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Vitamin D and Cardiovascular Disease
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and Michal L. Melamed

Introduction

Vitamin D’s role in bone health and mineral metabolism has been recognized for a
long time, but discovery of vitamin D receptors in multiple human tissues, including
the heart and blood vessels, generated a surge of research interest and consequently
a surge of publications on the vitamin D’s relationship with cardiovascular disease
[1]. In the early 1980s, Dr. Scragg provided an alternative explanation for the high
cardiovascular morbidity and mortality at high latitudes and in the winter months by
correlating it with low ultraviolet radiation resulting in low levels of vitamin D [2].
This was followed by a surge of research interest and publications in the coming
decades, which now stands at more than 5000 articles listed in PubMed with the
search terms vitamin D and cardiovascular disease. Many animal models, observa-
tional studies, and clinical interventional randomized, controlled trials have tried to
understand complex relationship between vitamin D and cardiovascular health. In
this chapter will review animal models, observational studies, and randomized, con-
trolled trials to summarize our current understanding and offer clinically relevant
information about vitamin D and cardiovascular health.
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Mechanistic Studies

Several animal models suggest an association between vitamin D and cardiovas-
cular health. Mice with knockout vitamin D receptor (VDR) or Cyp27bl
(1-alpha-hydroxylase) genes, mice who effectively have low-activated vitamin D
levels, have myocardial hypertrophy, hypertension, increased thrombogenicity, and
overexpression of renin-angiotensin-aldosterone system (RAAS) [3].

Myocardium

The VDR is present in cardiac myocyte and fibroblast, which in cardiomyocyte-
specific VDR knockout mice results in myocardial hypertrophy [3]. In mice models,
the VDR regulates the extracellular matrix by altering the expression of the matrix
metalloproteinases [4]. Also, the VDR has an effect on cardiac contractility. Mice
with 1-alpha-hydroxylase knockout have reduced systolic function, which is
reversed by activated vitamin D treatment [5].

Vasculature

Experimental studies on macrophages from diabetic patients suggest a crucial role
of the vitamin D receptor signal pathway in the inhibition of foam cell formation
and increased cholesterol efflux in macrophages [6]. Vitamin D and its molecular
effects on blood vessels have been extensively reviewed [7]. In vascular smooth
muscle cells, 1,25-dihydroxyvitamin D induces production of vascular endothelial
growth factor (VEGF) and promotes endothelial repair [7]. Other effects on endo-
thelial cells and macrophages include downregulation of tissue factor (F3) and
upregulation of thrombomodulin (THBD) and increased endothelial production of
nitric oxide [7]. Endothelial cells in VDR knockout mice show significant alteration
in vascular function, showing increased sensitivity to circulating angiotensin-2
when compared to controlled mice [8]. Vitamin D also plays a major role in control-
ling inflammation and the immune response within physiological limits. Major
actions include downregulation of pro-inflammatory cytokines (such as IL-1, IL-2,
IL-6, IL-23, interferon-y, tumor necrosis factor-o) and upregulation of anti-
inflammatory cytokines (IL-4 and IL-10) [6]. Vitamin D acts as an immune modula-
tor by suppression of Tyl and Ty17 cells and favoring T,., and Ty2 cells [9]. These
immune functions may play a role in atherosclerosis as administration of oral cal-
citriol reduced atherosclerosis by inducing tolerant dendritic cells and by inducing
regulatory T cells [10].
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Modulation of Vascular Calcification

Effects of vitamin D on vascular calcium balance are complex, as both excess and
deficiency of vitamin D result in vascular calcification [7]. VDR activation increases
phosphate levels, which in turn activates fibroblast growth factor-23 (FGF-23), a
regulator of phosphate excretion by kidney. VDR activation also enhances expres-
sion of Klotho, which has a co-receptor function for FGF-23 and is protective
against vascular calcification [7]. This suggests complex interplay between vitamin
D, FGF23, and klotho-regulating vascular calcification.

Cardiovascular Risk Factors: Mechanistic Studies

Hypertension: Antihypertensive effects of vitamin D are mediated by RAAS. VDR
activation blocks cAMP response in the renin gene promoter and blocks transcrip-
tion of renin gene [11]. Other studies have suggested that, low calcium and high
parathyroid hormone (PTH) levels aside, vitamin D deficiency can directly increase
vascular resistance and vasoconstriction and contribute to arterial hypertension [12].

Diabetes mellitus: Antidiabetic effects of vitamin D include increased insulin
secretion, insulin sensitivity, and reduced f-cell death and dysfunction induced by
cytokines [13].

