in the heart suggested a direct role of vitamin D in maintaining
cardiovascular function. In the heart, the VDR is expressed in ventricular cardiomyocytes, as well as in
fibroblasts [29,30]. Furthermore, VDR expression was found in cultured bovine aortic endothelial cells
and endothelial cells lining the rat aorta [31,32]. This was later confirmed in venular and capillary
endothelial cells of human skin biopsies by immunohistochemistry [31]. Moreover, cultured rat
cardiomyocytes and cardiac fibroblasts also express 1a-hydroxylase at messenger RNA (mRNA) and
protein level [30,31,33], and local production of 1,25(OH),D from labeled 25(OH)D substrate was
observed in both endothelial and vascular smooth muscle cells in vitro [33,34]. Additionally, VDR
expression was upregulated when cardiomyocytes were subjected to hypertrophic stimuli (endothelin)
in vitro and in vivo after treatment with isoproterenol [30]. Therefore, there is solid evidence for both
VDR and 1x-hydroxylase expression in the heart and in blood vessels. However, it is less clear what
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the molecular function of vitamin D signaling in these tissues is, and whether there is an autocrine
and/or paracrine regulation of locally produced 1,25(OH),D.

4. Hypertension

The observation of the association between high blood pressure and 25(OH)D levels was actually
the starting point for considering the involvement of vitamin D in the pathogenesis of cardiovascular
disease [35,36]. Hypertension is a major public health burden and a major risk factor for myocardial
infarction, heart and kidney failure, and stroke. In most cases, the etiology of hypertension is unknown,
leading to patients taking multiple anti-hypertension medications and still having difficulties regulating
it. About 20% of the patients suffer from resistant hypertension [37].

Endothelial dysfunction contributes to the development of hypertension. Experimental studies
support a role for vitamin D in regulating endothelial function. One of the proposed mechanisms of
action is renin-angiotensin—aldosterone (RAAS) activation. It was reported that global VDR knock-out
mice have higher blood pressure and develop cardiac hypertrophy due to increased renin expression
and subsequent activation of the RAAS [38]. A major limitation of the latter study was that the
VDR-null mice were fed a normal diet. VDR-null mice on a normal diet develop severe secondary
hyperparathyroidism [39]. Therefore, the increased renin mRNA expression found in VDR-null
mice fed the normal diet and the subsequent cardiovascular changes in these animals may be due
to secondary hyperparathyroidism [40]. Indeed, global VDR mutant mice fed the so-called rescue
diet enriched with calcium, phosphate, and lactose, which normalizes mineral homeostasis in these
mice, did not show increased mean arterial pressure or RAAS activation [40]. Rather, Andrukhova
et al. found that vitamin D signaling regulates vascular tone, as evidenced by an increase in systolic
and pulse pressure, together with altered collagen and elastin content in aged global VDR knock-out
animals on the rescue diet, independent of RAAS activation [40]. In line with the changes in pulse
pressure, expression of endothelial nitric oxide synthase (eNOS) was reduced by 50% in aortic tissue
from VDR global knock-out mice on rescue diet in comparison to wild-type controls [40]. A caveat of
studies in global VDR knockout mice is the ubiquitous expression of the VDR, making it difficult to
dissect between systemic and tissue-specific effects. However, the findings in global VDR knock-out
mice fed the rescue diet were confirmed in a study using mice with specific deletion of the VDR in the
endothelium, which do not show changes in mineral metabolism [41]. In the absence of endothelial
VDR, acetylcholine-induced aortic relaxation was significantly impaired. Additionally, eNOS mRNA
levels were reduced by 60% in the conditional knock-out mice when compared to the controls [41].
Taken together, the data from experimental studies in global and conditional VDR knockout mice
support the role of vitamin D signaling in the regulation of vascular tone by upregulating eNOS
activity. Chronic treatment of spontaneously hypertensive rats with 1,25(OH),D led to a reduction in
reactive oxygen species (ROS) levels and cyclooxygenase-1 (COX-1) mRNA and protein expression [42].
Therefore, another mechanism via which vitamin D may modulate vascular tone is the downregulation
of COX-1 in the endothelium, thereby reducing the production of endothelium-derived contracting
factors [43].

