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Abstract

Essential hypertension (EH) results when the balance between vasoconstriction and vasodilation is
shifted in favor of vasoconstriction. This balance is controlled by the interaction of genetic and
epigenetic factors. When there is an unstable balance, vitamin D deficiency as an epigenetic factor
triggers a shift to the side of vasoconstriction. In this article, we critically analyze clinical findings
on the effect of vitamin D on blood pressure, combined with progress in molecular mechanisms.
We find that vitamin D repletion exerts a clinically significant antihypertensive effect in vitamin
D-deficient EH patients. Of note, a few trials reported no antihypertensive effect from vitamin D
due to suboptimal study design. Short-term vitamin D supplementation has no effect on blood
pressure in normotensive subjects. This could explain the mixed results and may provide a
theoretical basis for future trials to identify beneficial effects of vitamin D in intervention for EH.
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Essential Hypertension (EH)

One billion people worldwide suffer from hypertension (HTN) [1]. Of these patients, 95%
have hypertension of unknown etiology, called essential hypertension (EH), and cannot
maintain normal blood pressure (BP) without daily treatment [2]. Many signaling pathways
are involved in BP regulation in EH. These include the angiotensin Il (Ang I1)-sympathetic
nerve-CD4* T cell system [3], a pathway consisting of a series of genes participating in the
control of renal salt handling [4], and pathways mediating constriction and dilation of
vascular smooth muscle (VSM) cells [5, 6]. Dysfunction of any one of these pathways leads
to increased VSM tone and remodeling in resistance arteries, resulting in high BP. However,
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the exact etiology and pathogenesis of EH is poorly understood, leading to nonspecific and
less-effective treatment. In America, 50% of hypertensive patients (~68 million) 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 [7]. The lack of
well-controlled high BP leads to target organ damage. Thus, EH has become a major risk
factor for heart attack, stroke, chronic heart failure, and renal failure [8].

From family and twin studies, the incidence of genetic HTN is estimated to be about 50% of
EH. However, despite intense efforts, identified gene variants causing monogenic HTN
represent less than 1% of EH. Because no common gene variants contribute a large effect
size for this common disease, recent genetic discoveries have little utility in clinical practice
[2]. With advances in genomic, epigenomic, transcriptomic, and proteomic research
technologies, it is now possible to find novel rare genetic variants with significant effects on
EH. These can be captured by larger genome-wide association studies combined with
sequencing large targeted stretches of DNA, whole exome, or genome using next-generation
sequencing techniques [9, 10]. In addition, research advances in epigenetic/epigenomic
modification play a partial role in genetic hypertension; these include DNA methylation
analysis at the genome level using microarray hybridization or next-generation sequencing,
posttranslational modification of histone analyzing by the proteomic technique, and
regulatory non-coding RNA analysis through the transcriptomic technique [11-13].
Environmental risk factors, such as stress, high-salt diet, obesity, and vitamin D deficiency
have been considered key causes for the other 50% of EH. Advances in our knowledge of
environmental factors/gene interactions might explain how environmental factors, including
high-salt diet [6] and vitamin D deficiency [Chen et al, unpublished data], could influence
BP by inducing target gene expression in specific tissues through specific signaling
pathways. One of the advanced approaches in this field is determining the function of target
genes, identified by microarray hybridization in global gene knockout and tissue-specific
gene knockout animal models, in regulating BP.

In this article, we focus on the role of one potential environmental risk factor, vitamin D
deficiency, in EH. We critically analyzed clinical trials on the effect of vitamin D
supplementation on BP and reviewed the progress in our understanding of the molecular
mechanisms underlying vitamin D deficiency-induced HTN. Combining these with our
basic and clinical research, we propose a hypothesis that could explain the controversy in the
literature regarding the results of previous clinical trials; this could provide a theoretical
basis for future clinical trials.

Biology and Deficiency

In human, the majority of naturally occurring vitamin D (~80%) is synthesized in the skin
from 7-dehydrocholesterol by ultraviolet (UV) B radiation. About 20% of vitamin D comes
from dietary sources, such as oily fishes, egg yolks, fortified milk, cereal, juice, and yogurt
(Fig. 1). Vitamin D from the skin, diet, or oral supplements including vitamin D2 and
vitamin D3 are metabolized in the liver to 25-hydroxyvitamin D (25(OH)D). 25(0OH)D, the
main circulating vitamin D metabolite, is largely bound to vitamin D binding protein in
serum, and has been widely accepted as the most reliable marker for determining vitamin D
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status [14] (vitamin D sufficient (25(OH)D =30 ng/ml [or =275 nmol/I]); vitamin D
insufficient (25(OH)D 20-30 ng/ml [or 50-75 nmol/I]); or vitamin D deficient (25(OH)D
<20 ng/ml [or <50 nmol/l])). These cut-off points are currently the most commonly used for
vitamin D status [15]. The threshold of 20 ng/ml for vitamin D deficiency was recently
endorsed by the Institute of Medicine (IOM) [16], even though there is some debate about
this recommendation [17].

Circulating 25(OH)D is converted by renal or extrarenal 1a-hydroxylase into 1,25-
dihydroxyvitamin D3 (VD3), which circulates at ~1000-fold lower serum concentrations
than 25(OH)D, but is the biologically active agonist for the vitamin D receptor (VDR).
Serum levels of VD3 are mainly determined by renal VD3 production, which is closely
associated with calcium homeostasis and parathyroid hormone (PTH) level. Lower calcium
and high PTH levels will promote VD3 synthesis by increasing la-hydroxylase activity,
whereas other factors, including fibroblast growth factor-23 and Klotho, suppress the renal
conversion of 25(OH)D to VD3 through inhibition of 1a-hydroxylase expression [18].
Indeed, many other cell types, including those of the vascular wall and heart, express 1a-
hydroxylase with subsequent conversion of 25(OH)D to the local production of VD3, which
exerts its biological effects locally in an autocrine or paracrine manner (see below) [19-21].
It is unclear whether local 1a-hydroxylase expression is regulated by serum calcium and
PTH levels.

