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Abstract

The vast majority of epidemiological studies have consistently shown that vitamin D levels are inversely related to
blood pressure (BP) and the incidence of hypertension (HTN). Animal studies from diet-induced or genetic models of
vitamin D deficiency suggest that vitamin D deficiency directly causes HTN. Based on basic and clinical studies,
modestly increased renin expression in genetic mouse models of vitamin D deficiency is associated with, but not
causally linked to vitamin D deficiency-induced HTN. Our mechanistic studies indicate that overexpression of a novel
target gene seems to play a critical role in vitamin D-deficient HTN, and that vitamin D signaling defect in vascular
smooth muscle cells and CD4+ T lymphocytes seems predominantly be responsible for vitamin D deficiency-
mediated HTN. The data from many clinical trials have consistently demonstrated a minimal or no effect of short-
term vitamin D supplementation on BP in normotensive healthy individuals, but long-term vitamin D supplementation
should prevent the development of essential HTN (EH) at high-risk susceptible people. More than 13 randomized
controlled trials have shown that vitamin D repletion significantly reduces BP in vitamin D-deficient EH patients,
which appears to be more effective in those with type 2 diabetes or impaired glucose tolerance. Short-term
administration of active vitamin D or its analogue has a better antihypertensive role than natural vitamin D in the
treatment of vitamin D-deficient EH. While these promising data from relatively small trials have displayed potential
beneficial vitamin D effect on EH, it is urgently needed to comprehensively elucidate molecular mechanisms of
vitamin D deficiency-induced HTN, which will provide a solid theoretical basis to well design large randomized
controlled trials to further address the antihypertensive role of vitamin D in vitamin D-deficient EH patients. Currently,
EH is lacking an etiology-specific therapy. Identification of vitamin D deficiency as an environmental stressor that
triggers the development of EH at vulnerable individuals will make a great advance in the field of EH research.
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Etiology-Specific Treatment for EH is a Knowledge Gap
More than 95% hypertensive patients suffer from EH, a chronic

disease that displays an elevated BP phenotype with unknown etiology.
EH can lead to stroke, coronary artery disease, peripheral artery
disease, heart failure, renal failure and increased mortality if it is not
well controlled [1]. Although there are several classes of
antihypertensive medications available, in America, 50% of
hypertensive patients do not have their BP well-controlled and about 5
million patients are resistant to antihypertensive treatment with a
combination of at least three antihypertensive medications [2]. One of
critical problems is lacking an etiology-specific effective therapy for
EH. Currently, treatment of EH is largely empiric, and the less-
effective, lifelong therapy has become a severe economic burden for
our society [3]. The prevalence of HTN was 24.6% of the adult
population worldwide in 2000, which is estimated to reach 29.2% with
a total of 1.56 billion by 2050 [4]. EH develops due to the interaction of
age, environmental and genetic factors. Although genetic factors are
considered to play a 50% role in the development of EH, intensive
genetic research has shown that there is no common gene variations
contributed a substantial effect on EH and hunting for rare variants
responsible for EH seems a daunting task due to human genetic
diversity and population-specific genetic variations, even though
higher-throughput next-generation human exome-wide and genome-
wide sequencing may assist to find some rare variants [3]. Rapidly
rising incident rates underscore the hypothesis that EH phenotype

emerges when modifiable environmental stressors act on EH-
susceptible genotype and age and exposure to a critical environmental
stressor is increasing. Therefore, it is urgently needed to know what are
the key environment stressors, what mechanisms they interact with
susceptible genes to propel the disease progression, and then exploit
the mechanistic knowledge of gene-environment interaction to craft
strategies for effective, etiology-based prevention and treatment of EH.
In the past two decades, extensive research strongly indicates that
vitamin D deficiency with an increasing incident rate [5] as an
environmental stressor may contribute to the development of EH.