In agreement with the experimental data, a large body of observational studies supports the
notion that vitamin D has a protective effect against the development of hypertension. A seasonal
variation in blood pressure was recognized, with lower values in the summer and higher in the winter
period, when UV light exposure and circulating 250HD concentrations are lower [35]. In the large
NHANES (National Health and Nutrition Examination Survey) III cross-sectional study representative
of United States (US) civilians, an inverse relationship between 25(OH)D levels and blood pressure
after adjusting for age, sex, ethnicity, and physical activity was shown [44]. However, the effect was
attenuated after correcting for body mass index and PTH, suggesting that PTH may mediate most of the
association between 25(OH) and blood pressure [45]. A possible limitation of the study was that blood
pressure and 25(OH)D levels were measured only at a single time point. In an ancillary study, Judd et
al. observed a decrease in the age-related increase in systolic blood pressure in patients with 25(OH)D
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levels greater than 80 nmol/L [46]. A study with a majority of non-hypertensive subjects found that
the age-related increase in systolic blood pressure was lower (0.40 mm Hg/y) in vitamin D-sufficient
subjects when compared to vitamin D-deficient and -insufficient participants [46]. In addition, Wang et
al. reported that patients with low circulating 25(OH)D are at a higher risk of developing cardiovascular
events, including incident hypertension, in comparison to vitamin D-sufficient controls [47].

Forman and coworkers examined the association between hypertension and 25(OH)D levels in
the Health Professional Follow-up and Nurses’ Health study [48]. This study included 613 men and
1021 women who did not suffer from hypertension. They found an association between vitamin D
deficiency and incident hypertension. One of the major limitations of the study was that the blood
pressure measurement was self-reported. However, since the participants were health professionals,
the data obtained may be considered reliable. The findings were similar in a Finnish study that
assessed 25(OH)D and CVD risk levels at baseline and in a four-year follow up. The association
between hypertension and vitamin D deficiency was only significant at baseline, whereas the change
in pulse rate over time remained associated with lower 25(OH)D baseline levels in male participants
after four years [49]. Kunutsor et al. preformed a meta-analysis of prospective studies that included
283,537 participants [50]. They included data from eight unique prospective cohorts, including
55,816 patients with hypertension. The analysis included patients from the general population with
25(OH)D levels measured at baseline and studies where vitamin D status was assessed based on
dietary intake. The results showed that participants in the top third with the highest 25(OH)D levels
had a 30% lower risk of hypertension.

Even though the majority of observational studies reported an inverse association between vitamin
D and incidence of hypertension, there are studies that did not observe such an effect. Snijder et al.
investigated the relationship among vitamin D, PTH levels, and systolic and diastolic blood pressure in
elderly subjects [51]. The latter authors observed no positive effect of vitamin D supplementation but
noted that PTH was a potentially modifiable determinant of blood pressure. Similar observations were
made in a study investigating the prevalence of metabolic syndrome in patients with low circulating
25(OH)D and high PTH levels [52]. The cohort enrolled over 1000 participants above the age of 40 years.
No evidence of an association between low 25(OH)D levels and metabolic syndrome, including
hypertension, was found. However, the study suggested that hyperparathyroidism may contribute to
the development of metabolic syndrome.

It is clear that observational studies cannot prove causality. In addition, a fundamental confounder
in observational studies could be the fact that subjects with good health may have higher 25(OH)D
levels due to higher outdoor activity and subsequently higher sunlight exposure. In order to test a
causal relationship, intervention studies investigated the effects of dietary vitamin D supplementation
on hypertension. Some of these studies reported beneficial effects of vitamin D on hypertension.
Experiments where subjects were exposed to UV radiation recorded a decrease in blood pressure in
patients with mild hypertension [53]. Similarly, short-term high doses of vitamin D5 (4000 IU) and
Ca supplements lowered blood pressure in elderly German women [54]. Forman and coworkers
conducted a four-arm controlled trial and reported a 0.2 mm Hg reduction in systolic blood pressure
for each 1 mg/mL 25(OH)D. Diastolic pressure remained unchanged [48,55]. In the meta-analysis
by Witham et al., which included eight randomized controlled trials, albeit with a low number of
participants, a significant reduction of diastolic blood pressure was observed in hypertensive patients
(>140 mm Hg) receiving vitamin D supplements [56]. However, another meta-analysis including
16 trials did not reveal a significant protective effect of vitamin D supplementation against hypertension,
with the exception of participants with pre-existing cardiometabolic disease [57].