In addition to the small intestine, parathyroid glands, and kidneys (the primary organs
responsive to vitamin D), other tissues and organs (e.g. the cardiovascular system, skeletal
muscle, and immune system) also respond to vitamin D. VDR is expressed in many tissues
and organs, including those not typically associated with bone metabolism and calcium
homeostasis. These include the heart, VSM, endothelium, and immune cells, including
CD4* T cells [19, 22-24]. VDR is a nuclear receptor that binds to VD3 with high affinity
and specificity. When occupied by VD3, VDR is phosphorylated, which leads to a surface
conformational change. Activated VDR then interacts with the retinoid X receptor (RXR) to
form a heterodimer that binds to vitamin D-responsive elements in the region of the gene
promoter [25, 26]. By recruiting complexes of either coactivators or corepressors [27, 28],
activated VDR/RXR regulates the transcription of genes encoding proteins that exert the
traditional and non-traditional functions of VD3 (e.g., maintaining musculoskeletal health,
calcium homeostasis, and normal BP and cardiovascular function) [29, 30]. Therefore, the
role of vitamin D in a cell, tissue, or organ depends on the local production or delivery of a
sufficient amount of VD3, expression levels of VDR/RXR and co-receptor proteins, and
cell-specific transcriptional responses to regulate genes that encode proteins mediating
vitamin D signaling.

Although the role of locally synthesized VD3 remains unknown in systemic effects, the
biological function of VD3 (local or systemic production) is clearly dependent on the
availability of adequate substrate, the circulating 25(OH)D; therefore, circulating 25(0OH)D
is considered the best indicator of whole-body vitamin D status. Lower 25(0OH)D (<20
ng/ml) leads to reduced VD3 production and subsequently impairs activated VDR-mediated
biological function.
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More than 1 billion people currently are at risk for vitamin D deficiency worldwide [15].
This pandemic of hypovitaminosis D can mainly be attributed to decreased exposure to
sunlight (for example, reduced outdoor activities and air pollution), which is required for
UVB-induced vitamin D production in the skin. Levels of UVB radiation diminish with
increasing distance from the earth's equator during the winter months. Black people absorb
more UVB in the melanin of their skin than white people; therefore, blacks require more sun
exposure to produce the same amounts of vitamin D. In addition to musculoskeletal
problems, vitamin D deficiency has been associated with an increased risk of cardiovascular
events [31, 32], especially HTN [33, 34].

Vitamin D Deficiency and EH: Cross-sectional and Perspective Studies

The prevalence of hypovitaminosis D is directly attributable to higher latitudes because of
less intense UVB radiation, colder climates due to less skin exposure, and darker skin as it
impedes UVB penetration and reduces vitamin D production [35]. The fact that a higher
incidence of EH occurs during the winter, in people living in higher latitudes, and in those
with deep skin pigmentation living far from the equator [36] makes it reasonable to
speculate that vitamin D deficiency may contribute to increased prevalence of EH. To test
this hypothesis, Krause et al. [37] used UVB irradiation to treat patients with untreated mild
EH and vitamin D deficiency. These investigators found that UVB radiation, but not UVA
radiation, increased 25(0OH)D levels and lowered BP in vitamin D-deficient patients with
EH. Since 1998, this finding has raised considerable research interest in the relationship
between vitamin D deficiency and EH.

Most of the major cross-sectional studies [38-45] (Table 1) showed that BP was inversely
and significantly correlated with 25(OH)D levels. Burgaz et al. [46] conducted a meta-
analysis, including four prospective studies and 14 cross-sectional studies, to evaluate the
association between circulating 25(OH)D level and HTN. They found an inverse
relationship between serum 25(OH)D concentration and HTN incidence, with an odds ratio
of 0.73 for the highest versus the lowest category of blood 25(OH)D. Most but not all
prospective findings, including eight main studies [47-54] listed in Table 1, supported an
association between vitamin D deficiency and increased risk of EH. To provide a reliably
quantified relationship, in 2013 Kunutsor et al. [55] performed a meta-analysis to investigate
vitamin D and risk of future HTN. The studies included eight unique prospective cohorts
with aggregate data on 283,537 non-overlapping participants and 55,816 incident HTN
cases. The pooled relative risks of incident HTN per 10 ng/ml increments in baseline
25(0H)D levels was 0.88, suggesting that the risk of HTN is reduced by 12% with a 10
ng/ml increase in blood 25(OH)D levels.

To test whether 25(OH)D levels are causally associated with BP and HTN risk, recently
Vimaleswaran et al. [56] conducted a mendelian randomization study and used variants of
genes that affect 25(OH)D synthesis or substrate availability (vitamin D 25-hydroxylase and
7-dehydrocholesterol reductase) to meta-analyze 146,581 participants. They found that each
10% increase in genetically instrumented 25(OH)D concentration was associated with a
decrease in diastolic BP (-0.29 mmHg, P=0.01) and systolic BP (-0.37 mmHg, P=0.052),
and an 8.1% reduced odds of HTN (P=0.002). This study used a mendelian randomization
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approach that largely excludes confounding factors and reduces reverse causation [57], both
of which are inherent weakness existing in the observational studies. The findings of this
study further confirmed that increased 25(OH)D concentration may reduce the risk of HTN.

Effect of Vitamin D on EH: Randomized Clinical Trials

So far, there have been more than 40 randomized clinical trials to determine the effect of
vitamin D supplementation on BP as primary or secondary end points. Since the
mechanisms underlying vitamin D's effect on HTN have not yet been elucidated, most of the
clinical trials have displayed suboptimal design and results have been mixed. Based on the
lack of well-designed, large-scale trials, several meta-analyses have attempted to aggregate
prior findings to evaluate the role of vitamin D supplementation in BP. The conclusions
have been inconsistent. Wu et al. [58] performed a meta-analysis from four randomized
controlled trials of oral vitamin D supplementation in BP. They found that vitamin D
supplementation significantly reduced systolic BP by 2.44 mmHg, but not diastolic BP.
Witham et al. [59] examined eight randomized controlled trials in participants with mean
baseline BP >140/90 mmHg, showing a non-significant reduction in systolic BP and a small
significant reduction in diastolic BP (3.1 mmHg). Pooled data from normotensive
individuals showed no reduction in BP with any intervention. Most of the trials included in
the meta-analysis were conducted more than 20 years ago and 25(OH)D levels were
unknown in 50% of the trials. Pittas et al. [60] investigated the role of vitamin D or UVB
radiation in BP regulation in 10 trials and found no significant effect of vitamin D on BP.
However, when limiting their analyses to studies that used higher doses of vitamin D
supplementation (at least 1,000 1U/day), they were able to detect a small but statistically
significant effect. In contrast, Elamin et al. [61] found no significant BP-lowering effect of
vitamin D supplements in a meta-analysis evaluating pooled cardiovascular outcomes across
14 randomized interventional trials, but made note that there was significant heterogeneity
associated with this analysis. Recently, Kunutsor et al. [62] carried out a meta-analysis of 16
randomized clinical trials to evaluate the effect of vitamin D supplementation on BP. They
showed no significant reduction of systolic and diastolic BP with vitamin D
supplementation, providing evidence of heterogeneity and publication bias. Subgroup
analysis displayed a significant reduction in diastolic BP in participants who had preexisting
cardiometabolic disease.