Is Vitamin D Deficiency Causally Linked to EH?
In our bodies, approximately 80-90% natural vitamin D is

synthesized in skin by ultraviolet-B (UVB) and the rest is from food. It
is hydroxylated in the liver by 25-hydroxylase to form 25-
hydroxyvitamin D (25(OH)D) as a marker for vitamin D status.
25(OH)D is hydroxylated in the kidney by a rate-limiting key enzyme,
25(OH)D-1-α-hydroxylase to form 1,25-dihydroxyvitamin D (VD3,
also called calcitriol), an active form of vitamin D. The key enzyme is
also expressed in vascular smooth muscle cells (VSMCs), endothelial
cells, macrophages and T lymphocytes (T cells) around the
vasculatures, indicating that VD3 can be synthesized locally. VD3, as a
nuclear receptor ligand, binds to vitamin D receptor (VDR) and its
heterodimeric partner, retinoid X receptor (RXR). The activated
VDR/RXR heterodimers recruit many types of tissues-specific co-
regulatory protein including coactivators or corepressors and bind to
two conserved hexamers typically separated by three nucleotides called
vitamin D response elements (VDRE) in the promoter of target genes.
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It is estimated that liganded VDR regulates about 3% of human
genome. We found the mutagenesis of key bass pairs in heterodimeric
or coactivator binding sites in VDR gene leads to a significant
impairment of liganded VDR functions [6,7]. With changed lifestyles
in the modern society, people have a low amount of sunlight exposure
resulting in reduced vitamin D synthesis in the skin, which largely
contributes to current high prevalence of vitamin D deficiency [8,9]
that is associated with increased cardiovascular disease mortality
among adults, especially with EH [10-12].

In 1997, Dr. Rostand raised a hypothesis that UV light intensity and
efficiency of epidermal vitamin D photosynthesis may contribute to
geographic and racial variability in BP and the prevalence of EH [13].
In 1998, Krause et al. [14] used UVB irradiation treating a group of
patients with untreated mild EH. The treatment led to an 162%
increase in 25(OH)D level and a significant reduction in BP by 6.0 mm
Hg. Since then, the finding has attracted considerable interest in search
for a link between vitamin D deficiency and EH. Most cross-sectional
and prospective studies [15-17] have shown that circulating 25-
hydroxyvitamin D (25(OH)D) levels are inversely associated with BP
and the incidence of EH (a detailed analysis can be seen in our review
[18]). The data from a recent meta-analysis recruited more participants
including 10 perspective studies (n=58,263) and 19 cross-section
studies (n=90,535) further support the concept that vitamin D
deficiency is a risk factor for EH [19]. In contrast to the findings of
these observational studies, the data pooled from vitamin D
intervention trials are inconsistent [20-24]. Recently, we critically
analyzed these data and raised a two-part hypothesis to explain the
mixed results [18]. First, vitamin D supplementation for a limited
period (<18 months) in the cohort with normal BP has a minimal
effect, including some cohort contained ≤ 28% hypertensive patients.
Second, administration of vitamin D or UVB radiation increases
plasma 25(OH)D levels and significantly lowers BP in vitamin D-
deficient hypertensive patients seen in eight trials, including ours [18].
Some trials display no effect of vitamin D on reduction of BP in EH
patients. The negative results are largely because of exceptionally high
doses of vitamin D administered several times during the trials,
especially for elderly participants, which have been reported to
increase the risk of fall [25,26] and may accelerate pre-existing vascular
calcification [18], recruited cohorts that included <40% of participants
with vitamin D deficiency and used two or more types of
antihypertensive medications that may have blocked the signaling
pathways partially shared with vitamin D [18]. It is no doubt that a
combination of the data from all trials with distinct designs would
dilute and mask the antihypertensive effect of vitamin D seen in several
meta-analyses [20-24,27]. While we have critically analyzed these trials
that failed to see the effect of vitamin D on lowering BP in EH patients
listed in the article by Beveridge et al. [27], more mechanistic evidence
is needed to elucidate a definitely causal link between vitamin D
deficiency and EH [18].