However, in young, normotensive, vitamin D-deficient or -insufficient subjects, dietary vitamin D
supplementation increased 25(OH)D levels but had only a negligible effect on blood pressure [58-61].
In the Daylight trial, which included subjects with low vitamin D status, high doses of vitamin D
had no effect on blood pressure [58]. Participants” age ranged from 18-50, and both normotensive
and hypertensive subject were included. The strongest evidence against the beneficial effects of
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vitamin D supplementation on blood pressure came from the large randomized, double-blind,
placebo-controlled trials VIDA and vitamin D treating patients with chronic heart failure (VINDICATE),
observing no beneficial effects on systolic or diastolic blood pressure after high-dose vitamin D
supplementation [20,62].

Taken together, there is good evidence from experimental studies in genetically engineered mice
that ablation of vitamin D signaling is associated with endothelial dysfunction due to a downregulation
of eNOS expression. In addition, the majority of observational studies suggests that vitamin D
status influences blood pressure and the risk of hypertension. However, the recent large randomized
controlled trials provided overwhelming evidence that vitamin D supplementation does not have
beneficial effects on blood pressure in vitamin D-sufficient subjects. The potential explanation for this
discrepancy may be related to the fact that, due to counter-regulatory mechanisms, the circulating and
probably also local 1,25(0OH),D concentrations within target cells can be kept within physiological
limits in the presence of a large range of circulating 250HD concentrations, such that additional
supplementation may not alter vitamin D signaling in target cells. Nevertheless, based on the
experimental data, the vitamin D signaling pathway appears to be important for the regulation of
vascular tone. Whether vitamin D analogues could be used as pharmacological agents for the treatment
of hypertension is currently unclear.

5. Atherosclerosis

Atherosclerosis is caused by an interaction of genetic and environmental factors. Most common
factors promoting the development of this condition are hypertension and elevated low-density
lipoproteins in the blood. There is some evidence from experimental and clinical studies that vitamin
D signaling may modulate the pathogenesis of atherosclerosis.

Vitamin D signaling may influence the pathophysiology of atherosclerosis through modulation of
the inflammatory response by decreasing the expression of TNF«, IL-6, IL-1, and IL-8 in isolated blood
monocytes [43,63]. Suppression of IL-6 leads to decreased synthesis of the acute-phase inflammatory
C-reactive protein (CRP). CRP serum concentrations are associated with atherosclerosis and serve as a
predictor of cardiovascular events [43,64]. Vitamin D deficiency was shown to accelerate progression
of coronary artery disease in swine by enhancing nuclear factor-«B (NF-«B) activation, indirectly
supporting the anti-inflammatory role of vitamin D [65].

Macrophage-derived foam cell formation is a hallmark of the progression of atherosclerosis [66,67].
Vitamin D was shown to reduce cholesterol accumulation in macrophages and LDL uptake in
atheromas [68]. Moreover, it modulates thrombomodulin and tissue factor expression in monocytes,
affecting platelet aggregation and thrombogenic activity [69]. In the study by Nakagawa et al,,
1,25(0OH),D reduced the expression of matrix metalloproteinase (MMP)-2 and MMP-9 in cell culture,
thereby possibly preventing plaque destabilization, luminal rupture, and thrombosis [70]. Similarly,
foam cell formation in macrophages isolated from hypertensive, diabetic, and obese patients was
suppressed by 1,25(0OH),D. The proposed mechanism of action involves reduction of low-density
lipoprotein uptake [71].

One of major consequences of atherosclerosis is plaque disruption, causing acute obstruction of
a coronary artery and, consequently, the development of myocardial infarction (MI). Experimental
studies show conflicting evidence regarding the role of vitamin D in the development of MI. Bae and
coworkers reported detrimental effects of global VDR deficiency after experimental MI induced by
permanent ligation of the left descending coronary artery in global VDR knock-out mice fed a normal
diet [72]. By contrast, cardiac function after experimental MI was not different between normocalcemic
VDR mutant mice on the rescue diet and wild-type mice [73]. Therefore, the detrimental effects of global
VDR deficiency in MI mice may be attributed to hypocalcemia and secondary hyperparathyroidism [73].

