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Clinical Case Scenario

A 67 year-old gentleman with hypertension, hyperlip-
idemia, heart failure with preserve ejection fraction
(left ventricular ejection fraction 65%), symmetric left
ventricular hypertrophy, chronic kidney disease Stage
3B presents in follow up of his multiple cardiovascular
issues. He has a normal serum calcium level and his
parathyroid hormone is within target range. Would this
patient benefit of vitamin D treatment and if so, which
form and dose of vitamin D?

Introduction

Although primarily involved in bone and mineral metabo-
lism, both 25-hydroxy vitamin D (25[OH]D) and its active
hormonal form (1,25-dihydroxy vitamin D [1,25(OH),D])
have been associated with cardiovascular effects [1]. The
very high prevalence of vitamin D insufficiency or defi-
ciency, commonly defined as <30 and <20 ng/mL [1], respec-
tively, makes this association especially important to unravel.
Since cardiovascular disease is the number one cause of mor-
tality in the United States, the topic is particularly relevant to
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disease prevention strategies aimed at improving public
health [2-5].

Although the vitamin D receptor (VDR) is known to be
expressed in cardiomyocytes and fibroblasts [6, 7], the role
of supplementation with vitamin D and/or its analogs on
cardiac function has yet to be elucidated. Epidemiological
data to date are inconclusive [8, 9] and randomized studies
are scarce (Table 11.1 provides a summary of longitudinal
studies evaluating 25(OH)D associations with cardiovascu-
lar outcomes). Furthermore, most studies aimed at establish-
ing a link between vitamin D and cardiovascular outcomes
have focused on total circulating levels of 25(OH)D, but
important new information suggests that the fraction of
25(OH)D that is not bound to its specific high-affinity car-
rier protein may be a more appropriate indicator of vitamin
D status [22]. In the current chapter we will focus on the
biological pathways by which vitamin D may play a role on
cardiac function as well as observational and randomized
studies of vitamin D supplementation in cardiovascular
disease.

Observational Studies

Observational studies can assess the exposure (25(OH)D)
and outcome (i.e. cardiovascular diseases) at the same point
in time (cross-sectional) or they can assess the exposure and
then outcome occurring after the exposure is measured (lon-
gitudinal). The cross-sectional studies are faster, cheaper
and allow us to evaluate the relationship between the vari-
ables of interest at a given time point. However, the cross-
sectional studies do not provide any information regarding
the timing of the events as the longitudinal studies do. All
observational studies are subject to confounding, which can
be best minimized by randomization to intervention or pla-
cebo. In this section we will evaluate the data supporting the
effects of vitamin D in cardiovascular diseases by study

type.
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11 Vitamin D and Its Effects on the Heart

Cross-Sectional Studies

A growing body of literature suggests that vitamin D insuf-
ficiency or deficiency may be associated with an increased
risk of cardiovascular disease. However, the evidence thus
far is inconclusive and subject to debate. Early studies
reported a higher prevalence of hypertension in countries
located in northern latitudes where populations are exposed
to less sunlight than in countries nearer the equator [23, 24].
Similarly, large population studies such as the Third
National Health and Nutrition Examination Survey
(NHANES) identified cardiovascular risk factors (elevated
blood pressure, plasma glucose and cholesterol) associated
with lower 25(OH)D levels [25]. In contrast, an analysis of
the Longitudinal Aging Study Amsterdam that included
1,205 participants patients older than 65 year-old did not
find any association between 25(OH)D levels and blood
pressure [26].

A second analysis of the NHANES database conducted
by Melamed et al. included 13,331 free-living adults in the
United States. These authors reported an increase in coro-
nary artery disease (CAD) and stroke in patients with total
25(OH)D levels <20 ng/mL vs. those with 25(OH)D of
>32 ng/mL [odds ratio (OR) 1.2 (95 % confidence interval
(CD): 1.01-1.36)] [27]. Others have described an association
between low 25(OH)D (<30 ng/mL) and heart failure (OR
1.7 [95 % 0.87-3.32]) in the same NHANES cohort [28]. In
cases of extreme vitamin D deficiency (<15 ng/mL) in chil-
dren (rickets), severe cardiomegaly and heart failure have
been reported [29-33] Interestingly, patients with Vitamin
D-resistant rickets as a result of congenital mutations in the
VDR mostly die from cardiovascular diseases, but show no
abnormalities in angiotensin converting enzyme activity, or
in levels of angiotensin II and aldosterone [34].

Longitudinal Studies

Ischemic heart disease has been associated with extreme
forms of vitamin D deficiency. For example in 1,739 partici-
pants of the Framingham Offspring Study, the risk of isch-
emic heart disease was associated with total 25(OH)D
<15 ng/mL (hazard ratio [HR] of 1.62; 95 % CI 1.11-2.36,
P=0.01) compared to individuals with levels >15 ng/mL
[10]. In a stratified analysis by diagnosis of hypertension at
baseline, the association between 25(OH)D levels and isch-
emic heart disease was evident in patients with hypertension
(HR 2.13, 95 % CI 1.30-3.48), but not in those without
hypertension (HR 1.04, 95 % CI 0.55-1.96). Similar results
were found in a study involving 18 225 men in the Health
Professionals Follow-up Study [11] Furthermore, higher
vitamin D intake from foods and supplements was associated
with a decreased risk of cardiovascular disease including
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coronary artery disease and stroke in the Nurses Health
Study and the Healthcare Professionals Follow- up Study
[12]. Large global cohort studies have yielded similar find-
ings. One such study of 10,170 women and men from the
Danish general population showed that the risk for myocar-
dial infarction was 64 % higher in participants with extreme
25(OH)D deficiency (<6 ng/mL) than participants with
25(OH)D >24 ng/mL [13]. Similarly, in the Ludwigshafen
Risk and Cardiovascular Health (LURIC) study, both low
25(OH)D and 1,25(0OH),D levels were associated with car-
diovascular mortality [14]. Of note, patients with extreme
forms of chronic kidney disease who cannot convert 25(OH)
D into the active hormonal form 1,25(OH),D also have a
high risk of cardiovascular mortality [15].