Animal Models of Vitamin D Deficiency-Induced HTN
It is unrealistic to establish a vitamin D deficiency-EH model in

clinical settings. To determine whether vitamin D deficiency directly
causes HTN, Singh et al. [28] fed the Sprague-Dawley rats with a
purified vitamin D-deficiency diet in no UV light environment.
Vitamin D deficiency was confirmed by the development of
hypocalcemia in 8 month old rats. They found vitamin D deficiency led
to a significant increase in mean SBP and DBP by 36 and 28 mm Hg,
respectively. The elevated BP persisted after the hypocalcemia was

corrected. However, higher BP was dramatically reduced by
administration of VD3 or its analogue, suggesting that HTN caused by
vitamin D deficiency is independent of hypocalcemia, but can be
reversed by VD3. The results from male and female rats are similar.
The other research group [29] administrated male Wistar rats with a
vitamin D deficient diet containing a plenty of calcium and phosphate
to maintain normal plasma calcium and phosphorus levels. After 84
days of the diet, serum 25(OH)D levels were <2.5 ng/ml in vitamin D
deficiency group compared with 27.7 ng/ml in control group and mean
SBP in vitamin D deficient group was 20 mm Hg higher than control
group. These data provide direct evidence that diet-induced vitamin D
deficiency causes HTN in rats. Diet-induced vitamin D deficiency also
leads to HTN in normal mice [30] and low density lipoprotein-null
mice [31]. Two genetic animal models of vitamin D deficiency have
also shown HTN phenotypes. Li et al. [32] have shown that VDR-null
mice are hypertensive, and the elevated BP persists after their
hypocalcemia has been corrected and high parathyroid hormone
(PTH) levels have been turned to be near normal. We have confirmed
that VDR-null mice display HTN (Chen et al. [33] unpublished data)
after normalized their plasma calcium concentration and significantly
reduced PTH value with a calcium rich diet [33]. Zhou et al. [34] have
reported that 25(OH)D-1-α-hydroxylase-null mice, a genetic mouse
model of active vitamin D deficiency, also display HTN, which can be
rescued by administration of VD3, but not by normalization of plasma
calcium and phosphorus levels. Taken together, these studies provide
convincing evidence that severe vitamin D deficiency in animals
directly causes HTN.

Potential Molecular Mechanisms of Vitamin D
Deficiency-Induced HTN

Increased renin expression is associated with rather than
causally linked to vitamin D deficiency-induced HTN

Two genetic mouse models of vitamin D deficiency display HTN
associated with 1.5-2-fold increase in renin levels [32,34]. It is well-
known that a significant increase in renin levels plays a causal role in
hyperreninemic HTN through increased angiotensin II (Ang II) and
aldosterone levels, which is further supported by renin inhibitors that
can dramatically reduce BP in high renin-mediated human HTN.
However, the latter makes researchers easily get confused an associated
relationship with a causal link between 1.5-2-fold increase in renin
levels and mouse HTN both induced by vitamin D deficiency. There is
no experiment that can show that the blockage of increased mouse
renin expression to normal levels by specific inhibitors or gene
manipulation leads to normalizing vitamin D deficiency-induced high
BP. Instead, several lines of evidence strongly support that the modest
increase in mouse renin levels is associated with, but not causally
linked to vitamin D deficiency-induced HTN. First, juxtaglomerular
cells-specific peroxisome proliferator-activated receptor gamma-null
mice display a 2-fold increase in plasma renin levels, a scenario like
VDR-null mice, but they have a normal BP phenotype. Second,
treatment with VD3 can directly reduce basal renin gene transcription
by a cAMP response element in vitro [35], however, juxtaglomerular
cells-specific VDR transgenic mice demonstrate a 50% reduction in
basal renin levels, but display normal BP observed by the same
research group [36]. Third, VD3 and its analogue decrease BP in
spontaneously hypertensive rats [37-40] or Ang II-induced
hypertensive mice [41], yet these animals have normal or low renin
levels [42-45], suggesting that vitamin D lowers BP in hypertensive
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animals regardless of renin expression. Fourth, some clinical trials have
shown that vitamin D supplementation raises 25(OH)D levels and
reduces BP in vitamin D deficiency-induced EH without change in
renin levels [46-48]. In summary, modest increased renin levels are not
casually linked to HTN in genetic mouse models of vitamin D
deficiency. Of note, vitamin D deficiency-induced HTN may partially
result from an increase in Ang II sensitivity through upregulation of
Ang II downstream signaling molecules based on the results from our
tamoxifen-induced smooth muscle-specific VDR-null mice (Chen et
al. [33], unpublished data). This probably explains why an angiotensin
converting enzyme inhibitor, captopril, partly inhibits vitamin D
deficiency-induced HTN [32,34], however, the dose of captopril (100
mg/kg body weight) used in both studies is too high, leading to a
significant reduction of mean BP by approximately 40 mm Hg in
normotensive mice. This makes difficult determining how much roles
captopril plays in lowering BP in vitamin D deficiency-induced HTN.
We expect that our further studies will elucidate the mechanisms
completely.