Based on the pathophysiology of EH and critically reviewing the results from the published
trials, combined with our preliminary findings in clinical trials and mechanistic research, we
propose a hypothesis that is composed of two parts to explain the results in most of the
published trials. This may also provide a theoretical basis for future trials.

In the first part, EH is an age-dependent complex common trait with interaction between
environmental and genetic factors. The incidence of EH dramatically increases in men older
than 45 years and women older than 55 years. As an environmental risk factor, vitamin D
deficiency is highly likely to be an important trigger to shift the unstable balance between
vasoconstriction and vasodilation signaling in favor of vasoconstriction, leading to HTN in
vulnerable middle-aged people. Therefore, an appropriately high dose of vitamin D
supplementation that normalizes blood 25(OH)D levels should reduce BP in hypertensive
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patients with vitamin D deficiency (Fig. 2B). This is supported by our ongoing trial (see
below) and the first seven trials [37, 63-68] listed in Table 2, in which vitamin D
supplementation raised 25(0OH)D levels and significantly reduced BP in cohorts that
included 50-100% hypertensive patients with vitamin D deficiency or insufficiency, almost
all of whom were mean age 45 years or older. Most of these trials were recently conducted
and well-designed. Of note, vitamin D repletion exerted a significant but limited amount of
BP reduction in the seven trials in Table 2; these trials chose participants with BP <160/95
mmHg and most of them used antihypertensive medications. Actually, vitamin D has a
better antihypertensive effect than was seen in the trials mentioned above. In 1988, Lind et
al. [69] conducted a placebo-controlled trial evaluating the effect of 0.5 g alpha-calcidol, a
vitamin D analog, on BP in hypertensive patients with impaired glucose tolerance (mean age
62 years, n=26) for 12 weeks. They found a significant reduction of SBP/DBP from 171/95
to 150/88 mmHg after treatment. While current institutional ethics committees will not
allow this study to be repeated by recruiting subjects with SBP>160 mmHg in placebo
groups, the study's results provide evidence that vitamin D supplementation can lower SBP
>20 mmHg in hypertensive patients.

Several early trials showed an antihypertensive effect of vitamin D, even with the lack of
reported vitamin D status [69-72]. However, in a few trials no effect of vitamin D on the
reduction of BP in hypertensive cohorts (SBP = 140 mmHg) was observed. The major
reason for the negative results could be due to suboptimal study design. This could include
high levels of background treatment with antihypertensive medications that overlap with
vitamin D's antihypertensive role, cohorts with fewer than 40% of participants with vitamin
D deficiency, and low or exceptionally high levels of vitamin D intake. Human study has
shown that an overly high dose of vitamin D may have a different biological role [73].
Treatment of hypertensive patients, especially the elderly, with this dose of vitamin D may
exert a different biological function or produce side effects to counteract its antihypertensive
effect (see below). Recently, Beveridge et al. [74] performed a meta-analysis that included
clinical trials that used vitamin D supplementation and reported BP. Similar to an earlier
meta-analysis [59], vitamin D had no effect on normal BP in 30 trials. They also found no
significant reduction of BP by vitamin D in the trials with participants whose mean baseline
SBP was =140 mmHg. Their eTable 1 lists 15 studies with mean baseline SBP =140 mmHg.
Seven showed a significant reduction in BP by vitamin D [67-72, 75], including one that
reduced BP in some participants. One trial showed that both vitamin D and placebo
significantly decreased BP in 65% of patients taking two or more antihypertensive drugs
[76]. Seven trials failed to show a vitamin D effect, including four that administered 100,000
IU vitamin D to the elderly [77-79] or patients with resistant HTN [80], one that used a
lower dose (600 IU) of vitamin D [81], and two that used vitamin D combined with several
antihypertensive medications [82, 83]. Based on pooling the results of these improperly
designed trials, any conclusion regarding vitamin D's antihypertensive role from the meta-
analysis is questionable.

In the second part of the hypothesis, young people (<45 years old) with vitamin D
deficiency are less likely to develop HTN because, unlike the VDR-null animal model, it is
impossible for humans to develop compete vitamin D signaling deficiency. The residual
vitamin D signaling and sufficient compensatory abilities from many different vascular
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protective factors (e.g., natriuretic peptides-cyclic guanosine monophosphate (cGMP)
system) also can maintain a stable balance between vasoconstriction and vasodilation
signaling to keep normal BP homeostasis. Therefore, vitamin D deficiency does not play an
important role in normal BP regulation, and vitamin D repletion may exert a minimal effect
on BP in normotensive individuals aged <45 years. This is supported by one study that
showed that 17 hereditary vitamin D-resistant rickets patients with relatively severe vitamin
D signaling deficiency at a mean age of 27 years demonstrated normal BP [84]; in addition
no trials showed that vitamin D supplementation significantly lowered BP in normotensive
cohorts with a limited number of hypertensive participants (<30%) aged <45 [85-88].

Although several studies had suboptimal designs and/or weaknesses, they showed that
vitamin D supplementation for 18 months or less with a dose that significantly increases
blood 25(OH)D levels to correct vitamin D deficiency or insufficiency had a minimal effect
on BP in almost all normotensive cohorts aged >45 [89-94]. This suggests that, under
normal BP status with a stable balance between vasoconstriction and vasodilation signaling,
time-limited vitamin D supplementation plays a minimal role in BP regulation (Fig. 2A).
However, it is possible that the well-designed, large, randomized, ongoing VITamin D and
OmegA-3 TriaL (VITAL) will show a significant reduction of incident of HTN after five-
year administration of vitamin D (2,000 IU daily) through eliminating vitamin D deficiency
as a trigger in the development of EH in the cohort aged =50 years compared with the
control groups [95]. Although some participants with normal baseline vitamin D levels, as
well as control group members who take 800 IU vitamin D daily, may experience a decrease
in the incidence of HTN, this is the largest trial to examine the potential preventive role of
vitamin D supplementation in BP and the development of HTN. The first VITAL
participants were randomized in Novermber 2011 and the randomization was completed in
March 2014 [96].