Lipid Metabolism: Effects of vitamin D on lipid metabolism remains to be deter-
mined [14]. High-calcium diet-fed VDR null mice when compared to wild-type
mice showed less body fat mass, lower plasma cholesterol, and triglyceride levels
even when placed on high-fat diet [15]. In another study done by Wang et al. showed
VDR null mice on regular diet had increased cholesterol in both male and female
mice [16], while HDL cholesterol and apolipoprotein A-I (APOA1) increased only
in male VDR null mice [16]. Effects were reversed by changing to a special diet
which normalized mineral metabolism suggesting minimal direct role of VDR in
cholesterol regulation [16]. Cell culture studies showed that 1,25 dihydroxyvitamin
D decreased both APOA1 and its mRNA in a dose-dependent manner, and effects
were reversed by a vitamin D antagonist [17].

PTH regulation: VDR activation has been shown to have suppressive effect on
PTH levels. High PTH levels have been linked to chronic kidney disease, obesity,
and with increased risk for adverse cardiovascular events [18]. As vitamin D and
PTH are intertwined, it is hard to separate out effects of high PTH versus low vita-
min D.

Other: VDR activation has been implicated in regulation of inflammation by
blocking nuclear factor kB (NFkV) activation. Vitamin D activation is also associated
with prevention of kidney diseases through protecting podocytes and other protein-
uric effects and associated with regulation of coagulation and oxidative stress [19].
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Observational Studies

An association between low concentrations of vitamin D and increased cardiovas-
cular risk has been consistently reported across various observational studies. These
observational studies fail to provide a causal relationship due to study design.

A large meta-analysis with prospective studies from across Europe and the United
States using individual participant data from the CHANCES Cohort (Consortium on
Health and Aging: Network of Cohorts in Europe and the United States), as well as
the NHANES III (National Health and Nutrition Examination Survey), found that
the lowest 25-hydroxyvitamin D (25(OH)D) quintile was associated with increased
all-cause mortality (relative risk (RR), 1.57; 95% confidence intervals (CI), 1.36—
1.81) including cardiovascular mortality (RR, 1.41; 95% CI, 1.18-1.68) in subjects
with no cardiovascular disease at baseline [20]. Researchers analyzed results for
differences in population, sex, age, and seasons; the blood was drawn and found that
the results were consistent across all parameters [20]. These results were similar to
that reported by Wang et al. in a meta-analysis of 65,994 patients with a RR of 1.03
(95% CI1, 1.00-1.06) per 25 nmol/L. decrement in 25(OH)D levels for CVD [21].
The pooled RR was 1.52 (95% CI, 1.30-1.77) for total CVD and 1.42 (95% CI,
1.27-2.10) for CVD mortality when comparing lowest to the highest 25(OH)D lev-
els [21]. This association remained significant even on exclusion of studies with
baseline CVD and controlling for various confounding factors [21].

Another large meta-analysis of 73 studies involving 849,412 participants found
inverse associations of circulating 25(OH)D with risks of deaths due to cardiovas-
cular disease [22]. The data showed pooled relative risks of 1.35 (95% CI, 1.13-
1.60) for deaths from cardiovascular disease and 1.35 (95% CI, 1.22-1.49) for
all-cause mortality when comparing the bottom versus top thirds of baseline 25(OH)
D levels [22]. These results have been consistently reproduced in similar systematic
reviews of observational studies with an increased risk of cardiovascular mortality
and cardiovascular events associated with 25(OH)D deficiency [20-30].

Although the association of low vitamin D levels and cardiovascular mortality is
fairly consistent, less consistent data is available in regard to specific underlying dis-
eases and mechanisms. Several authors have reported that low vitamin D levels are
associated with a higher risk of coronary artery disease (CAD) and congestive heart
failure [31, 32]. However, other studies failed to find a similar association [33, 34].

Despite some contrary studies, there is much evidence of an association between
vitamin D deficiency and cardiovascular disease mortality and events. However, a
cause and effect relationship cannot be determined without larger randomized clini-
cal trials.

Cardiovascular Risk Factors: Observational Studies

Hypertension: The relationship between vitamin D and blood pressure was initially
described in studies that reported increased risk of arterial hypertension with low
UVB exposure and increased prevalence of hypertension at higher latitudes and
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during the winter season [2, 35-37]. Kunutsor et al. in their meta-analysis of 283,537
individuals reported a 12% reduction in the risk of future hypertension for every
10 ng/mL increment in circulating 25(OH)D levels [35]. The relative risk was 0.70
(95% CI, 0.58-0.86) when comparing the incidence of hypertension in extreme
tertiles of baseline 25(OH)D levels [35]. Another recent meta-analysis of 53,375
individuals from seven different studies found significant associations between vita-
min D deficiency and incident hypertension (hazard ratio (HR), 1.24; 95% CI, 1.08—
1.41) [38]. Although accumulating evidence suggests the association between low
vitamin D levels and the risk of hypertension, these studies fail to show a causal
relationship and are limited by confounding factors.