A novel target gene seems to account for vitamin D
deficiency-induced HTN

Modulatory calcineurin inhibitory protein 1 (MCIP1)
physiologically functions as a downstream effector in the calcineurin/
the nuclear factor of activated T-cells (NFAT) cascade [49], which is
linked to cardiac hypertrophy and vascular remodeling in a number of
experimental models [49-55]. NFAT triggers MCIP1 transcription by
binding to the MCIP1 promoter [56]. Previously, we have shown that
cardiac hypertrophy induced by cardiomyocyte-specific VDR deletion
is associated with increased MCIP1 expression [57]. It has turned out
that overexpression of MCIP1 only partly contributes to VDR-null
induced cardiac hypertrophy (Chen et al. [33], unpublished data).
Activation of the NFAT pathway in VSMCs contributes to the
development of HTN [58,59]. We have developed VDR-null mice,
which are hypertensive, and found that vascular MCIP1 levels are
significantly increased in VDR-null mice, and VDR/MCIP1 double
knockout mice display normal BP (Chen et al. [33], unpublished data),
suggesting that overexpression of MCIP1 mediates VDR deficiency-
induced HTN. In addition, we found that VD3 reduces Ang II-induced
MCIP1 promoter activity and expression in VSMCs, but unlike the role
of VD3 in renin expression, it has no effect on basal MCIP1 promoter
activity and expression (Chen et al. [33], unpublished data). We expect
that the overexpression of MCIP1 is causally linked to vitamin D
deficiency-induced HTN in our on-going systemic studies.

Vitamin D signaling defect in VSMCs and CD+ T cells seems
predominately be responsible for vitamin D deficiency-
induced HTN

To comprehensively understand vitamin D deficiency-induced
HTN, it is important to determine whether HTN in VDR-/- mice is
caused primarily or secondarily by low calcium and high PTH levels
that contribute to the development of HTN [60-62]. Although VDR-/-
mice display a hypertensive phenotype after normalizing serum
calcium levels and reducing serum PTH levels by a special high-
calcium diet [33], it is not clear whether the diet can completely
normalize intracellular calcium and PTH levels in VDR-/- mice. BP is
regulated by the heart, kidney, vasculature, and sympathetic-CD4+ T-
cell system, all of which express VDR. We have made cardiomyocyte-
specific VDR-/- mice [57], endothelium-specific VDR-null mice [63],
and renal collecting duct-specific VDR-/- mice (Chen et al,

unpublished data) using aquaporin-2-Cre mice [64], all of which
demonstrate normal BP. Increasing evidence has shown that deletion
of a single gene in VSMCs can be sufficient to develop HTN [65-68].
To further examine whether the role of VDR in HTN is cell-specific,
we successfully developed tamoxifen-induced VSMC-selective VDR-/-
mice, which are hypertensive and demonstrate increased MCIP1 levels
in VSMCs, enhanced Ang II-induced mesenteric resistance artery
contraction (Chen et al. [33], unpublished data). The latter suggests
that vitamin D deficiency may partially share a final signaling pathway
with Ang II in VSMCs mediating increased vascular tone and HTN.
We anticipate addressing detailed mechanisms of vitamin D
deficiency-induced vascular contraction and elevated BP in this animal
model.