Studies evaluating the role of vitamin D in patients with
left ventricular hypertrophy (LVH) show mixed results. An
analysis of 256 participants from the Hoorn study, which is a
population-based cohort in the Netherlands, demonstrated an
association between low 25(OH)D and LVH only in indi-
viduals with history of cardiovascular disease and in those
with low renal function (median estimated glomerular filtra-
tion rate <77.5 mL/min/1.73 m?) [16]. The effect appeared to
be attenuated when adjusted for parathyroid hormone (PTH)
levels. The Prospective Investigation of the Vasculature in
Uppsala Seniors (PIVUS) study suggested an association
between low 25(OH)D levels and altered left ventricular
(LV) geometry and function at baseline (left ventricular end-
systolic diameter and left ventricular ejection fraction), but
failed to show the same association after 5 years of follow up
[17]. In contrast, an analysis of 711 participants from the
Baltimore Longitudinal Study of Aging revealed a relation-
ship between 25(OH)D levels and left ventricular mass index
(by echocardiogram), but did not find an association with left
ventricular ejection fraction or geometry [35]. Similarly, a
study that utilized cardiac magnetic resonance in 992
Icelandic community dwelling individuals found an associa-
tion between 25(OH)D and left ventricular mass [36].
Populations with extreme forms of 25(OH)D deficiency such
as the chronic kidney disease have a higher prevalence of
LVH than patients with similar risk factors with normal renal
function [37]. Heart failure patients with low 25(OH)D lev-
els have a poor prognosis and higher inflammatory markers
than those with higher 25(OH)D levels [18]. Furthermore,
25(OH)D levels are negatively correlated with natriuretic
peptides and New York Heart Association class [19].
However, the relationship between vitamin D and heart fail-
ure is still controversial [38].

Blood pressure and vitamin D have been inconsistently
linked in longitudinal studies. A combined analysis of the
Health Professionals’ Follow-Up Study and the Nurses’
Health Study with 1,811 patients encompassing up to 8 years
of follow-up reported a 2.67 fold increase in the relative risk
of hypertension when comparing individuals with 25(OH)D
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Table 11.2 Summary of randomized trials evaluating 25(OH)D or 1,25(OH)2D analogs on cardiovascular outcomes

Study N Population Intervention Follow-up Outcome Result
Thadhani et al. [45] 227 CKD stage 3b-4 Paricalcitol 2 pg/day or 48 weeks Change in LVMI No effect in LVMI
Placebo
Wang et al. [46] 60 CKD stage 3—4 with Paricalcitol 1 pg/day or 52 weeks Change in LVMI No effect in LVMI
left ventricular Placebo
hypertrophy
Shedeed et al. [47] 80 Infants with chronic Cholecalciferol 1,000 ITU/ 12 weeks Left ventricular 32.8+4.6 mm before
heart failure day or Placebo end-diastolic and 24.9+3.1 mm after
diameter treatment
Larsen et al. [48] 130 Subjects with Cholecalciferol 3,000 IU/ 20 weeks 24 h blood pressure BP significantly
hypertension day or Placebo decreased in subjects
with 25(OH)D <32 ng/ml
Hsia et al. [49] 36,282 Postmenopausal Cholecalciferol 400 IU/ 7 years Myocardial No difference between
women day or Placebo infarction, coronary  groups
death and stroke
Trivedi et al. [SO] 2,686 Men and women over  Cholecalciferol 5 years Mortality by No difference between
65 years 100,000 IU/4 months or cardiovascular groups
Placebo disease (fatal MI,
stroke)
Prince et al. [51] 302 Older women with low  Ergocalciferol 1,000 IU/ 1 year Ischemic heart No difference between

25(0OH)D (<24 ng/mL) day or Placebo
and previous history of
falling

disease (MI, angina) groups

Note: HD hemodialysis, /U international units, LV left ventricle, LVMI left ventricular mass index, LVEDD left ventricular end diastolic diameter,
MI myocardial infarction, CKD chronic kidney disease, BP blood pressure

<15 vs. >30 ng/mL [20] In contrast, the Women’s Health
Initiative study reported no association between 25(OH)D
and hypertension [21]. In the Norwegian Tromso study
(n=2,385), no difference in the incidence of hypertension was
found in participants with lower vs. higher quartiles of 25(OH)
D after 14 years, except for a small increase (4 mmHg) in
systolic blood pressure when the lowest (<16 ng/mL) vs. the
highest 25(OH)D quartiles (>25 ng/mL) were compared [39].

It is important to note that none of these studies evaluated
the role of vitamin D repletion in the aforementioned out-
comes. Observational studies cannot rule out other charac-
teristics of these populations that may explain the associated
cardiovascular effects. Well-designed randomized trials are
needed to confirm or rule out the suspected associations [40].

