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Health eftects of vitamin D
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ABSTRACT: Increasing data suggest that many or most adults in the United States and Europe would
benefit from vitamin D supplements. This review summarizes the benefits of vitamin D with the
strongest evidence today from randomized controlled trials for fall and fracture prevention.

Beyond fall and fracture prevention, vitamin D may also reduce overall morbidity by multiple mecha-
nisms. Prospective epidemiological studies supported by strong mechanistic evidence suggest a reduc-
tion of cardiovascular disease (incident hypertension and cardiovascular mortality) and colorectal
cancer, extending to weaker evidence on immune-modulatory and anti-inflammatory benefits of

vitamin D.
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Strongest evidence: vitamin
D benefits on fall and
fracture prevention

Vitamin D modulates fracture risk in two ways: by
decreasing falls and increasing bone density. Two
most recent meta-analyses of double-blind ran-
domized controlled trials came to the conclusion
thatvitamin D reduces therisk of fallsby 19% (1), the
risk of hip fracture by 18%, and the risk of any non-
vertebral fracture by 20% (2); however, this benefit
was dose dependent. Fall prevention was only
observed in trial of at least 700 international units
(IU] vitamin D per day, and fracture prevention
required a received dose (treatment-dose adher-
ence) of more than 400 IU vitamin D per day.
Antifall efficacy started with achieved 25-
hydroxyvitamin D [25(0OH)D] levels of at least
60 nmol/L (24 ng/mL) (1), and antifracture efficacy
started with achieved 25(0OH)D levels of at least
75 nmol/L (30 ng/mL) (2), and both end points
improved further with higher-achieved 25(OH)D
levels.
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Based on these evidence-based data derived
from the general older population, vitamin D
supplementation should be at least 700 to 1000 IU
per day and taken with good adherence to cover the
needs for both fall and fracture prevention.

Vitamin D: its role in muscle health

In humans, four lines of evidence support a role of
vitamin D in muscle health. First, proximal muscle
weakness is a prominent feature of the clinical
syndrome of vitamin D deficiency (3). Vitamin D
deficiency myopathy includes proximal muscle
weakness, diffuse muscle pain, and gait impair-
ments such as waddling way of walking (4). Second,
vitamin D receptor (VDR) is expressed in human
muscle tissue (5), and VDR activation may promote
de novo protein synthesis in muscle (6). Suggesting
a role of vitamin D in muscle development, mice
lacking the VDR show a skeletal muscle phenotype
with smaller and variable muscle fibers and persis-
tence of immature muscle gene expression during
adult life (7,8). These abnormalities persist after
correction of systemic calcium metabolism by a
rescue diet (8). Third, several observational studies
suggest a positive association between 25(0OH)D
and muscle strength or lower extremity function
in older persons (9,10). Finally, in a number of
double-blind randomized controlled trials, vitamin
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D supplementation increased muscle strength and
balance (11,12), and reduced the risk of falling in
both community-dwelling (12-14) and institution-
alized individuals (11,15). Notably, a study by
Glerup and colleagues suggest that vitamin D defi-
ciency may cause muscular impairment even
before adverse effects on bone occur (3).

A dose-response relationship between vitamin
D status and muscle health was examined in The
Third National Health and Nutrition Examination
Survey (NHANES III) including 4100 ambulatory
adults aged 60 years and older. Muscle function
measured as the 8-foot walk test and the repeated
sit-to-stand test was poorest in subjects with the
lowest 25(0OH)D (below 20 nmol/L) levels (10).
Similar results were found in a Dutch cohort of
older individuals (9). Notably, although from the
smaller Dutch cohort a threshold of 50 nmol/L has
been suggested for optimal function (9), a thresh-
old beyond which function would not further
improve was not identified in the larger NHANES
IIT survey, even beyond the upper end of the refer-
ence range (>100 nmol/L) (10). In NHANES III, a
similar benefit of higher 25(OH)D status was docu-
mented by gender, level of physical activity, and
level of calcium intake.

These associations between higher 25(0H)D
status and better function observed in epidemio-
logic studies in the United States and Europe were
confirmed by three recent double-blind random-
ized clinical trials (RCTs) with 800 IU vitamin D3
resulting in a 4-11% gain in lower extremity
strength or function (11,12), and in an up to 28%
improvement in body sway (12,14) in older adults
aged 65+ years, within 2 to 12 months of treatment.