In addition, we have shown that dysfunction of CD4+ T cells
contributes to the development of HTN [69]. We found a vitamin D
analogue, paricalcitol reduces Ang II-induced HTN, contraction of
mesenteric resistance artery, and T cell (predominately CD4+ T cells)
infiltration around the perivascular adipose tissue of mesenteric
resistance artery (Chen al. [33], unpublished data). The data from
genetic deletion studies have shown that the dysfunction of CD4+ T
cells differentiating toward Th17 cells and reducing generation of
regulatory T cells (Tregs), leading to increased IL-17 and decreased
IL-10 levels, participates in the pathogenesis of HTN [70-73]. CD4+ T
cells isolated from VDR-/- mice have an activated phenotype and
readily develop into Th17 cells overproducing IL-17 [74]; the cells also
generate lower number of Tregs compared to those in control mice
[74]. Treatment with VD3 inhibits the differentiation of Th17 and
IL-17 production and increases expansion of Tregs and IL-10 levels
[75,76], indicating that dysfunction of CD4+ T cell differentiation and
activation may participate in VDR-/- -induced HTN. Recently, we have
generated CD4+ T cell-specific VDR-/- mice, which are also
hypertensive and increased MCIP1 expression in CD4+ T cells (Chen
et al, unpublished data). Of note, the elevated BP value in both VSMC-
selective VDR-/- and CD4+ T cell-specific VDR-/- mice is lower than
that of VDR-/- mice, suggesting that both contribute to VDR-/-
induced HTN. While our ongoing studies need to identify whether
VDR in these two types of cells is sufficient to fully mirror HTN seen
in global VDR-/- mice, these data suggest that vitamin D signaling
defect in VSMCs and CD4+ T cells directly causes vitamin D
deficiency-induced HTN independent of its effect on up-regulation of
PTH and down-regulation of calcium.

Effect of Vitamin D Administration on BP in Vitamin
D-Deficient EH Patients

In our previous review article [18], we have shown that vitamin D
and UVB radiation are able to increase plasma 25(OH)D levels and
significantly lower BP in vitamin D-deficient hypertensive patients.
However, the major concern is that vitamin D may only have a modest
size of effect on BP in vitamin D-deficient hypertensive patients (SBP:
the mean reduction of 5.1 mm Hg, 95% CI 4.92- 5.34; DBP: the mean
reduction of 3.2 mm Hg, 95% CI 2.8-3.5 by meta-analysis of 350
participants without abnormal glucose metabolism from 7 trials),
though it has been shown that reduction of BP by ≥ 2 mm Hg is
considered to significantly decrease mortality rate of cardiovascular
disease [77,78]. Of note, the aforementioned trials used inactive
(natural) vitamin D that may largely be responsible for its less-effective
role in antihypertensive activities. Without liver diseases, vitamin D is
easy to be hydroxylated to 25(OH)D by hepatic 25-hydroxylase.
However, a key enzyme, vitamin D-1-α-hydroxylase, which is
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regulated by many factors in our bodies, including calcium, PTH, 24-
hydroxylase, VD3 and FGF23/klotho pathway [79], only catalyzes less
than 1/1000 25(OH)D to VD3. The data from several trials have shown
that active vitamin D and its analogue display a much better
antihypertensive effect than natural vitamin D. Bernini et al. [80]
administered VD3 (0.25 μg twice a day) to 10 untreated vitamin D-
deficient (25(OH)=12.6 ng/ml) EH patients and 10 normotensive
individuals with mean 20 ng/ml of 25(OH) for 1 week. In EH group,
VD3 dramatically reduced BP from 145/90 mm Hg to 133/81.6 mm
Hg. There was no significant difference in BP between before and after
VD3 treatment in control group. Treatment with VD3 for 1 week did
not significantly change serum calcium and phosphorus levels in both
groups. Judd et al. [81] treated vitamin D-deficient hypertensive
patients with 0.5 μg VD3 twice daily for 1 week in their pilot study. BP
was measured by 24 h ambulatory BP monitors. They found VD3
treatment led to a 9% decrease in SBP (basal mean BP 141/76 mmHg).
Kimura et al. [82] treated a hypertensive patient with 0.2 μg VD3 twice
daily for 2 weeks, ambulatory BP and serum calcium levels were
measured before and after therapy. The treatment led to a BP reduction
from 145/96 mm Hg to 128/85 mm Hg with normal serum calcium
and phosphorus levels. Recently, Bricio-Barrios et al. [83] performed a
clinical trial investigating the effect of VD3 (1000 u daily for 6 weeks)
on BP in hypertensive older adults with low 25(OH)D levels (54
nmol/L). At the end of trial, VD3 had a significant decrease in SBP by
20 mm Hg and DBP by 7 mm Hg (n=18). BP maintained the similar
levels in placebo group (n=18). No adverse events occurred in the
participants during the trial. Lind et al. [84] conducted a placebo-
controlled trial evaluating the effect of 0.75 µg α-calcidol, a vitamin D
analog (1-α-(OH)D), on BP in 65 EH patients with impaired glucose
tolerance (mean age 62 years) for 12 weeks. In the 26 patients with BP
≥ 150/90 mm Hg prior to antihypertensive therapy, the treatment
reduced BP by 21/7 mm Hg (from 171/95 to 150 /88 mm Hg). The
effect was additive to concomitant antihypertensive treatment and was
correlated to a reduction of PTH levels. In the whole group of patients
administered α-calcidol, BP was significantly lowered with the mean
reduction by 9/3.2 mm Hg. Collectively, meta-analysis of all patients
treated with VD3 and its analogue from 5 relatively small trials
displays a significant reduction of mean SBP and DBP by 12.8 mm Hg
(n=64, 95% CI 11.6-14, P<0.01 vs. 5.1 mm Hg of natural vitamin D
group, n=350) and 5.3 mm Hg (n=62, 95% CI 4.7-5.9, P<0.01 vs. 3.2
mm Hg of natural vitamin D group, n=350), respectively. The results
provide compelling evidence that an active form of vitamin D and its
analogue have more effective roles in lowering BP than natural vitamin
D on hypertensive patients with low vitamin D levels in a short-term
period (1-6 weeks for VD3 and 12 weeks for its analogue) without
adverse effects, a fact strongly against the statement that vitamin D
only has a modest effect on BP in hypertensive patients. Although
active vitamin D supplementation has a narrow therapeutic window,
these promising data from several relatively small randomized
controlled trials provide extremely important research premise for
vitamin D effect on EH. For long-term supplementation, the less-
hypercalcemic vitamin D analogue (e.g. paricalcitol) should be more
powerful than natural vitamin D in the etiology-specific treatment for
vitamin D-deficient EH patients in future trials.