Our two-part hypothesis is supported by our mechanistic research findings (see below). A
combination of the two parts would most likely dilute and mask the antihypertensive effect
of vitamin D supplementation on BP in patients with vitamin D deficiency-induced EH seen
in the several meta-analyses above. The different results from prior trials were mainly
dependent on how many hypertensive participants with vitamin D deficiency enrolled in the
cohorts. As shown in Table 2, vitamin D usually has a minimal effect on the cohorts with
mean BP in the normal range, including fewer than 30% hypertensive subjects [85, 91]. Of
note, an appropriately high dose (at least >1,000 1U daily) of vitamin D supplementation to
raise blood 25(0OH)D levels is also essential to see an antihypertensive effect of vitamin D.
To determine this, we analyzed recent major clinical trials below.

Larsen et al. [65] conducted a randomized, double-blind, placebo-controlled trial in
Denmark during the winter to investigate the effect of 3,000 IU vitamin D daily on central,
office, and 24-hour BP in 130 hypertensive patients with mean 25(OH)D of 23 ng/ml. After
20 weeks of treatment, mean 25(OH)D levels increased by 21 ng/ml in the treatment arm
and decreased by 3ng/ml in the placebo arm. Central and office BP were reduced by 7/2 and
6/2 mmHg (p=0.007/0.15, 0.002/0.18 vs. placebo group), respectively. There was a small,
non-significant reduction in 24-hour BP of 3/1 mmHg (p=0.26/0.18). However, in a
subgroup analysis that included only the patients with 25(OH)D levels <32 ng/ml, the

J Am Soc Hypertens. Author manuscript; available in PMC 2016 November 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 8

authors were able to detect that vitamin D supplementation significantly decreased 24-hour
BP by 4/3 mmHg (p=0.05/0.01 vs. placebo group). This suggests that vitamin D
supplementation predominantly benefits hypertensive patients with vitamin D deficiency.
This study used an appropriately high dose of vitamin D with a high compliance rate.
However, in addition to recruiting some patients with sufficient vitamin D levels, the trial
chose only hypertensive patients with SBP <150 or DBP <95 mmHg, and ~84% of
participants took antihypertensive medication. All of these might have masked or
diminished the effect of vitamin D on BP in hypertensive patients. These factors, along with
a small sample size, may have significantly contributed to negative results in the change of
24-hour BP.

Recently, Chen et al. [63] performed a placebo-controlled randomized trial to investigate
whether vitamin D supplementation (2,000 IU/day) for 6 months reduces blood pressure.
They recruited 126 patients with stage 1-2 EH and vitamin D deficiency who received
nifedipine (30 mg/d). There was a significant increase in mean 25(OH)D levels from
baseline (19 ng/ml) to 6 months (34 ng/ml) and a reduction of 24h mean BP by 6.2/4.2
mmHg (p<0.001). In patients with vitamin D <30 ng/ml at baseline (n=113), 24h mean BP
decreased by 7.1/5.7 mmHg (p<0.001), suggesting again that vitamin D supplementation is
more effective in hypertensive patients with vitamin D deficiency or insufficiency. In this
trial, the antihypertensive medicine nifedipine might have diminished the effect of vitamin D
on BP in these Chinese hypertensive patients.

Consistent with the finding by Chen et al., Mozaffari-Khosravi et al. [66] conducted an
eight-week, randomized, placebo-controlled trial. Results showed that vitamin D repletion
significantly raised blood 25(OH)D levels and lowered BP in vitamin D-deficient
hypertensive patients who were taking antihypertensive medication in an Iranian population
(mean changes in SBP and DBP: -6.4 +/- 5.3 vs. 0.9 +/- 3.7 mmHg; -2.4 +/- 3.7 vs. 1.0+/-
2.7 mmHg, p<0.01, n=42). Again, the major weakness in the trial was that all patients were
taking antihypertensive drugs, which might have reduced the role of vitamin D repletion in
lowering BP in hypertensive patients.

The ideal trial to detect the maximum antihypertensive effect of vitamin D supplementation
on vitamin D deficiency-induced HTN is the administration of vitamin D to patients with
untreated stage 1 EH with vitamin D deficiency living in a high latitude area in winter. This
would effectively determine the antihypertensive role of vitamin D, assuming that the trial
includes untreated stage 2 hypertensive patients with vitamin D deficiency. However, ethics
committees do not allow recruiting untreated stage 1l hypertensive patients to a placebo
group. We conducted this kind of trial (n=40) in Liaoning, northern China, in winter,
administering 3,000 IU vitamin D daily for three weeks to patients with a mean age of 53
years who had untreated stage 1 EH and vitamin D deficiency (their 25(OH)D levels were
<20 ng/ml). The treatment significantly raised blood 25(OH)D levels and reduced systolic
BP, but not diastolic BP. The negative results in diastolic BP may be due to a small sample
size, short treatment period, and recruiting only stage 1 hypertensive patients compared with
Chen et al.'s study [63]. There was no change in 25(OH)D levels and BP in the control
group (unpublished data). Although we need a longer intervention to determine the
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maximum antihypertensive effect, the findings from this trial confirms the antihypertensive
effect of vitamin D in a vulnerable vitamin D-deficient hypertensive population.

This is supported by a recent study from Forman et al. [64]. They performed a four-arm,
double-blind, placebo-controlled, randomized trial, recruiting 283 black Americans (mean
age of 51 years) to evaluate the effect of 1,000 1U, 2,000 IU, and 4,000 IU vitamin D daily
or placebo on BP for a period of three months. Baseline 25(OH)D levels were about 16
ng/ml. Initial mean BP (122/78 mmHg) was relatively lower because only 50% of
participants had HTN and 40% were taking antihypertensive medications. The difference
between the systolic BP at baseline and after 3 months was +1.7 mmHg in the placebo
group, -0.66 mmHg in the group with 1,000 1U vitamin D, -3.44 mmHg in the group with
2,000 IU vitamin D, and -4.0 mmHg in the group with 4,000 U vitamin D (-1.4 mmHg for
every 1,000 IU of additional vitamin D intake, p =0.04). For each 1 ng/ml increase in
25(0OH)D levels, a significant reduction in systolic BP of 0.2 mmHg was detected. However,
no significant reduction in diastolic BP was found, which might be due to recruiting only
50% of participants with HTN, as well as the 40% who were taking antihypertensive
medication. Although the 50% of vitamin D-deficient normotensive participants masked the
vitamin D antihypertensive effect when all data were pooled, systolic BP was still
significantly reduced by 1.4 mmHg for each additional 1,000 1U/d of vitamin D. At the same
time, this suboptimally designed trial showed that vitamin D supplementation significantly,
but modestly, lowered BP in a vitamin D-deficient cohort, of whom only half were
hypertensive. If a trial detecting the antihypertensive effect of vitamin D with the same dose
and regime selects a cohort with fewer than 50% hypertensive patients, this would introduce
a bias and lead to a negative result.