Diabetes mellitus: Various observational studies have reported vitamin D defi-
ciency as a risk factor for developing type 1 and 2 diabetes mellitus [13, 39-42].
These include studies using data from NHANES and other large cohorts from the
United States and across Europe. A recent meta-analysis by Ye et al. which com-
bined data from 22 longitudinal cohorts reported an increased risk of type 2 diabetes
mellitus (RR, 1.21; 95% CI, 1.16-1.27) for 25 nmol/L lower 25(OH)D concentra-
tion [43]. Similarly, Song et al. showed an inverse association between 25(OH)D
levels and risk of type 2 diabetes mellitus with a 4% lower risk of diabetes (95% CI,
3-6) for each 10 nmol/L increase in 25(OH)D levels [42]. The association between
vitamin D and diabetes mellitus is reviewed in Chap. 7 in this publication.

Lipids: The relationship between levels of vitamin D and lipid profile is not well
defined. Various cross-sectional studies have linked low 25(OH)D concentrations to
elevated LDL cholesterol and triglyceride levels along with low HDL cholesterol
levels [14, 44—49]. Ponda et al. also reported an increase in mean total cholesterol
(TC) and HDL cholesterol levels when 25(OH)D levels increased from <20 to
>30 ng/mL over time [44]. Nevertheless, no significant change was noted in LDL
cholesterol or triglyceride levels [44]. Similar findings were reported by Faridi et al.
in a study of 13,039 Atherosclerosis Risk in Communities (ARIC) participants stud-
ied over a period of 5 years with cross-sectional and prospective associations
between 25(OH)D deficiency and higher LDL cholesterol and non-HDL cholesterol
and triglycerides [48]. There was no prospective association seen for LDL choles-
terol [48]. This increased risk for incident dyslipidemia in demographic adjusted
models (RR, 1.19; 95% CI, 1.02-1.39) was however attenuated on adjusting for
other clinical variables [48].

Mendelian Randomization Studies

Several studies have examined the relationship between single nucleotide polymor-
phisms (SNPs) in the VDR and other vitamin D-related genes and cardiovascular
health, but results have been mixed. In the context of heart failure, low levels of
25(0OH)D were independently associated with incident heart failure in white but not
in black participants in ARIC and in those genetically predisposed to have high vita-
min D-binding protein gene [50]. Genome-wide association studies found four
genetic loci [DHCR7 (related to vitamin D synthesis), CYP2R1 (hepatic
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25-hydroxylation), DBP (also known as GC; transport), and CYP24A1 (catabolism)]
associated with 1-4% variance in 25(OH)D levels [51]. Proteins encoded by these
genes are involved in vitamin D production. These SNPs can be used to perform
Mendelian randomization studies and evaluate if genetic variations in 25(OH)D lev-
els are associated with CVD risk. These studies might be limited because only <5%
of the variation in 25(OH)D levels can be explained by SNPs. Still, Mendelian ran-
domization studies are considered strong causal evidence as genetically determined
variations are in general not confounded and indicate a lifelong exposure [52].

Obesity: Recent bidirectional Mendelian analysis of multiple cohorts suggested
that high BMI leads to lower 25(OH)D levels, but no association was seen in the
opposite direction [53].

Diabetes mellitus Type 2: Studies investigating relationship between type 2 dia-
betes and low 25(OH)D levels have conflicting results, with one study showing
increased risk but others failed to replicate [43, 54].

Lipid profile: The effects of vitamin D on lipid profile have been conflicting, with
one Mendelian randomization study showing high 25(OH)D associated with favor-
able lipid profile [55]. However, another larger study failed to confirm a causal
association [56].

Hypertension: Vimaleswaran et al. showed an 8.1% decrease in odds of hyper-
tension with each 10% increase in genetically determined 25(OH)D levels [57].
Another study, which concentrated on vitamin D-binding protein failed to show
association with mean arterial blood pressure [58].