In addition, the evidence from several small trials has displayed that
vitamin D appears to be a better effect on lowering BP in EH patients
and normotensive individuals with type 2 diabetes or impaired glucose
tolerance compared with those without abnormal glucose metabolism.
Sugden et al. [47] administered a single high dose of vitamin D2
(100,000 IU) to 17 type 2 diabetes patients at 64 years old with mean

25(OH)D of 38.3 mmol/L and mean BP of 145/82 mm Hg.
Administration of vitamin D increased 25(OH)D level by 15.3 nmol/L,
dramatically decreased SBP by 14 mm Hg and improved endothelial
function compared with placebo group (n=17) 8 weeks after
administration of vitamin D. Witham et al. [48] administered placebo
or a single high dose of vitamin D to 61 type 2 diabetes patients with
vitamin D-deficient EH. After the treatment with vitamin D for 8
weeks, 25(OH)D levels rose and SBP fell significantly by a mean of 8.3
mm Hg. Although a single high dose regimen of vitamin D
supplementation has not been advocated now [26,83], the trials
provide some evidence for the effect of vitamin D on diabetic EH
patients. Lind et al. [84] administered 0.75 μg α-calcidol to 35
hypertensive patients with impaired glucose tolerance for 12 weeks.
The treatment lowered BP by 9/3.2 mm Hg. Meta-analysis of the effect
of vitamin D on 89 vitamin D-deficient hypertensive participants with
abnormal glucose metabolism from 3 trials displays a significant
reduction of BP compared with those (n=350) with normal glucose
metabolism taking natural vitamin D (SBP: 9.7 mm Hg, 95% CI
9.25-10.15; DBP: 4.3 mm Hg, 95% CI 4.11-4.29, P<0.01). Although α-
calcidol has a better role than natural vitamin D in lowering BP, the
patients with impaired glucose tolerance may be more sensitive to
vitamin D effect on BP regulation than the patients with normal
glucose hemostasis. The data from several recent trials as follow
support the notion.