Avrora et al. [85] recently published the results from the Daylight trial, which was conducted
on this kind of cohort. The trial enrolled 534 participants aged 18 to 50 years (mean age of
36) with 25(0OH)D <25 ng/ml and mean 24h BP 127/78 mmHg. Of these participants, 28%
were hypertensive. They received 4,000 U or 400 1U vitamin D daily for six months. Of
these, 383 subjects (72%) completed the six-month study. At the end of the study, 25(OH)D
levels were 33 ng/ml and 20 ng/ml in the high-dose versus low-dose treatment groups,
respectively. Although none of the subjects took antihypertensive medication, six-month
vitamin D supplementation failed to reduce BP in the study. The strengths of the design in
this trial included an appropriately high dose of vitamin D daily, 24h BP monitoring, and
selecting untreated hypertensive subjects. However, the major weakness was to include 72%
of participants who were young (<40 years old) and not hypertensive. This may be the
reason for the trial's negative results.

The Arora et al. study gave no clear explanation for investigating the antihypertensive role
of six-month vitamin D supplementation in more than two-thirds of participants aged <40
years with mean systolic BP value <130 mmHg without type 2 diabetes mellitus and kidney
disease. However, 72% of participants were clearly normotensive. It is not surprising that
vitamin D supplementation in the cohort that included only 28% of hypertensive patients
had a neutral effect on BP because combining the results from hypertensive and
normotensive participants might have understated the antihypertensive effect of vitamin D.
Of note, the key feature of this trial was to confirm the previous findings from three different
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groups [86-88] that vitamin D supplementation for six weeks to one year raised 25(OH)D
levels and had a minimal effect on BP in normotensive cohorts that included fewer than 30%
of hypertensive subjects aged <40 years with vitamin D deficiency or insufficiency.

In a recent trial by Scagg et al. [91], a similar enrollment was followed and similar results
were obtained. They performed a randomized controlled trial to determine whether high
doses of vitamin D taken for 18 months lowers BP in healthy adults. The 322 participants,
included 48 hypertensive patients (14.9%), had a mean baseline BP of 123/76 mmHg with
mean 25(0OH)D level of 29 ng/ml, and mean age of 47 years. Participants received either
placebo or vitamin D 200,000 IU for two months, followed by 100,000 IU monthly or
placebo for 16 months. The 18-month treatment raised 25(OH)D levels to 40 ng/ml but had
no effect on BP. However, there were several concerns with the conduct of this study. First,
most of the recruited subjects were normotensive with mean 25(OH)D levels near normal;
only 45 out of 322 participants had 25(OH)D <20 ng/ml. Second, the regime of vitamin D
administration used was suboptimal and under debate. Both of these factors might have
contributed to the negative findings, even though the inclusion of normotensive participants
in vitamin D supplementation study would be a major confounding factor.

In 2013, Witham et al. [79] reported the findings of the VitDISH, raising another question
about the regime of vitamin D supplementation. The trial enrolled 159 participants with a
mean age of 77 years, mean BP 163/78 mmHg, and mean 25(OH)D levels of 18 ng/ml.
Participants received 100,000 1U of oral vitamin D3 or placebo every three months for one
year. The treatment increased 25(OH)D levels by 8 ng/ml, but failed to show a significant
reduction in BP and arterial stiffness in the selected systolic hypertensive patients. Although
these patients took one to two antihypertensive medications, their systolic BP was about 160
mmHg. Vitamin D supplementation should have reduced BP in these hypertensive patients
with vitamin D deficiency. However, isolated systolic HTN is believed to result from
vascular stiffness and calcification. Whether vitamin D reverses these pathologic changes
remains unclear. In addition, it is not clear whether the polymorphism in VDR, 1-a-
hydroxylase, and vitamin D binding protein affected the interventional results. The more
important question is whether 100,000 1U of vitamin D four times a year is safe to treat 77-
year-old people who have reduced metabolic activity. The tolerable upper level indicated in
the IOM guidelines is 4,000 IU daily [16], though daily doses of vitamin D3 up to 10,000 U
are considered safe in healthy males. Higher doses of vitamin D metabolites and analogs
have been shown to induce an osteoblastic phenotype in VSM cells [97], which has been
demonstrated in animal models to induce calcification [98-100]. Though 100,000 I1U of
vitamin D may not produce acute vitamin D intoxication, characterized by hypercalcemia
and hyperphosphatemia, it is difficult to rule out that a dose of vitamin D that is 25-fold
higher than the daily tolerable dose produced a side effect on preexisting vascular
calcification in 77-year-old people with isolated systolic HTN. This may have compromised
the antihypertensive effect of vitamin D in this trial.

In support of this idea, Pfeifer et al. [75] treated 75-year-old people (mean BP 144/85
mmHg, 25(OH)D 10.1 ng/ml, n=74) with 800 IU vitamin D plus 1,200 mg calcium daily for
eight weeks. They found a significant increase in 25(OH)D levels and a reduction in systolic
BP by administration of vitamin D plus calcium compared with calcium alone. Obviously,
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well-designed placebo-controlled trials using 2,000 to 3,000 1U vitamin D alone daily to
treat patients with isolated systolic HTN and vitamin D deficiency are warranted.