Clinical Trials
Nonrandomized Open-Label Trials

A few small open-label studies have been conducted. One
included 27 infants with vitamin D deficient rickets and ten
controls. Both groups were administered one dose of
600,000 IU cholecalciferol and calcium for 2 weeks and
showed an improvement in ejection fraction [41] Another
study administered 50,000 units of cholecalciferol weekly
for 12 weeks to 30 chronic hemodialysis patients with

25(0OH)D levels <30 ng/mL followed by 20,000 IU weekly
for another 12 weeks [37]. Interestingly, a significant reduc-
tion in left ventricular hypertrophy (by echocardiogram) and
inflammatory markers was detected at 6 months. Similarly,
several small short-term studies in hemodialysis patients
with hyperparathyroidism experienced reductions in left
ventricular hypertrophy after treatment with 1,25(OH),D for
3 months [42, 43], or cholecalciferol for 1 year [44].

Randomized Trials

Randomized trials evaluating the effects of intervention with
either 25(OH)D or active 1,25(OH),D analogs on cardiovas-
cular outcomes as a primary objective are very scarce
(Table 11.2). Supported by extensive animal experiments
and observational human studies suggesting an effect of
vitamin D on left ventricular hypertrophy [10, 52-54],
PRIMO (Paricalcitol Capsule Benefits in Renal Failure—
Induced Cardiac Morbidity) was one of the first large ran-
domized trials designed to evaluate the cardiac effects of
vitamin D repletion. In PRIMO, 227 patients with Stage 3b-4
chronic kidney disease were randomized to receive either the
active vitamin D compound paricalcitol or placebo for 48
weeks to evaluate its effect on left ventricular mass index
(LVMI) [45]. Despite the supporting data in both animal
and human studies, PRIMO found no effect of paricalcitol
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38 lar hospitalizations (mostly due to heart failure) in the
paricalcitol group [55]. Another very small study in children
“E 36 with severe heart failure and vitamin D deficiency random-
E ized participants to either 12 weeks of cholecalciferol
E 34 Placebo 1,000 IU or placebo and found a significant improvement in
E the heart failure score and left ventricular ejection fraction,
2 32
2 among other parameters [47].
2 30 \ Par A handful of studies have evaluated the effect of cholecal-
ricalei . .
% W ciferol on blood pressure. A recent study in Denmark
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Baseline 24 Weeks 48 Weeks . . . . . .

_ visit subset analysis restricted to vitamin D deficient patients
Subjects (<32 ng/mL) revealed a small but statistically significant
Placebo 93 88 80 duction in both li d di lic blood 4 and
Paricalcitol 103 98 82 reduction in both systolic and diastolic blood pressure (4 an

Fig. 11.2 Adjusted mean left atrial volume index (LAVi) at baseline,
week 24, and week 48 by treatment group (Reprinted from Tamez et al.
[55] with permission from Elsevier, Mosby, Inc; Copyright © 2012
Mosby, Inc. Terms and Conditions)

on LVMI (Fig. 11.1). All patients met left ventricular hyper-
trophy criteria by echocardiogram at baseline, but not by
cardiac magnetic resonance, which may explain why this
was a negative trial. A smaller study that included patients
with severe LVH showed similar results [46]. A sub-analysis
of PRIMO revealed significant reductions in left atrial vol-
ume index (Fig. 11.2), natriuretic peptides and cardiovascu-

3 mmHg respectively) [48]. Secondary analyses of other
studies have yielded mixed results [56].

No studies have yet evaluated prevention of ischemic
heart disease or cardiovascular mortality as the primary
outcome. The Women’s Health Initiative randomized 36,282
postmenopausal women to calcium and vitamin D 200 TU
twice daily or to placebo and found no significant difference
in the rate of myocardial infarction, angina or stroke
(secondary outcomes) after 7 years of follow up [49].
Similarly, another study of 2,686 participants (men and
women) who were randomized to 100 000 IU of cholecalcif-
erol or placebo administered every 4 months over 5 years
found a non-significant improvement in all-cause mortality
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Cardiac hypertrophy in cardiomyocyte-specific VDR knockout mice.
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Fig.11.3 Cardiac hypertrophy in cardiomyocyte-specific VDR knock-
out mice. (a) Left ventricular sections of hearts from mice with geno-
type indicated were stained by hematoxylin and eosin. Representative
sections are shown. (b) Cardiac sections were stained with fluorescein
isothiocyanate-conjugated wheat germ agglutinin, which delineates
cell dimensions by staining glycoprotein enveloping individual myo-
cytes. Representative photomicrographs are shown. (¢) Individual myo-
cyte size was assessed using Image J (National Institutes of Health).

(mostly cardiovascular) [50]. Consistent with these findings,
one smaller randomized Australian study that included 302
women with low 25(OH)D levels (<25 ng/mL) evaluated
1,000 IU daily of ergocalciferol or placebo and showed a
non-significant reduction in cardiovascular events (2.0 % in
ergocalciferol vs. 1.3 % placebo) [51].

The ongoing VITamin D and OmegA-3 Trial. (VITAL)
aims to evaluate the role of cholecalciferol supplementa-
tion on cardiovascular diseases (primary outcome) [57].
VITAL has randomized 16,000 participants to either
2,000 IU of cholecalciferol daily or placebo with a median

()

ISO M (~/-) +1SO

The mean myocyte area was evaluated by measurement of 400 cells per
heart (4-5 hearts per genotype). Bar graphs displaying mean and stan-
dard deviation from 8 to 12 mice per group are shown. *P<0.05,
**P<(.01 versus control, P<0.05 versus M(—/-)+ISO. M(—/-) indi-
cates MLC-Cre/VDRloxp/—, ISO isoproterenol (Reproduced from
Chen et al. [72] with permission from Lippincott Williams and Wilkins/
Wolters Kluwer Health; Copyright © American Heart Association, Inc.
All rights reserved)

follow up of 5 years. Results of this well-designed trial are
expected by 2016.