Overall, some Mendelian randomization studies failed to show associations
between 25(OH)D levels and risk of ischemic heart disease or myocardial infarction
and overall mortality [59, 60]. In a large Mendelian randomization study, geneti-
cally low 25(OH)D levels were associated with increased all-cause mortality and
cancer mortality but not with cardiovascular mortality [61]. The conflicting evi-
dence in Mendelian randomization studies may stem from the low genetically deter-
mined variability in 25(OH)D levels, thus requiring a very large sample size to
detect associations.

Randomized Clinical Trials

Observational studies have shown association between the vitamin D deficiency and
cardiovascular diseases [62—67]. Possible mechanisms leading to cardiovascular
disease include endothelial dysfunction, over activity of the RAAS, vascular non-
compliance, inflammation, effects relating to PTH, direct effects of calcium flux
affecting myocardial contractility, and increased risk of diabetes [26, 62, 68—70].
However, none of these observational studies prove causality, emphasizing the need
for randomized controlled trials. There have been several studies studying the
effects of vitamin D supplementation alone or along with calcium to study non-
skeletal outcomes. Over the past couple of years, a number of meta-analyses have
been published to reanalyze the data and provide better evidence.
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A meta-analysis of existing randomized controlled trials to estimate the effects
of vitamin D supplements with or without calcium on myocardial infarction or isch-
emia or cerebrovascular disease, cancer, total fractures, fractures, and mortality was
assessed by Bolland et al. [71]. Analyzing data from a total nine trials with 48,647
people for myocardial infarction or ischemic heart disease using a risk reduction
threshold of 5% for mortality and 15% for other outcomes, no effect of vitamin D
supplementation was seen [71]. When individual outcomes were evaluated sepa-
rately, the results were similar to the pooled data—myocardial infarction (RR, 1.04;
95% CI, 0.91-1.17), ischemic heart disease or cardiovascular disease (RR, 1.12; 95%
CL 0.78-1.62), stroke (RR, 1.00; 95% CI, 0.88-1.13), and stroke (RR, 1.05; 95% CI,
0.82-1.34) [71].

Ford et al. analyzed 21 studies (n = 13,033) in their systemic review that com-
pared vitamin D to placebo or control and found no significant reduction in the risk
event for heart failure (HR, 0.82; 95% CI, 0.58-1.1), myocardial infarction (HR,
0.96; 95% CI, 0.83-1.10), and stroke (HR, 1.07; 95% CI, 0.91-1.29) [72].
Cholecalciferol, calcitriol, ergocalciferol, and vitamin D analogs [doxercalciferol,
alfacalcidol, 2-methylene-19-nor-(20S)-1a, 25-dihydroxyvitamin D3, or la,25-
dihydroxy-2p-(3-hydroxypropyloxy) vitamin D3] were the different forms of vita-
min D used in the randomized clinical trials in the meta-analysis [72].

Neither beneficial nor harmful effects are reported in various other meta-analyses
comparing interventions with vitamin D and analogs on cardiovascular events
including myocardial infarction, heart failure, stroke, or mortality [71-77]. However,
arecent collaborative European study in a paper analyzing various meta-analyses of
randomized clinical trials (RCTs) on non-skeletal outcomes of vitamin D could not
rule out the association from numerous observational studies linking low vitamin D
levels to CVD due to lack of RCTs specifically designed to study supplementation
effects on CV health especially in patients with low 25(OH)D levels [78]. Thus,
current evidence from meta-analyses of vitamin D supplementation does not sug-
gest an effect; however, most studies were performed for other outcomes, used dis-
parate doses and vitamin compounds, and did not evaluate participants specifically
with low 25(OH)D levels. Thus, results of currently ongoing clinical trials are
highly anticipated [79].

Cardiovascular Risk Factors: Randomized Clinical Trials

Hypertension: Numerous cross-sectional and observational studies have shown
inverse association between levels of 25(OH)D levels and blood pressure. However,
as observational studies are marked by various confounding factors and do not infer
causality, several RCTS have been designed to study vitamin D’s effect on blood
pressure. The results have been inconclusive so far.

A recent meta-analysis by Golzarand et al. of 30 RCTs with 4744 participants
found no effect on systolic blood pressure (SBP) (—0.68 mmHg; 95% CI, —2.19—
0.84) and diastolic blood pressure (DBP) (—0.57 mmHg; 95% CI, —1.36-0.22) [80].
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However, a subgroup analysis showed significant reduction in both SBP and DBP
when a daily dose of >800 IU/day of vitamin D3 was given to subjects >50 years
for <6 months [80]. Vitamin D at dose >800 IU/day increases serum 25(OH)D
levels more effectively than doses <800 IU/day. Similar results were also reported
by Wu et al. who showed significant reduction in SBP with vitamin D supple-
mentation when compared to calcium and placebo (weighted mean difference
(WMD), —2.44; 95% CI, —4.86 and —0.02) [81]. No significant effect on DBP
was reported (WMD, —0.02; 95% CI, —4.04 and 4.01) [81]. But this study was
limited by small number of trials as they included only 4 RCTs involving 429
individuals of oral vitamin D supplementation in normotensive or hypertensive
individuals [81].