The most significant advantage of vitamin D supplementation over other antihypertensive
medications in treating vitamin D deficiency-induced HTN is the fact that it is a natural
product that treats this kind of HTN and is specifically directed at the underlying etiology.
Sufficient vitamin D supplementation would clinically cure HTN. Other antihypertensive
medications may also reduce vitamin D deficiency-induced HTN through the same final
signaling pathway, but their effects are temporary and nonspecific, daily treatment is
needed, and side effects are difficult to avoid. However, vitamin D supplementation
combined with three or more antihypertensive medications that may overlay the role of
vitamin D shows no effect on the reduction of BP in a hypertensive cohort. For example,
Witham et al. [80] administered vitamin D to 34 patients with resistant HTN who had BP
>140/90 mmHg and took three or more antihypertensive agents for six months. They found
vitamin D supplementation did not reduce BP in these patients. In addition, the
administration of intermittent and high-dose vitamin D in this trial might be a factor in the
negative results.

Finally, patients with EH who do not have vitamin D deficiency usually caused by other risk
factors may not benefit from vitamin D treatment. While several trials have shown that
vitamin D reduced BP in vitamin D-deficient hypertensive patients [37, 63-65, 67, 68, 101],
Pilz et al. [102] found no antihypertensive effect of vitamin D on a hypertensive cohort with
37% vitamin D-deficient patients (mean 25(OH)D level of 22 ng/ml). Similarly, Larsen et
al. [65] found no significant BP reduction in a hypertensive cohort with mean 25(0OH)D 23
ng/ml; however, in a post-hoc subgroup analysis of patients with 25(OH)D levels lower than
32 ng/ml, a significant BP reduction occurred during vitamin D supplementation. These
results suggest that the administration of vitamin D to hypertensive cohorts with fewer than
40% participants with vitamin D deficiency will obscure the role of vitamin D in vitamin D-
deficient EH patients. In Pilz's study [102], taking an average of two antihypertensive drugs
also played a role in the negative results. In addition, while several recent trials showed that
vitamin D reduced [103-105] or had no effect [106] on triglyceride levels, Pilz's study [102]
found a modest increase in triglyceride levels within the normal physiological range.
Whether the modest variation in triglyceride levels has any clinical significance needs
further investigation.

Mechanistic Link between Vitamin D Deficiency and BP

Studies of EH caused by deficient vitamin D signaling are difficult in clinical settings, where
establishment of vitamin D-deficient models is unrealistic and opportunities for invasive
study are limited. Two genetically engineered mouse models and a diet-induced rat model
have consistently shown that inhibition of vitamin D signaling leads to HTN. Several
biological mechanisms relating vitamin D deficiency and HTN have been proposed.
However, the exact mechanisms remain largely unknown.
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Vitamin D Deficiency and Increased Renin Expression

Renin is synthesized and released by the juxtaglomerular (JG) cells of the kidney and plays
an important role in BP regulation by stimulating the production of Ang Il and aldosterone,
both of which contribute to HTN. Therefore, modest (~2-2.5 fold) elevation in renin levels
in the mouse models [30, 107], which was not observed in the rat model with residual VDR
signaling [108], has been proposed to account for high BP. However, this effect has not been
rigorously confirmed experimentally. Our VDR-null mice developed HTN and also
displayed a 2-fold elevation in renal renin levels [29]. However, while disruption of the
peroxisome proliferator-activated receptor gamma locus in renin-producing JG cells led to a
2-fold increase in renin mRNA levels and plasma renin levels (a scenario similar to VDR
mice), JG cell-specific peroxisome proliferator-activated receptor gamma knockout mice
display normal BP [109]. This indicates that 2-fold elevated renin expression in VDR™- mice
is less likely to mediate VDR deletion-induced HTN. JG cell-specific VDR transgenic mice
reduced renin gene expression by 50% and displayed normal BP [110], further suggesting
that a modest change in renin gene expression might not exert a significant influence on BP.
Furthermore, treatment with VD3 or its analogues reduced BP in spontaneously
hypertensive rats [111-114] with low or normal renin levels [115-118] and Ang Il-induced
mouse HTN, a renin-independent HTN model [119]. These results indicate that vitamin D
reduces BP in hypertensive animals independent of renin levels. Taken together, the above
evidence supports the notion that modestly elevated renin levels observed in mouse models
might not play an important role in vitamin D signaling deficiency-induced HTN. Therefore,
the molecular mechanisms underlying impaired vitamin D signaling-induced HTN remain to
be elucidated.

Vitamin D Deficiency and High PTH and Low Calcium Levels

VDR-null and 1a-hydroxylase-null mice develop HTN accompanied by secondary
hyperparathyroidism and low serum calcium levels, which are also commonly seen in
patients with vitamin D deficiency. Low levels of ionized calcium can stimulate the
calcium-sensing receptor of the parathyroid gland, leading to the release of PTH. Increased
PTH levels have been shown to be associated with HTN [120-122]. Although the underlying
mechanisms for the association between PTH and BP is unclear, the fact that intravenous
infusion of PTH increased BP in healthy individuals [121] suggests that higher PTH levels
may contribute to the development of HTN. However, both VDR knockout and 1a-
hydroxylase-deficient mice still displayed hypertensive phenotypes when administered a
special diet enriched with calcium and phosphorus [123] to maintain normal plasma calcium
and phosphorous levels and near normal PTH levels. These data suggest that hypocalcemia
and hyperparathyroidism play minor roles in vitamin D signaling deficiency-induced HTN.

Vitamin D Deficiency and Endothelial and VSM Cells in Vessel Walls

The fundamental characteristic of EH is increased peripheral resistance due to enhanced
vascular tone. This is predominantly determined by direct or indirect dysfunction of
endothelial and VSM cells. Vitamin D deficiency has been demonstrated to have a direct
effect on the vasculature, leading to increased vascular resistance [124]. Although severe
vitamin D signaling deficiency in several animal models has clearly been shown to lead to
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HTN, it remains largely unknown which vasomotor signaling dysfunction mediates vitamin
D deficiency-induced HTN. Since our endothelial cell-specific VDR knockout mice display
normal BP [125], the finding suggests that endothelial dysfunction plays a limited role in
vitamin D deficiency-mediated HTN. We showed that VD3 negatively regulates endothelin
(ET) and Ang ll-induced VSM cell proliferation [126, 127], indicating that activated VDR
deficiency might enhance ET and Ang Il signhaling-induced vasoconstriction. We also
demonstrated that VD3 upregulated the expression of guanylyl cyclase (GC)-A in VSM
cells [128], which would stimulate cGMP production, leading to vasodilation. These data
imply that VDR signaling defects may downregulate GC-A expression and activity in VSM
cells, subsequently diminishing GC-A/(cGMP) signaling, leading to impaired vasodilation.
A recent study has shown that sodium nitroprusside-induced vessel dilation was
significantly reduced in vitamin D-deleted female rats [129], suggesting that it may involve
nitric oxide-sensitive GC in the nitric oxide -GC-cGMP pathway. Further studies will be
needed to elucidate the specific signal responsible for dysfunction of vasoconstriction and
vasodilation in VSM cells of vitamin D signaling-deficient animals.