As mentioned above, natural vitamin D has a minimal or no effect
on BP in the healthy normotensive population. However, several recent
trials have displayed that vitamin D can lower BP in normotensive type
2 diabetes patients. Nasri et al. [85] conducted a double-blind, placebo-
controlled clinical trial investigating the effect of 50,000 IU vitamin D
per week for 12 weeks on BP in type 2 diabetes patients with normal
BP (mean age of 55). After intervention, SBP and DBP in vitamin D
group (n=30, BP from 121/80.5 to 110/76.3 mm Hg) was significantly
decreased compared with those in placebo group (n=30). Munisamy et
al. [86] randomly assigned 70 normotensive type 2 diabetes patients
receiving either 0.25 μg α-calcidol daily (n=34) or placebo (n=36) for 6
months. In the end of the study, α-calcidol (n=28) significantly reduced
central SBP. Peripheral BP trended to decrease, but did not reach
statistical significance (BP from 134.4/74.5 to 130.8/72.5 mm Hg).
Tabesh et al. [87] assessed the effect of 50,000 IU vitamin D/week plus
calcium for 8 weeks on BP in vitamin D-insufficient type 2 diabetes
patients with normal BP. They found SBP was significantly decreased
in calcium plus vitamin D group compared to placebo group (-7.3 +/-
8.7 mm Hg vs. 0.5 +/- 8.2 mm Hg, n=30 each group).

It remains elusive why type 2 diabetes patients are sensitive to the
effect of natural and active vitamin D on BP regulation. Type 2
diabetes is an independent risk factor for the development of HTN
[88,89]. Some anti-diabetic drugs have shown antihypertensive
activities [90,91]. We have displayed that skeletal muscle-specific VDR
knockout mice are insulin-resistant and increase fasting serum insulin
levels [33], which may in part contribute to BP elevation by expanding
blood volume. Vitamin D supplementation has been shown to improve
human insulin resistance among patients with glucose intolerance
[92,93]. Furthermore, our endothelium-specific VDR knockout mice
impaired endothelium-dependent vascular relaxing function, which
also contributes to BP elevation [63]. Although further research needs
to elucidate the mechanisms by which vitamin D supplementation
improves glucose metabolism in type 2 diabetes patients, subsequently
lowers BP, the promising preliminary data from these trials are
interesting. If it holds true, administration of vitamin D, especially less-
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hypercalcemic vitamin D analogues, will be unique for the treatment
of EH patient with type 2 diabetes.

Effect of Vitamin D Supplementation on the Prevention
of EH

Active vitamin D through binding to VDR regulates calcium and
phosphorus metabolism, and maintains musculoskeletal health. It also
regulates BP, cardiometabolic functions and immune system, which are
largely independent of its role in calcium and phosphorus metabolism.
However, the effects of vitamin D on different human diseases are
dependent on the characters of diseases. Type 1 rickets in children,
osteomalacia in adults and osteoporosis in the elderly predominantly
result from impaired calcium and phosphorus metabolism. An
appropriate dose of vitamin D supplementation always dramatically
improves symptoms or cures the diseases through the promotion of
calcium and phosphorus absorption. In contrast, EH is an age-
dependent disease resulting from multiple gene dysfunctions
interacting with multiple environmental stressors. Vitamin D
deficiency acts as one of environmental factors participating in the
development of EH, so its action is conditional. Unlike diet-induced or
genetic vitamin D-deficient animal models, healthy humans are
impossible to develop a complete vitamin D-deficient status. As our
previously described [18], when people have a stable balance between
vasodilatory and vasoconstrictory functions to maintain normal BP at
a younger age, their sufficient compensatory vascular protective
abilities in combination with residual vitamin D signaling are strong
enough against one of EH risk factors, vitamin D deficiency-induced
enhanced vascular contraction that trends to elevate BP. Vitamin D
supplementation (especially natural vitamin D) in such a condition has
no or a minimal effect on BP. The notion is supported by more than 30
trials [27,94-98] that have displayed no or a minimal effect of vitamin
D supplementation in a short term on healthy individuals with normal
BP regardless of vitamin D status. Further evidence is that 17
hereditary vitamin D-resistant rickets patients at a mean age of 27
years old are normotensive, though they have relatively severe vitamin
D signaling defect [99]. However, when people have an unstable
balance between vasodilatory and vasoconstrictory functions at
age>45 in men and >55 in women, vitamin D deficiency as an
important environmental risk factor contributes to the development of
EH in the vulnerable population. This concept is supported by more
than 13 trials [14,18,46-48,80-84,100-104] showing that administration
of natural vitamin D, VD3 or its analogue significantly reduces BP in
the patients with vitamin D-deficient EH, which may or may not be
related to their PTH and calcium status. An appropriate dose of
vitamin D supplementation to correct vitamin D deficiency in the
high-risk susceptible population should effectively prevent them from
the development of EH. The largest, randomized and controlled
VITamin D and OmegA-3 TriaL (VITAL) is investigating the effect of
2000 IU vs. 800 IU vitamin D daily for 5 years on the incidence of
cancer, cardiovascular diseases including EH in 20,000 participants
aged ≥ 50 years old [105,106]. The results may provide evidence that
the long-term vitamin D supplementation at an appropriate dose will
effectively prevent the incidence of EH by eradicating vitamin D
deficiency as a trigger in the development of EH. Nevertheless, VITAL
design did not specifically aim to address vitamin D benefit in
individuals who are vitamin D-deficient. The included participants
were regardless of their baseline 25(OH)D levels. Pooled data from
such a design may mask or dilute the preventive effect of vitamin D
supplementation on the incidence of EH in high-risk vitamin D-
deficient participants. In addition, the placebo group is receiving 800