A dose-dependent benefit of vitamin D in regard
to fall prevention was suggested by a 2004 meta-
analysis (16) and a recent multidose double-blind
RCT among 124 nursing home residents receiving
200, 400, 600, or 800 IU vitamin D compared to
placebo over a 5-month period (15). Participants
in the 800 IU group had a 72% lower rate of falls
than those taking placebo or a lower dose of
vitamin D (rate ratio = 0.28; 95% confidence inter-
val (CI) = 0.11-0.75) (15). Including this trial, a
most recent meta-analysis of eight high-quality
double-blind RCTs (n = 2426) found significant
heterogeneity by dose (low-dose: <700 IU/day
versus higher dose: 700 to 1000 IU/day; p-value
0.02) and achieved 25(0OH)D level (<60 nmol/L
versus =60 nmol/L; p-value = 0.005) (1). Higher-
dose supplemental vitamin D between 700 to
1000 IU per day reduced fall risk by 19% (pooled
relative risk (RR) = 0.81; 95% CI, 0.71-0.92; n =
1921 from seven trials) versus a lower dose that
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did not decrease risk (pooled RR = 1.10, 95% CI,
0.89-1.35 from two trials). Additionally, achieved
serum 25(0OH)D concentrations less than
60 nmol/L did not reduce the risk of falling
(pooled RR = 1.35, 95% CI, 0.98-1.84). Notably, at
the higher dose, this meta-analysis documented a
significant 38% reduction in the risk of falling with
treatment duration of 2 to 5 months, and a sus-
tained significant effect of 17% fall reduction with
treatment duration of 12 to 36 months. Thus, ben-
efits of vitamin D on fall prevention are rapid and
sustained provided a high enough dose is pro-
vided. Notably, subgroup analyses for the preven-
tion of falls at a dose of 700 to 1000 IU per day
suggested a benefit in all subgroups of the older
population, and possibly better fracture reduction
with D3 compared to D2. Also, at the higher dose,
fall reduction was not increased in one trial that
combined vitamin D with a calcium supplement
compared to the main effect of vitamin D (1).

Vitamin D: its role in bone health

A threshold for optimal 25(OH)D and hip bone
mass density (BMD) has been addressed among
13,432 individuals of NHANES III including both
younger (20-49 years) and older (50+ years) indi-
viduals with different ethnic racial background
(17). In the regression plots, higher serum 25(0OH)D
levels were associated with higher BMD through-
out the reference range of 22.5 to 94 nmol/L in
all subgroups. In younger whites and younger
Mexican Americans, higher 25(OH)D was associ-
ated with higher BMD even beyond 100 nmol/L.

Consistently, a 2009 meta-analysis of 12 double-
blind RCTs for nonvertebral fractures (n = 42,279)
and eight RCTs for hip fractures (n = 40,886) found
that antifracture efficacy of vitamin D is dose
dependent and increases significantly with a
higher achieved level of 25(OH)D in the treatment
group starting at 75 nmol/L (2). No fracture reduc-
tion was observed for a received dose of 400 IU or
less per day, whereas a higher received dose (dose
multiplied by adherence) of 482 to 770 IU supple-
mental vitamin D per day reduced nonvertebral
fractures by 20% (pooled RR = 0.80; 95% ClI, 0.72—
0.89; n = 33,265 from nine trials) and hip fractures
by 18% (pooled RR = 0.82; 95% CI, 0.69-0.97; n =
31,872 from five trials). Notably, subgroup analyses
for the prevention of nonvertebral fractures with
the higher received dose suggested a benefit in all
subgroups of the older population, and possibly
better fracture reduction with D3 compared to D2,
whereas additional calcium did not further im-
prove antifracture efficacy.
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In August 2007, a review and meta-analysis com-
missioned by the US Department of Health and
Human Services addressed the effect of vitamin
D supplementation on all fractures in postmeno-
pausal women and men ages 50 years and older
(18). The pooled results for all fractures included 10
double-blinded and three open design trials (n =
58,712) and did not support a significant reduction
of fractures with vitamin D (pooled odds ratio (OR)
=0.90; 95% CI 0.81-1.02). The report suggested that
the benefit of vitamin D may depend on additional
calcium and may be primarily seen in institution-
alized individuals, which is consistent with the
meta-analysis of Boonen et al. performed in the
same year (19). However, in both reports, heteroge-
neity by dose may have been missed due to the
inclusion of open design trials plus a dose evalua-
tion that did not incorporate adherence. Biologi-
cally, the exclusion of heterogeneity by dose seems
implausible even if a formal test of heterogeneity is
not statistically significant.