Vitamin D Deficiency and Increased Sympathetic Nervous Activity

Increased central or renal sympathetic activation has been shown to be an important factor in
the pathogenesis of human HTN. So far, no data have displayed that vitamin D deficiency
directly affects sympathetic nervous activity. However, it is possible that vitamin D
deficiency may enhance the downstream signaling response induced by increased
sympathetic activities. For example, Ang Il induces HTN through increased central nervous
activity-mediated T cell activation and perivascular infiltration [130], and vitamin D has
been shown to suppress effector T cell activity [131]. Thus, vitamin D deficiency may
accelerate sympathetic outflow-stimulated T cell response.

Potential Candidate Genes Responsible for Vitamin D Deficiency-induced HTN

As mentioned above, vitamin D exerts its action through direct or indirect binding to its
cognate nuclear VDR. Any gene with a genomic position occupied by activated VDR or
indirectly regulated by VD3/VDR signaling leading to increased or decreased transcription
and function involved in the regulation of BP should be a candidate molecule in the
signaling pathway responsible for vitamin D deficiency-mediated HTN. For example, using
chromatin immunoprecipitation with a next-generation sequencing approach, Ramagopalan
et al. [132] defined activated VDR binding to and increased expression of potassium
intermediate/small conductance calcium-activated channel, subfamily N, member 4,
(KCNN4). KCNN4 encodes the KCa3.1 protein, which promotes VSM relaxation. Genetic
deletion of KCNN4 led to elevation of BP [133, 134]. We also showed that activated VDR
upregulated GC-A expression through directly binding to its promoter in VSM cells [128].
GC-A knockout mice developed HTN [135, 136]. Whether these two potential candidate
genes contribute to vitamin D deficiency-induced HTN remains to be determined.

We deleted floxed VDR in the germline, generating global VDR knockout mice that are
hypertensive [29]. We recently found a candidate gene by microarray analysis that increased
its expression in VDR-null hypertensive mice. Double deletion of VDR and the candidate
gene normalized VDR-null induced HTN (unpublished data), suggesting that its
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overexpression plays a critical role in the development of VDR-null-induced HTN. While
the detailed molecular mechanism by which the candidate gene is regulated by vitamin D
signaling is under investigation, we found that Ang Il-induced HTN, and increased
mesenteric resistance vessel tone and the candidate gene expression in the vascular walls,
were significantly inhibited by the vitamin D analog paricalcitol. We also found that VD3
and paricalcitol suppressed Ang I1-stimulated, but not basal promoter activities, MRNA, and
protein levels of the candidate gene in VSM cells. Actually, the mice with deletion of the
candidate gene display normal BP (unpublished data), suggesting that impaired basal
expression of the gene can be well compensated physiologically in the regulation of normal
BP. Taken together, these data suggest that VD3 exerts an antihypertensive role through
reduction of the candidate gene overexpression and is unable to lower basal BP through the
change in the basal gene expression. These support the clinical intervention results, as
discussed above, that vitamin D supplementation reduced BP in hypertensive participants
but not in normotensive individuals.

VSM cells and CD4* T cells participate in BP regulation in EH. We have successfully
developed smooth muscle-specific VDR knockout mice by crossing floxed VDR mice with
mice expressing tamoxifen-inducible Cre under control of smooth muscle-specific myosin
heavy chain (smMHC-CreERT2) (unpublished data). The generation of CD4* T cell-specific
VDR-null mice is ongoing. The progress in our basic and clinical research, combined with
six large randomized, placebo-controlled trials ongoing in Europe (FIND, VIDAL,
DOHealth, and HYPODD), the United States (VITAL), and New Zealand (ViDA) will
promote a better understanding of vitamin D deficiency-induced HTN and determine the
role of vitamin D supplementation in the prevention and treatment of EH in specific
populations.

Conclusion

EH is caused by multiple factors acting through genetic and environmental determinants in
an age-related manner. Vitamin D deficiency as an environmental risk factor favors
increased vascular tone, which may not play an important role in the regulation of normal
BP homeostasis but serves as a trigger to contribute to the development of EH in vulnerable
middle-aged people (Fig. 2). Accumulating evidence from animal models and observational
human studies strongly support the hypothesis that vitamin D deficiency contributes to EH.
Pooled data from previous clinical trials have produced mixed results. The evidence
provided in this article clearly shows that an appropriately high dose of vitamin D can
normalize or nearly normalize blood 25(OH)D levels and significantly reduce BP in
hypertensive cohorts with vitamin D deficiency. Of note, a few trials did not observe
vitamin D's antihypertensive effect. However, these negative results could be due to
suboptimal study design, including confounding effects of other antihypertensive
medications that overlap with the antihypertensive effect of vitamin D, cohorts with <40%
of participants with vitamin D deficiency, and either low or exceptionally high levels of
vitamin D intake. Treatment of vitamin D-deficient or -insufficient normotensive individuals
with vitamin D for a short period results in minimal effects on BP. However, it is possible
that the ongoing five-year VITAL trial, which is using a high dose of vitamin D
supplementation daily in a cohort at the age susceptible to EH, will prevent the development
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of HTN by eliminating vitamin D deficiency as a trigger for its development. The
hypothesis, coupled with our clinical research progress and detailed mechanistic study, will
provide a theoretical basis for a large clinical trial conducted in a well-defined population. If
successful, vitamin D supplements for the treatment of EH in a specific population will not
only be a significant breakthrough that dramatically improves clinical practice for EH
intervention, but also substantially decreases the public heath burden of the management of
EH.
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Synthesis of natural product, vitamin D in the regulation of calcium, phosphorous, bone
metabolism, BP and cardiovascular function. PT: Parathyroid glands. BP: blood pressure.
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Figure 2.