Clinical data addressing the role of vitamin D in atherosclerosis are limited. In peripheral arterial
disease (PAD), a condition resulting from atherosclerosis and characterized by occlusion of smaller
arteries preventing blood flow to the lower extremities, low serum 25(OH)D levels were associated
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with a higher prevalence after accounting for demographic characteristics, physical activity, and
cardiovascular risk factors in NHANES [74]. Similarly, Fahrleitner et al. observed significantly
lower serum 25(OH)D levels in patients with PAD in comparison to healthy age-matched control
patients [75,76].

The outcome of intervention studies examining the role of vitamin D supplementation on
atherosclerosis is diverse. In patients with non-dialysis chronic kidney disease, a high dose of vitamin
D positively influenced endothelial function as measured by flow-mediated dilation [77]. Similarly,
vitamin D supplementation of 50,000 IU every two weeks for six months led to a significant attenuation
of vascular inflammation and an increase in plasma nitric oxide concentration in patients with type 2
diabetes and coronary artery disease [78]. In addition, in patients with high risk of developing chronic
diseases like diabetes, supplementation of cholecalciferol or ergocalciferol for four months led to
improvements in pulse wave velocity [79]. However, in healthy, elderly people, daily supplementation
with 4000 IU for one year induced no changes regarding any cardiovascular risk factors, including
arterial stiffness [80].

In a double-blinded placebo-controlled trial in MI patients that examined the acute effects of
daily vitamin D supplementation on adhesion molecules and proinflammatory cytokines, daily
administration of 4000 IU for five days affected some inflammation markers, such as CRP and IL-6,
whereas other markers remained unchanged. The major limitations of the latter study were the short
duration and the small number of participants. In patients with coronary artery disease, weekly
ergocalciferol administration did not result in significant improvements of markers of vascular or
endothelial function after 12 weeks [81]. Nonetheless, in subjects with prior history of MI, two
high doses (100,000 IU) of cholecalciferol had no effect on blood pressure or cholesterol levels but
significantly impacted CRP [82]. In addition, the SYNTAX score was significantly decreased after six
months of daily supplementation of calcitriol, indicating that 1,25(OH),D may have a beneficial role in
coronary artery disease [83]. By contrast, a monthly bolus supplementation of 100,000 IU of vitamin D
over three years had no effect on the incidence of cardiovascular disease, including arteriosclerosis,
in the ViDA study [19].

In conclusion, there is conflicting evidence from experimental and clinical studies regarding the
role of vitamin D signaling in the pathogenesis of atherosclerosis. Based on the well-established role of
vitamin D signaling in monocytes/macrophages in many experimental settings [84] and the key role of
foam cell formation in the pathogenesis of atherosclerosis, it is conceivable that vitamin D signaling
may have beneficial effects in atherosclerosis through an anti-inflammatory action. However, currently,
this notion is not substantiated by data from long-term randomized controlled trials.

6. Heart Failure

Left-ventricular hypertrophy (LVH) typically develops as a response to volume or pressure
overload, for example, in patients with hypertension or aortic valve stenosis. It is characterized by
thickening of the wall and often an increase in chamber size. In pathological hypertrophy, the increase
in cardiomyocyte size is accompanied by interstitial fibrosis, cardiac dysfunction, and eventually heart
failure. Cardiac fibrosis is of multi-factorial origin and can be either reactive or reparative. Reparative
fibrosis occurs in ischemia due to tissue injury and cell death. A scar that predominantly contains
collagen I fibers replaces the cells. Reactive fibrosis occurs in the interstitium and around blood vessels
without significant loss of cardiomyocytes [85]. The increase of extracellular matrix components in the
heart leads to stiffening of the walls and functional impairment eventually leading to heart failure.