IU vitamin D daily plus some American food (e.g. milk) fortified with
vitamin D. This may result in raising serum 25(OH)D concentration to
a level that may have been high enough to eliminate vitamin D
deficiency as a trigger to induce EH in many participants assigned to
the placebo group. The possibility is supported by the fact that 600-800
IU vitamin D daily in adults can raise 25(OH)D levels to 20 ng/ml,
which is enough for musculoskeletal health [107], and vitamin D has a
much less effect on hypertensive individuals with 25(OH)D levels ≥ 20
ng/ml [101]. Therefore, it is still uncertain whether VITAL results can
provide a definite answer for the effect of vitamin D supplementation
on the prevention of EH. With better understanding molecular
mechanisms of vitamin D deficiency-induced EH, an additional
randomized trial targeting vitamin D-deficient susceptible individuals
with well-designed controls may be needed to definitely answer this
question.

Conclusion
Animal studies from both diet-induced and genetic models of

vitamin D deficiency suggest that vitamin D deficiency directly causes
HTN. Basic research and clinical studies have displayed that vitamin
D-induced suppression of basal renin expression and activity has no
significant effect on lowering BP and a modest increase in renin levels
play a minimal role in vitamin D deficiency-induced HTN. In contrast,
our mechanistic studies have shown that overexpression of MCIP1
seems to play a critical role in vitamin D deficiency-induced HTN, and
that vitamin D signaling defect in VSMCs and CD4+ T cells seems
predominantly responsible for vitamin D deficiency-mediated HTN.
The fact that vitamin D reduces MCIP1 overexpression, but not basal
MCIP1 level may explain its lowering BP role in hypertensive rather
than normotensive individuals. These findings shed novel light into the
pathogenesis of vitamin D deficiency-induced HTN, while further
research is needed to expand novel results and strength these concepts.
Large epidemiological studies consistently support the notion from
animal studies and highlight vitamin D as an independent risk factor
for EH. Short-term vitamin D supplementation has a minimal effect on
normotensive healthy individuals, but long-term vitamin D
supplementation should prevent the development of EH at high-risk
susceptible people, which is expected to see in coming VITAL results.
Vitamin D repletion significantly reduces BP in vitamin D-deficient
hypertensive patients, which appears to be more effective in those with
type 2 diabetes or impaired glucose tolerance. Short-term
administration of active vitamin D or its analogues has a better
antihypertensive role than natural vitamin D in the treatment of
vitamin D-deficient EH. While these promising data from relatively
small trials have displayed potential beneficial effect of vitamin D on
EH, it is urgently needed to comprehensively elucidate molecular
mechanisms of vitamin D deficiency-induced HTN. This will provide a
solid theoretical basis to design large randomized controlled trials to
further address the antihypertensive role of vitamin D in vitamin D-
deficient EH patients.
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