Biology

Cardiac tissue expresses the VDR gene, suggesting that
vitamin D may have a direct effect on the heart [6, 7].
Furthermore, VDR expression is increased in hypertrophied
hearts [58]. Cardiac tissue also expresses the 1-alpha
hydroxylase and 24-hydroxylase genes, so in theory has the
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potential to convert 25(OH)D into active 1,25(OH),D locally
as well as convert 1,25(OH),D into inactive 1,24,25-tetrahy-
droxy vitamin D [59].

Animal models that are vitamin D deficient develop car-
diac hypertrophy, fibrosis and hypertension [60, 61]. Other
animal models such as Dahl salt-sensitive rats, which develop
hypertension and proteinuria, also become profoundly
vitamin D deficient [52, 62]. These rats develop LVH, high
left ventricular end diastolic pressures and elevated levels of
natriuretic peptides that can be reversed with administration
of 1,25(0OH),D analogs (such as paricalcitol) [52, 63] or dox-
ercalciferol (a pro-hormone vitamin D2 analog) [63] .
Similarly, vitamin D analogs prevent progression of LVH and
heart failure [64] in animal models. One possible mechanism
whereby hypertrophic changes occur is through a decrease in
protein synthesis in cardiomyocytes, such as actin [54].
Treatment with paricalcitol has also been associated with
higher VDR expression, reduction in Proliferating cell
nuclear antigen (PCNA) [65], and inhibition of Protein kinase
C alpha (PKCa) in the heart [51] Several other animal models
including spontaneously hypertensive rats [66, 67], uremic
rats [65], and even in swine [68] have shown similar associa-
tions. Among this abundance of positive data, one study uti-
lizing a murine aortic constriction model failed to show that
administration of a vitamin D analog could reverse cardiac
hypertrophy, but reduced extracellular matrix proteins and
natriuretic peptides [69]. Similarly, calcitriol reduced fibrosis
and collagen synthesis in the hearts of rat models after partial
nephrectomy, with no differences in heart weights [70].

VDR knockout mice models develop severe forms of
hypertension and LVH that improve with vitamin D repletion
[53, 71] Chen et al. developed a cardiomyocyte-specific
VDR deletion mice, which had elevated natriuretic peptide
genes and severe left ventricular hypertrophy similar to
chronic hypertensive cardiomyopathy (Fig. 11.3). A similar
animal model is the 1-alpha hydroxylase knockout mouse,
which cannot convert 25(OH)D into the active form of the
vitamin, 1,25(OH),D, and therefore is functionally vitamin
D deficient. These mice also develop LVH and can be res-
cued by administration of 1,25(OH),D analogs.

The exact mechanism by which vitamin D and its active
analog predispose animals to develop LVH is not fully under-
stood. VDR knockout mice have higher renin levels, which
led to higher angiotensin activity and aldosterone levels [53].
Administration of 1,25(OH),D directly suppresses renin
transcription by blocking the activity of the cyclic AMP
responsive element in the renin promoter [73]. In mice that
received an infusion of angiotensin II and developed LVH,
the LVH was partially reversed by administration of an
1,25(0OH),D analog [74]. Accordingly, the protective role of
1,25(0OH),D in the heart of VDR-null mice is independent
from its effects on calcium or phosphorus, and can be
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reproduced by repressing the renin-angiotensin system with
captopril or losartan [75, 76].

Other possible pathways by which vitamin D may affect
the heart include the regulation of extracellular matrix
integrity through expression of matrix metalloproteinases
(MMPs) as well as tissue inhibitors of metalloproteinases
(TIMPs) [77], which can contribute to both systolic and dia-
stolic dysfunction [78]. VDR knockout mice underexpress
TIMP-1 and TIMP-2 and up regulate MMP-2 and MMP-9,
which correlate with increases in fibrotic lesions [79]. These
findings are consistent with data from a human trial that
showed an inverse correlation of 25(OH)D and MMP-9 at
baseline, and a reduction in levels of serum MMP-9 and
TIMP-1 after 25(OH)D supplementation [80].

Another potential mechanism whereby vitamin D might
influence heart structure, function, and cardiovascular events
is via its association with atherosclerosis. Mice with 25(OH)
D deficiency fed a high fat diet had ~2 to 8-fold greater aortic
atherosclerotic lesions and increased macrophage infiltration
and fat accumulation in atherosclerotic plaques compared to
25(OH)D sufficient controls [81]. A possible mechanism for
this observation was suggested in ApoE —/— mice models in
which calcitriol administration led to a decrease in athero-
sclerosis by augmenting T-reg cells (Foxp-3+ T cells),
decreasing the number of macrophages, and decreasing den-
dritic cell maturation in atherosclerotic lesions [82]. In
human ex-vivo experiments, macrophages from diabetic
subjects showed a decrease in foam cell formation and LDL
uptake after being cultured in 1,25(OH),D enriched media
compared to 1,25(OH),D depleted media or after deletion of
VDR. The underlying mechanism is thought to be decreased
phosphorylation of c-Jun N-terminal kinase (JNK), a key
player in the activation of transcription factors related to
inflammation [83], with a consequent change in macrophage
phenotype [84].