Data from a number of experimental studies support the anti-fibrotic and anti-hypertrophic role
of vitamin D, and they propose that vitamin D signaling has a beneficial role in cardiac dysfunction,
hypertrophy, and fibrosis [86-89]. Invitro treatment with 1,25(OH),;D resulted in a decrease of
profibrotic gene expression and collagen deposition in multipotent mesenchymal stem cells [88].
Furthermore, Chen and coworkers found that specific lack of VDR in cardiomyocytes causes LVH in
mice, under normal resting conditions, as well as following a seven-day infusion with isoproterenol,
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compared to controls [87]. However, the latter authors did not observe changes in interstitial fibrosis.
It was suggested that the anti-hypertrophic role of VDR signaling in the heart is based on suppression of
the calcineurin/NFAT/MCIP 1 pathway [87]. In addition, in vitro data suggest that vitamin D signaling
can improve cardiomyocyte contraction and relaxation [29]. In Dahl salt-sensitive rats, administration
of paricalcitol reduced LV mass, posterior wall thickness, and end-diastolic pressure [89].

Epidemiological studies demonstrated that vitamin D deficiency is highly prevalent in subjects
suffering from coronary artery disease or heart failure [90-92]. Lower 25(OH)D concentrations
were independently associated with an increased risk for all-cause mortality and heart failure
re-hospitalization in many observational studies [93-95]. Furthermore, vitamin D was found to
be a predictor of reduced survival in patients with heart failure [90]. In the Framingham heart study,
low serum 25(OH)D was associated with a 60% increase in death due to cardiovascular events [96].
A meta-analysis of several observational studies demonstrated a positive association between low
25(OH)D levels and MI, LVH, heart failure, and mortality [94]. In line with this finding, the study
by Ameri et al. showed that subjects with intermediate 25(OH)D levels have most favorable LV
geometry [97]. Patients with moderate or severe vitamin D deficiency had a significantly higher
LV wall thickness and diameter in comparison to the rest of the population studied [97]. This was
confirmed in a study consisting of newly diagnosed hypertensive patients with preserved ejection
fraction, in whom vitamin D deficiency was associated with higher LV mass and impaired myocardial
performance index [98]. However, in a cross-sectional study assessing baseline 25(OH)D levels and left
diastolic function, no correlation was found [99]. Moreover, in the PIVUS (Prospective Investigation of
Vasculature in Uppsala Seniors) study that included over 870 subjects with no prior cardiovascular
disease, no association of LV geometry or function with vitamin D status was established after a
five-year period [100]. The Iceland study also failed to find an association between vitamin D status and
heart function, but revealed a positive relation between PTH levels and decreased LV function [101].
This goes in line with increasing evidence proposing an association among PTH levels, hypertension,
diastolic dysfunction, and hypertrophy [102-105].

The most common cause for mortality in patients suffering from chronic kidney disease is of
cardiovascular origin. It was shown that treatment of patients with chronic kidney disease with
vitamin D analogues reduces cardiovascular mortality, and it can lead to regression of LVH [106].
In agreement with this finding, low serum 25(OH)D levels were associated with higher LV mass index
in an eight-year follow-up in patients with low kidney function [107]. However, after adjusting for
PTH levels, no strong relationship could be confirmed.