The effect of vitamin D supplementation on BP. A: When people have a stable balance
between vasodilatory (V-Dil) and vasoconstrictory (V-Con) factors to maintain normal BP,
vitamin D deficiency (D-Dif) and vitamin D supplementation (D-Sup) in a relatively short
period have a minimal effect on BP. B: When people have an unstable balance between
vasodilatory and vasoconstrictory factors, vitamin D deficiency becomes a risk trigger to
promote the development of HTN at age >45 years; vitamin D repletion is able to reduce BP
in this setting.

l BPin HTN

J Am Soc Hypertens. Author manuscript; available in PMC 2016 November 01.



Page 25

Chenetal.

Author Manuscript

N_LH 40 ¥su pue d(HO)Sz ewse|d usamiag UO1LII0SSe ON
NLH 40 8ouapioul JayBiy ynm pereroosse a(HO)Sz 4amo
N.LH 40 3sH pue d(HO)Gz ewiseld Usamiag UOIIRIO0SS. 8SIBAUI Uy
N_LH uapioul pue a(HO)SgZ Usamiag UuoIe1dosse oN

N.LH 91]01SAS JO 3{SII pasealoul Ym paje1dosse Q(HO)SZ JomoT
A(HO)SZ pue dgs UaamIag UOLIRII0SS. 8SI8A3)

N_LH Jo aousjenasd ybiy o1 palejal a(HO)Sz padnpay

N.LH uapiout Jo 3su ybiy o1 parejal Q(HO)SZ oMo

N.LH 40 aouajenald pue A(HO)SZ UsaMmIag UoI¥eIoosse ON
A(HO)SZ pue 9GS UBaMIB] UOITRIJOSSE 8SIaN8I W

N.LH J0 32ua[enald paseaou] ynm a(HO)Sz pasessdad
30UBPIAUI NLH UMM UONRID0SSE S|aAs] A(HO)SZ oMo
80UaPIdUI NLH UMM Uo11e190sse S|ans] d(HO)SZ paonpay

N.LH J0 32ua[enald paseaou] ynm a(HO)Sz pasessdad

N_LH 40 aouajenaid paseatou] yum a(HO)SZ 1amo

a(HO)SZ pue dgsS Uaamiag UOIIRIIOSSE 8SIaNal

N_LH uspioul 10 dg 01 palejas sBuipuly Jofein

o
€9t
14
14

801y

(sa1eak) dn-mojjo4

€98'y
v0ST'Y
S69
GeT'y
695
12'c
v8Y'T
T18'T
0ee'y
ST¢'6
09¥'T
0€0'y
S6v'y
cel'e
880'GT
7921
(N) siuedionued

(€9) [e 18 s1jobuepy
(2¥) Ie 19 Uosispuy
(¥S) 1e 18 Buepy

(TS) Ie 18 apuor

(05) e 18 UYL

(29) 1e 19 8

(8v) Ie 10 UeWIOL

(67) 12 18 UBWIOS

(Sb) 1219 2 19 Aqees
(ev) 1e 10 webeleueqes
(6€) Ie 19 0oyoobliog
(TY) 1210 G Ja30dZIUIH
(0v) 1218 ZA 1581104
(8€) e 19 LEpURYG
(ev) re 1o sumei

(¥¥) [e 10 BBeIOS
(2d) Joupny

T alqel

Author Manuscript

Author Manuscript

(N_LH) uoisusalaadAy Jo souajenaud Jo (4g) aanssaiad poojq pue a(HO)SzZ usamiag diysuonejad sy

Author Manuscript

J Am Soc Hypertens. Author manuscript; available in PMC 2016 November 01.



Page 26

Chenetal.

"dnoJb ogadejd yum patedwod 4g Jo uononpas Apuedisiubis e syuasaidal

"

(9°0-) das

(¢'1-/8°0-)dg U-vz
(p/e@ urwena
N1 000T Jed ¥'7-)dgS £ (07~ 'v'€- '99'0-)dES
(v'z-1'9-) daa/das »
(Lsmss)
d9a/dgs U-vZ  siuaned Juarounsul
@ uwenA 1T Ul (2'v-/2'9-) dad/dsas U-vey
(€-1v-) d8Q/dgs Y-z
7 "Siuatted JusiolgNsul @ uelA 26 ul (T-/€-)
d€a/dgs U-vz (£-)dgs-0 pue (9-) das »

(€6 -)dgs Jo (z'8-) das ¢

(v1-) dgs #

(9- /9-) d9Q/dES U-v2 #
(BHWwW) dg

0S

€€

9% pue 5'0E

¢S

123

1474

¢gloGe

TC

09
(Jw/Bu) a(HO)sz

(dg pue a(HO)sz u1 sabueyo ayy) sbulpuld

sypuow 9T 4o} yauow/N | 00T'00T
‘syuow g 10} N1 000'00Z €Q UIWENA

(ege=u
‘$3m ) Alrep N1 000y €Q UIWENA

(€8z=U ‘M ZT) Ajrep
N1 0007 ‘000°Z ‘000'T £Q UIWENA

(zp=u
‘SIM 8) APfaM 000°0S £ UIWEUA

(9zT=U
‘$3m ) Alrep N1 0002 €Q UIWENA

(zTT=U
‘$¥M 02) AlTrep N1 000°E £Q UIWENA

(T9=U 'ssim
8) 82U0 N1 000°00Z 40 T ZA UIWENA

(ye=u
‘$¥M8) 80U0 NI000‘00T ZQ UIWENA

(81=U
‘M 9 ‘Apfeem-so1y1) gAN Apoq |In4

uonuaAIaIU|

6¢

9T

9T

8T

6T

€

8T

ST

€¢

ST

8¢

0§

00T

00T

00T

1A

(sbnup
NLH-nue
Burer %z8)
papiaoid 10N

00T

s108lgns

(Jw/Bu) a(HO)SZ ues NLH 40 %

8y

9¢

1§

9

59

(saA) 9By uea|y

(16) 1e 10 BBeIOS

(58) 1e 18 vlOIY

(¥9) Ie 10 uewIO4

(99) I8 10 LeyRZON

(€9) e 18 UBYD

(59) e 18 UBSIET]

(89) Ie 18 Weynm

(29) 1e 30 uabpns

(£€) [e 10 Bsnesy

(33 Joyny

Aauaioiynsui 1o Aousaioijap @ ulweliA yim syusned anisusidadAy ul 4g uo uoneiuswsalddns @ ulwellA Jo 19948 ay L

Author Manuscript

¢ ?dlqel

Author Manuscript

Author Manuscript

Author Manuscript

J Am Soc Hypertens. Author manuscript; available in PMC 2016 November 01.