Conclusions

Extensive animal data using a variety of models suggest
prominent effects of vitamin D in the heart (direct and
indirect). Observational studies have shown mixed results,
but overall appear to indicate that severe vitamin D defi-
ciency is associated with LVH, ischemic heart disease and
heart failure. However, these results have yet to be cor-
roborated in the few randomized trials available. Well-
designed randomized trials evaluating hard outcomes
such as myocardial infarction, cardiovascular mortality,
etc. are needed before vitamin D therapy can be recom-
mended for prevention or treatment of cardiovascular dis-
eases. Some of these trials will be coming within 3—4
years [40, 57]. Furthermore, the role of bioavailable
25(0OH)D levels (compared to total 25(OH)D) is yet to be
determined in future studies.



14

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Thomas MK, Lloyd-Jones

. Tishkoff DX, Nibbelink KA, Holmberg KH, Dandu

. Holick MF. Vitamin D, deficiency. N Engl J Med. 2007;357(3):

266-81.

DM, Thadhani RI, Shaw AC,
Deraska DJ, Kitch BT, et al. Hypovitaminosis D in medical inpa-
tients. N Engl J Med. 1998;338(12):777-83.

. Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, de

Simone G, et al. Executive summary: heart disease and stroke sta-
tistics—2010 update: a report from the American Heart Association.
Circulation. 2010;121(7):948-54.

. Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Haase N,

et al. Heart disease and stroke statistics—2008 update: a report from
the American Heart Association Statistics Committee and Stroke
Statistics Subcommittee. Circulation. 2008;117(4):e25-146.

. Lloyd-Jones DM, Larson MG, Beiser A, Levy D. Lifetime risk of

developing coronary heart disease. Lancet. 1999;353(9147):89-92.
L,
Simpson RU. Functional vitamin D receptor (VDR) in the t-tubules
of cardiac myocytes: VDR knockout cardiomyocyte contractility.
Endocrinology. 2008;149(2):558-64.

. O’Connell TD, Simpson RU. Immunochemical identification of the

1,25-dihydroxyvitamin D3 receptor protein in human heart. Cell
Biol Int. 1996;20(9):621-4.

. Bhan I, Tamez H, Thadhani RI. Impact of new vitamin D data on

future studies and treatment. Curr Opin Nephrol Hypertens.
2013;22(4):377-82.

. Tamez H, Thadhani RI. Vitamin D and hypertension: an update and

review. Curr Opin Nephrol Hypertens. 2012;21(5):492-9.

Wang TJ, Pencina MJ, Booth SL, Jacques PF, Ingelsson E, Lanier K,
et al. Vitamin D deficiency and risk of cardiovascular disease.
Circulation. 2008;117(4):503-11.

Giovannucci E, Liu Y, Hollis BW, Rimm EB. 25-hydroxyvitamin D
and risk of myocardial infarction in men: a prospective study. Arch
Intern Med. 2008;168(11):1174-80.

Sun Q, Shi L, Rimm EB, Giovannucci EL, Hu FB, Manson JE,
etal. Vitamin D intake and risk of cardiovascular disease in US men
and women. Am J Clin Nutr. 2011;94(2):534-42.
Brondum-Jacobsen P, Benn M, Jensen GB, Nordestgaard BG.
25-hydroxyvitamin D levels and risk of ischemic heart disease,
myocardial infarction, and early death: population-based study and
meta-analyses of 18 and 17 studies. Arterioscler Thromb Vasc Biol.
2012;32(11):2794-802.

Dobnig H, Pilz S, Scharnagl H, Renner W, Seelhorst U, Wellnitz B,
et al. Independent association of low serum 25-hydroxyvitamin d
and 1,25-dihydroxyvitamin d levels with all-cause and cardiovascu-
lar mortality. Arch Intern Med. 2008;168(12):1340-9.

Wolf M, Shah A, Gutiérrez OM, Ankers E, Monroy M, Tamez H,
et al. Vitamin D levels and early mortality among incident hemodi-
alysis patients. Kidney Int. 2007;72(8):1004—13.

van Ballegooijen AJ, Snijder MB, Visser M, van den Hurk K,
Kamp O, Dekker JM, et al. Vitamin D in relation to myocardial
structure and function after eight years of follow-up: the Hoorn
study. Ann Nutr Metab. 2012;60(1):69-77.

Fall T, Shiue I, Berged af Geijerstam P, Sundstrom J, Arnlov J,
Larsson A, et al. Relations of circulating vitamin D concentrations
with left ventricular geometry and function. Eur J Heart Fail.
2014;14(9):985-91.

Liu LCY, Voors AA, van Veldhuisen DJ, van der Veer E,
Belonje AM, Szymanski MK, et al. Vitamin D status and outcomes
in heart failure patients. Eur J Heart Fail. 2014;13(6):619-25.

Pilz S, Mirz W, Wellnitz B, Seelhorst U, Fahrleitner-Pammer A,
Dimai HP, et al. Association of vitamin D deficiency with heart
failure and sudden cardiac death in a large cross-sectional study of
patients referred for coronary angiography. J Clin Endocrinol
Metab. 2008;93(10):3927-35.

20.

22.

23.

24

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

H.Tamez et al.

Forman JP, Giovannucci E, Holmes MD, Bischoff-Ferrari HA,
Tworoger SS, Willett WC, et al. Plasma 25-hydroxyvitamin D lev-
els and risk of incident hypertension. Hypertension. 2007;49(5):
1063-9.

. Margolis KL, Martin LW, Ray RM, Kerby TJ, Allison MA,

Curb JD, et al. A prospective study of serum 25-hydroxyvitamin D
levels, blood pressure, and incident hypertension in postmeno-
pausal women. Am J Epidemiol. 2012;175(1):22-32.