Intervention studies provided conflicting evidence. In the RECORD (Randomised Evaluation of
Calcium and/OR vitamin D) study, patients receiving 800 IU of cholecalciferol daily were protected
against heart failure, but not against MI or stroke [108]. Several other studies showed beneficial effects
of vitamin D supplements or its analogues in reducing inflammatory markers [109,110]. By contrast,
LV function remained unchanged after administration of 2000 IU vitamin D for nine months [109].
However, another study observed improved ejection fraction in elderly patients with heart failure that
received 4000 IU for six months [110]. Such discrepancies may be the consequence of different dosages
and time points. It should also be noted that for most of the studies cardiovascular diseases were
not the primary endpoints. In the EVITA study (effect of vitamin D on all-cause moratlity in heart
failure), 400 patients suffering from heart failure were treated with 4000 IU of vitamin D or placebo for
three years. No difference in primary (mortality) or secondary (hospitalization, resuscitation, heart
transplantation) end points was observed [111]. The vitamin D treating patients with chronic heart
failure (VINDICATE) study comprised 229 participants that received a daily dose of 4000 IU vitamin D
for a year. The primary endpoint was a change in 6-min walk distance between baseline and 12 months.
Secondary endpoints included changes in LV ejection fraction. No improvements were seen in the
primary end point, but vitamin D had a beneficial effect on LV structure and function in these patients.
The vitamin D assessment study (ViDA) investigated effects of monthly bolus supplementation of
vitamin D on cardiovascular disease, fractures, and cancer. Participants received bolus supplements
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of 100,000 IU of vitamin Dj or placebo for a median of 3.3 years. The primary end point was the
number of participants with incident CVD and death. Secondary outcomes were MI, angina, heart
failure, hypertension, arrhythmias, arteriosclerosis, stroke, and venous thrombosis. No beneficial effect
was found on incidence of cardiovascular disease [19]. The vitamin D and omega 3 trial (VITAL) is a
recent double-blinded, randomized, placebo-controlled trial that investigated the influence of high
dose vitamin D (2000 IU) and omega 3 fatty-acid supplementation in 25,871 participants. The mean
age of the participants was 67.1; they had no history of cardiovascular diseases, and 51% of the subjects
were females. The study had a large general population sample, was racially diverse, and included
20% people of color. 25(OH)D levels were measured at baseline and one year following the treatment.
The median follow-up was 5.3 years. Major cardiovascular events were primary and secondary
end points. Interestingly, the use of vitamin D supplementation neither lowered the incidence of
cardiovascular events nor led to a significant difference in any of the secondary cardiovascular end
points in comparison to the placebo group [20,21]. A limitation of the VITAL trial was that most
subjects were vitamin D-sufficient, and that different results might have occurred if this would have
not been the case. However, such a study is not possible in humans due to ethical concerns.

Taken together, despite the evidence from experimental studies that vitamin D signaling has a
protective effect against the development of LVH, the outcome of the recent randomized controlled
studies clearly shows that vitamin D supplementation of vitamin D-sufficient subjects does not provide
any benefit in terms of cardiovascular health in the general population.

7. Conclusions

Data, especially from studies in genetically engineered mice, provided compelling evidence that
vitamin D signaling is essential for cardiovascular integrity, especially for the regulation of vascular
tone and as an antifibrotic and antihypertrophic signaling pathway in the heart. However, the largely
negative results of recent randomized controlled trials with cardiovascular primary and secondary
endpoints strongly argue against any beneficial role of vitamin D supplements, at least in vitamin
D-sufficient subjects, for cardiovascular health. How can this discrepancy be reconciled?

Vitamin D is essential for the survival of most vertebrates [112]. Therefore, powerful regulatory
systems evolved during evolution that are able to maintain circulating concentrations of the vitamin
D hormone, the active principle of the vitamin D system, within narrow limits, despite variations
in the circulating concentrations of the precursor molecule 25(OH)D. Much less is known about
the regulation of local production of 1,25(OH),D within cardiovascular target cells. Nevertheless,
what counts for the activity of vitamin D signaling in a biological sense is the local concentration of
1,25(0OH), D within the target cell, regardless of its origin. As outlined above, ablation of the vitamin D
signaling pathway in genetically engineered mice revealed an important physiological function of
this signaling pathway for cardiovascular health. This represents the extreme end of the spectrum.
By contrast, the endocrine systems involved in the regulation of 1,25(OH),D are able to maintain
circulating 1,25(OH), D and possibly also intracellular 1,25(0OH),D concentrations within physiological
limits across a wide range of circulating 250HD concentrations. Therefore, it makes biological sense
that supplementation of vitamin D sufficient subjects will not change the concentration of 1,25(OH),D
within target cells and, thus, will not have any biological effect. However, at the lower end of the
circulating 250HD concentration spectrum, the counter-regulatory mechanisms such as increased
PTH, possibly in combination with reduced local production of 1,25(0OH),;D, may result in untoward
cardiovascular changes in vitamin D insufficient subjects. Possible strategies to test this hypothesis may
be animal models of vitamin D deficiency, better mimicking the condition in humans. Furthermore,
it may be conceivable to run randomized controlled trials powered to include sufficient numbers of
vitamin D-deficient participants by analyzing baseline vitamin D status only at the end of the study.
However, the ethical implications of the latter strategy need to be very carefully considered, and such
an approach may not be feasible in humans due to ethical concerns.
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