A small, statistically significant reduction in DBP (-3.1 mmHg; 95% CI, -5.5
to —0.6) was reported in another meta-analysis [82]. Although a nonsignificant
reduction in SBP in vitamin D group was noted when compared to placebo
(—3.6 mm Hg; 95% CI, —8.0 to 0.7), subgroup analysis suggested a greater drop in
SBP when inactivated form of vitamin D was used rather than activated vitamin D
(—6.2 mmHg; 95% CI, —12.32 to —0.04 versus +0.7 mmHg; 95% CI, —4.8 t0 6.2)
[82]. This was similar to the results reported by Lee et al. in a meta-analysis of 15
RCTs for patients with type 2 diabetes mellitus receiving vitamin D supplementa-
tion with a combined effect estimate of —0.16 mmHg (95% CI, —0.30 to —0.02;
p=0.02) [83]. A significant reduction in DBP (—1.31; 95% CI, —2.28 to 0.34 mmHg)
was reported by Kunutsor et al. in a meta-analysis of 16 trials although the effect
was limited to participants with pre-existing cardio-metabolic disease [84]. A non-
significant reduction in SBP (—-0.94; 95% CI, —2.98 to 1.10 mmHg) and DBP
(—0.52; 95% CI, —1.18 to 0.14) with heterogeneity and publication bias was noted
in pooled meta-analysis [84].

No beneficial effects were reported by Beveridge et al., Pittas et al., and Elamin
et al. in their meta-analyses [73, 85, 86]. On the contrary, Manousopoulou et al.
reported a significant increase in SBP after vitamin D supplementation (fixed-
effects model, standardized mean difference, 0.24; 0.11-0.37; random-effects
model, standardized mean difference, 0.24; 0.09-0.39; I? = 23.0) [87]. Golzarand
et al. had also reported an increase in SBP and DBP in subgroup analysis of their
meta-analysis, although it was only seen in patients with vitamin D in combination
with calcium supplementation and vitamin D supplementation alone in overweight
and obese subjects [80]. Thus, the evidence currently is mixed about vitamin D
blood pressure-lowering effects.

Diabetes mellitus: An association between low 25(OH)D and impaired glucose
tolerance, hemoglobin Alc levels, and diabetes status has been shown in various
observational studies. Various RCTs and meta-analyses have been designed to eval-
uate causality.

A recent meta-analysis by George et al. showed a significant improvement in fast-
ing glucose levels (—0.32 mmol/L; 95% CI, —0.57 to —0.07) and a small improve-
ment in insulin resistance (standard mean difference, —0.25; 95% CI, —0.48 to —0.03)
[88]. However, the study was restricted to patients with diabetes or impaired glucose
tolerance [88]. In another meta-analysis including 12 RCTs and 1181 overweight
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and obese individuals, no effect on glucose concentration, insulin levels, and
HOMA-IR values was seen [89]. A subgroup analysis taking supplement dose, time
of supplementation, and baseline of 25(OH)D concentration also did not show an
effect [89]. Similar results were also reported by another meta-analyses by Haroon
et al. with no significant effect on hemoglobin Alc, beta-cell function, and insulin
resistance in long-term studies (follow-up >3 months) [90]. However, most of these
trials were small, and not all the patients included reported vitamin D deficiency [90].

Conclusion

In this review, we have described animal and human observational studies and ran-
domized clinical trials of vitamin D and cardiovascular disease. Animal and tissue
culture studies suggest that vitamin D deficiency may cause cardiovascular disease
including its precursors of hypertension and diabetes mellitus. Interestingly, very
high vitamin D levels are also associated with vascular calcification in animal mod-
els. Thus, there may be a target level that is not too high or too low. Observational
studies fairly consistently show an association between low vitamin D levels and
cardiovascular disease. However, randomized clinical trials have not conclusively
shown a decrease in cardiovascular disease with vitamin D supplementation.
Randomized trials have used different doses and formulations of vitamin D, differ-
ent length of treatment, and different 25(OH)D level entry criteria and often had
endpoints that were not primarily cardiovascular disease. Thus, there continues to
be a need for well-designed, large randomized clinical trials evaluating the effects
of an adequate dose of vitamin D on cardiovascular disease.
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