Powe CE, Evans MK, Wenger J, Zonderman AB, Berg AH,
Nalls M, et al. Vitamin D-binding protein and vitamin D status of
black Americans and white Americans. N EnglJ Med. 2013;369(21):
1991-2000.

Rostand SG. Ultraviolet light may contribute to geographic and racial
blood pressure differences. Hypertension. 1997;30(2 Pt 1):150-6.

. Zittermann A, Schleithoff SS, Koerfer R. Putting cardiovascular

disease and vitamin D insufficiency into perspective. Br J Nutr.
2005;94(4):483-92.

Martins D, Wolf M, Pan D, Zadshir A, Tareen N, Thadhani RI, et al.
Prevalence of cardiovascular risk factors and the serum levels of
25-hydroxyvitamin D in the United States: data from the Third
National Health and Nutrition Examination Survey. Arch Intern
Med. 2007;167(11):1159-65.

Snijder MB, Lips P, Seidell JC, Visser M, Deeg DJH, Dekker JM,
et al. Vitamin D status and parathyroid hormone levels in relation to
blood pressure: a population-based study in older men and women.
J Intern Med. 2007;261(6):558-65.

Melamed ML, Michos ED, Post W, Astor B. 25-hydroxyvitamin D
levels and the risk of mortality in the general population. Arch
Intern Med. 2008;168(15):1629-37.

Kim DH, Sabour S, Sagar UN, Adams S, Whellan DJ. Prevalence
of hypovitaminosis D in cardiovascular diseases (from the National
Health and Nutrition Examination Survey 2001 to 2004). Am J
Cardiol. 2008;102(11):1540-4.

Anmirlak I, Al Dhaheri W, Narchi H. Dilated cardiomyopathy second-
ary to nutritional rickets. Ann Trop Paediatr. 2008;28(3):227-30.
Chehade H, Girardin E, Rosato L, Cachat F, Cotting J, Perez MH.
Acute life-threatening presentation of vitamin D deficiency rickets.
J Clin Endocrinol Metab. 2011;96(9):2681-3.

Gupta P, Radhakrishnan S, Tomar M, Shrivastava S. Hypocalcemic
cardiomyopathy presenting as cardiogenic shock. Ann Pediatr
Cardiol. 2011;4(2):152.

Kim BG, Chang SK, Kim SM, Hwang JS, Jung J-W. Dilated
cardiomyopathy in a 2 month-old infant: a severe form of hypocal-
cemia with vitamin d deficient rickets. Korean Circ J. 2010;40(4):
201-3.

Maiya S, Sullivan I, Allgrove J, Yates R, Malone M, Brain C, et al.
Hypocalcaemia and vitamin D deficiency: an important, but
preventable, cause of life-threatening infant heart failure. Heart.
2008;94(5):581-4.

Tiosano D, Schwartz Y, Braver Y, Hadash A, Gepstein V,
Weisman Y, et al. The renin-angiotensin system, blood pressure,
and heart structure in patients with hereditary vitamin D-resistance
rickets (HVDRR). J Bone Miner Res. 2011;26(9):2252-60.

Ameri P, Canepa M, Milaneschi Y, Spallarossa P, Leoncini G,
Giallauria F, et al. Relationship between vitamin D status and left
ventricular geometry in a healthy population: results from the
Baltimore Longitudinal Study of Aging. J Intern Med. 2013;273(3):
253-62.

van Ballegooijen AJ, Visser M, Cotch MF, Arai AE, Garcia M,
Harris TB, et al. Serum vitamin D and parathyroid hormone in rela-
tion to cardiac structure and function: the ICELAND-MI substudy of
AGES-Reykjavik. J Clin Endocrinol Metab. 2013;98(6):2544-52.
Bucharles S, Barberato SH, Stinghen AE, Gruber B, Piekala L,
Dambiski AC, et al. Impact of cholecalciferol treatment on biomarkers
of inflammation and myocardial structure in hemodialysis patients
without hyperparathyroidism. J Ren Nutr. 2012;22(2):284-91.



n

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48

49.

50.

51.

52.

53

54.

55.

56.

57.

Vitamin D and Its Effects on the Heart

Agarwal M, Phan A, Willix Jr R, Barber M, Schwarz ER. Is
vitamin D deficiency associated with heart failure? A review of
current evidence. J Cardiovasc Pharmacol Ther. 2011;16(3—-4):
354-63.

Jorde R, Figenschau Y, Emaus N, Hutchinson M, Grimnes G. Serum
25-hydroxyvitamin D levels are strongly related to systolic blood
pressure but do not predict future hypertension. Hypertension.
2010;55(3):792-8.

Leckstroem DC, Salzer J, Goldsmith DJ. The trials and tribulations
of vitamin D: time for the ‘sunshine’ vitamin to come in out of the
cold — or just more broken promises? Expert Rev Endocrinol
Metabol. 2014;9:1-18.

Uysal S, Kalayci AG, Baysal K. Cardiac functions in children
with vitamin D deficiency rickets. Pediatr Cardiol. 1999;20(4):283—6.
Park CW, Oh YS, Shin YS, Kim CM, Kim YS, Kim SY, et al.
Intravenous calcitriol regresses myocardial hypertrophy in
hemodialysis patients with secondary hyperparathyroidism. Am
J Kidney Dis. 1999;33(1):73-81.

Lemmili S, Saha H, Virtanen V, Ala-Houhala I, Pasternack A. Effect
of intravenous calcitriol on cardiac systolic and diastolic function in
patients on hemodialysis. Am J Nephrol. 1998;18(5):404-10.

Matias PJ, Jorge C, Ferreira C, Borges M, Aires I, Amaral T, et al.
Cholecalciferol supplementation in hemodialysis patients: effects
on mineral metabolism, inflammation, and cardiac dimension
parameters. Clin J Am Soc Nephrol. 2010;5(5):905-11.

Thadhani RI, Appelbaum E, Pritchett Y, Chang Y, Wenger J,
Tamez H, et al. Vitamin D therapy and cardiac structure and
function in patients with chronic kidney disease: the PRIMO
randomized controlled trial. JAMA. 2012;307(7):674-84.

Wang AY-M, Fang F, Chan J, Wen Y-Y, Qing S, Chan IH-S, et al.
Effect of paricalcitol on left ventricular mass and function in
CKD-the OPERA trial. J] Am Soc Nephrol. 2014;25(1):175-86.
Shedeed SA, Vitamin D. Supplementation in infants with chronic
congestive heart failure. Pediatr Cardiol. 2012;33(5):713-9.

. Larsen T, Mose FH, Bech JN, Hansen AB, Pedersen EB. Effect of

cholecalciferol supplementation during winter months in patients
with hypertension: a randomized, placebo-controlled trial. Am
J Hypertens. 2012;25(11):1215-22.

Hsia J, Heiss G, Ren H, Allison M, Dolan NC, Greenland P, et al.
Calcium/vitamin D supplementation and cardiovascular events.
Circulation. 2007;115(7):846-54.

Trivedi DP, Doll R, Khaw K-T. Effect of four monthly oral vitamin
D3 (cholecalciferol) supplementation on fractures and mortality in
men and women living in the community: randomised double blind
controlled trial. BMJ. 2003;326(7387):469.

Prince RL, Austin N, Devine A, Dick IM, Bruce D, Zhu K. Effects
of ergocalciferol added to calcium on the risk of falls in elderly
high-risk women. Arch Intern Med. 2008;168(1):103-8.

Bodyak N, Ayus JC, Achinger S, Shivalingappa V, Ke Q, Chen Y-S,
et al. Activated vitamin D attenuates left ventricular abnormalities
induced by dietary sodium in Dahl salt-sensitive animals. Proc Natl
Acad Sci U S A. 2007;104(43):16810-5.

.Li YC, Kong J, Wei M, Chen Z-F, Liu SQ, Cao L-P.

1,25-Dihydroxyvitamin D(3) is a negative endocrine regulator of
the renin-angiotensin system. J Clin Invest. 2002;110(2):229-38.
Wu J, Garami M, Cheng T, Gardner DG. 1,25(OH)2 vitamin D3,
and retinoic acid antagonize endothelin-stimulated hypertrophy of
neonatal rat cardiac myocytes. J Clin Invest. 1996;97(7):1577-88.
Tamez H, Zoccali C, Packham D, Wenger J, Bhan I, Appelbaum E,
et al. Vitamin D reduces left atrial volume in patients with left
ventricular hypertrophy and chronic kidney disease. Am Heart
J.2012;164(6):902-9.

Tamez H, Kalim S, Thadhani RI. Does vitamin D modulate blood
pressure? Curr Opin Nephrol Hypertens. 2013;22(2):204-9.
Manson JE, Bassuk SS, Lee I-M, Cook NR, Albert MA, Gordon D,
et al. The VITamin D and OmegA-3 TrialL (VITAL): rationale and

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

115

design of a large randomized controlled trial of vitamin D and marine
omega-3 fatty acid supplements for the primary prevention of cancer
and cardiovascular disease. Contemp Clin Trials. 2012;33(1):159-71.
Chen S, Glenn DJ, Ni W, Grigsby CL, Olsen K, Nishimoto M, et al.
Expression of the vitamin D receptor is increased in the hypertro-
phic heart. Hypertension. 2008;52(6):1106—-12.

Zehnder D, Bland R, Williams MC, McNinch RW, Howie AlJ,
Stewart PM, et al. Extrarenal expression of 25-hydroxyvitamin d(3)-1
alpha-hydroxylase. J Clin Endocrinol Metab. 2001;86(2):888-94.
Weishaar RE, Simpson RU. Vitamin D3 and cardiovascular
function in rats. J Clin Invest. 1987;79(6):1706-12.

Weishaar RE, Kim SN, Saunders DE, Simpson RU. Involvement of
vitamin D3 with cardiovascular function. III. Effects on physical and
morphological properties. Am J Physiol. 1990;258(1 Pt 1):E134-42.
Thierry-Palmer M, Carlyle KS, Williams MD, Tewolde T,
Caines-McKenzie S, Bayorh MA, et al. Plasma 25-hydroxyvitamin
D concentrations are inversely associated with blood pressure of Dahl
salt-sensitive rats. J Steroid Biochem Mol Biol. 1998;66(4):255-61.
Choi JH, Ke Q, Bae S, Lee JY, Kim YJ, Kim UK, et al
Doxercalciferol, a pro-hormone of vitamin D, prevents the develop-
ment of cardiac hypertrophy in rats. J Card Fail. 2011;17(12):1051-8.
Bae S, Yalamarti B, Ke Q, Choudhury S, Yu H, Karumanchi SA,
et al. Preventing progression of cardiac hypertrophy and develop-
ment of heart failure by paricalcitol therapy in rats. Cardiovasc Res.
2011;91(4):632-9.

Mizobuchi M, Nakamura H, Tokumoto M, Finch J, Morrissey J,
Liapis H, et al. Myocardial effects of VDR activators in renal
failure. J Steroid Biochem Mol Biol. 2010;121(1-2):188-92.
Przybylski R, Mccune S, Hollis B, Simpson RU. Vitamin D
deficiency in the spontaneously hypertensive heart failure [SHHF]
prone rat. Nutr Metab Cardiovasc Dis. 2010;20(9):641-6.

Kong J, Kim GH, Wei M, Sun T, Li G, Liu SQ, et al. Therapeutic
effects of vitamin D analogs on cardiac hypertrophy in spontane-
ously hypertensive rats. Am J Pathol. 2010;177(2):622-31.

Gupta GK, Agrawal T, DelCore MG, Mohiuddin SM, Agrawal DK.
Vitamin D deficiency induces cardiac hypertrophy and inflamma-
tion in epicardial adipose tissue in hypercholesterolemic swine.
Exp Mol Pathol. 2012;93(1):82-90.

Meems LMG, Cannon MV, Mahmud H, Voors AA, van Gilst WH,
Sillj¢ HHW, et al. The vitamin D receptor activator paricalcitol
prevents fibrosis and diastolic dysfunction in a murine model of pres-
sure overload. J Steroid Biochem Mol Biol. 2012;132(3-5):282-9.
Koleganova N, Piecha G, Ritz E, Gross ML. Calcitriol ameliorates
capillary deficit and fibrosis of the heart in subtotally nephrecto-
mized rats. Nephrol Dial Transplant. 2008;24(3):778-87.

Xiang W, Kong J, Chen S, Cao L-P, Qiao G, Zheng W, et al. Cardiac
hypertrophy in vitamin D receptor knockout mice: role of the
systemic and cardiac renin-angiotensin systems. Am J Physiol
Endocrinol Metab. 2005;288(1):E125-32.

Chen S, Law CS, Grigsby CL, Olsen K, Hong T-T, Zhang Y, et al.
Cardiomyocyte-specific deletion of the vitamin D receptor gene
results in cardiac hypertrophy. Circulation. 2011;124:1838—47.
Yuan W, Pan W, Kong J, Zheng W, Szeto FL, Wong KE, et al.
1,25-dihydroxyvitamin D3 suppresses renin gene transcription by
blocking the activity of the cyclic AMP response element in the
renin gene promoter. J Biol Chem. 2007;282(41):29821-30.

Chen S, Gardner DG. Liganded vitamin D receptor displays
anti-hypertrophic activity in the murine heart. J Steroid Biochem
Mol Biol. 2013;136:150-5.

Zhou C, Lu F, Cao K, Xu D, Goltzman D, Miao D. Calcium-
independent and 1,25(OH)2D3-dependent regulation of the renin-
angiotensin system in lalpha-hydroxylase knockout mice. Kidney
Int. 2008;74(2):170-9.

Zhang Y, Kong J, Deb DK, Chang A, Li YC. Vitamin D receptor
attenuates renal fibrosis by suppressing the renin-angiotensin sys-
tem. J Am Soc Nephrol. 2010;21(6):966-73.



116

77. Weber KT, Weglicki WB, Simpson RU. Macro- and micronutrient
dyshomeostasis in the adverse structural remodelling of myocar-
dium. Cardiovasc Res. 2008;81(3):500-8.

78. Berk BC, Fujiwara K, Lehoux S. ECM remodeling in hypertensive
heart disease. J Clin Invest. 2007;117(3):568-75.

79. Rahman A, Hershey S, Ahmed S, Nibbelink K, Simpson RU. Heart
extracellular matrix gene expression profile in the vitamin D receptor
knockout mice. J Steroid Biochem Mol Biol. 2007;103(3-5):416-9.

80. Timms PM, Mannan N, Hitman GA, Noonan K, Mills PG, Syndercombe-
Court D, etal. Circulating MMP9, vitamin D and variation in the TIMP-1
response with VDR genotype: mechanisms for inflammatory damage in
chronic disorders? QIM. 2002;95(12):787-96.

81. Weng S, Sprague JE, Oh J, Riek AE, Chin K, Garcia M, et al.
Vitamin D deficiency induces high blood pressure and accelerates
atherosclerosis in mice. PLoS One. 2013;8(1):e54625.

82.

83.

84.

H.Tamez et al.

Takeda M, Yamashita T, Sasaki N, Nakajima K, Kita T, Shinohara
M, et al. Oral administration of an active form of vitamin D3
(calcitriol) decreases atherosclerosis in mice by inducing regulatory
T cells and immature dendritic cells with tolerogenic functions.
Arterioscler Thromb Vasc Biol. 2010;30(12):2495-503.

Oh J, Weng S, Felton SK, Bhandare S, Riek A, Butler B, et al.
1,25(0OH)2 vitamin d inhibits foam cell formation and suppresses
macrophage cholesterol uptake in patients with type 2 diabetes
mellitus. Circulation. 2009;120(8):687-98.

Riek AE, Oh J, Sprague JE, Timpson A, de las Fuentes L, Bernal-
Mizrachi L, et al. Vitamin D suppression of endoplasmic reticulum
stress promotes an antiatherogenic monocyte/macrophage pheno-
type in type 2 diabetic patients. J Biol Chem. 2012;287(46):
38482-94.



	11: Vitamin D and Its Effects on the Heart
	Introduction
	 Observational Studies
	 Cross-Sectional Studies
	 Longitudinal Studies
	 Clinical Trials
	Nonrandomized Open-Label Trials
	 Randomized Trials

	 Biology
	 Conclusions
	References