Also, in 2007, Tang and colleagues suggested in
their meta-analysis that together with calcium
supplementation, a daily intake of 800 [U vitamin
D or more increases total fracture reduction by 3%
compared to daily doses of vitamin D less than
800 IU. However, with their focus on calcium, the
authors excluded four high-quality trials of vitamin
D alone compared to placebo (20-23).

Adding calcium to vitamin D for bone health

The pooled RR reduction was 21% with or without
additional calcium for the higher dose of vitamin D
based on the 2009 meta-analysis. Previous meta-
analyses may have missed this finding due to their
analyses including all doses of vitamin D. Physi-
ologically, the calcium-sparing effect of vitamin D
may explain why there was no additional benefit
of calcium supplementation at a higher dose of
vitamin D in the 2009 meta-analysis (24,25).

The calcium-sparing effect of vitamin D is sup-
ported by two recent epidemiologic studies sug-
gesting that both PTH suppression (25) and hip
bone density (26) may only depend on a higher
calcium intake if serum 25(OH)D levels are very
low.

Thus, as calcium absorption is improved with
higher serum 25(OH)D levels (25,27), future studies
may need to evaluate whether current calcium
intake recommendations may require downward
adjustment, especially with higher doses of
vitamin D (27). If dietary calcium is a threshold
nutrient, as suggested by Dr. Heaney (19), then the
threshold for optimal calcium absorption may be

at a lower calcium intake when vitamin D supple-
mentation is adequate.

Cardiovascular disease

The development of mice lacking the receptor for
vitamin D (VDR) provided insight into the global
physiologic role of vitamin D. Mice lacking the VDR
have impaired mineralization of bone, have small
and variable muscle fibers, suffer from hyperten-
sion, and die of congestive heart disease (29).

Data from epidemiologic studies on the RR of
incident hypertension (30), cardiovascular (31),
and all-cause (31) mortality show an inverse asso-
ciation between higher 25(OH)D levels and lower
disease risk. For all end points, the desirable
median serum 25(0OH)D level associated with the
lowest risk was approximately 100 nmol/L in the
different prospective cohort studies.

Epidemiologic findings are supported by two
small RCTs in hypertensive subjects (32) and
community-dwelling women aged 65 years and
older (33). In one trial, within 2 months, supple-
mentation with vitamin D (800 IU/day) plus
calcium (1200 mg/day) decreased systolic blood
pressure (SBP) by 13 mmHg (p = 0.02), diastolic
blood pressure (DBP) by 6 mmHg (p = 0.10) and
heart rate by 4 beats/minute (p = 0.02) compared
to calcium alone (1200 mg/day) (33). Similarly, in
a randomized controlled trial by Krause and col-
leagues, ultraviolet-B (UVB) irradiation signifi-
cantly lowered SBP by 6 mmHg [-14;-1] and DBP
by 6 mmHg [-12;-2] within 6 weeks as compared to
ultraviolet-A (UVA) irradiation (32). 25(OH)D levels
increased in the UVB group from 58 to 151 nmol/L,
whereas there was no increase in the UVA group.

Mechanistically, Li and colleagues found that
renin and angiotensin II expression was increased
in mice lacking the VDR, leading to vasoconstric-
tion (34). In humans, the stimulation of the renin—
angiotensin system has been associated with
hypertension, myocardial infarction, and stroke
(35,36). Furthermore, several studies suggest a
potential anti-atherosclerotic activity of vitamin D.
The VDR is present in vascular smooth muscle
(37,38), and in vitro studies found that 1,25-
dihydroxyvitamin D antagonizes the mitogenic
effect of epidermal growth factor on mesangial cell
growth (39,40). Epidemiologically, a potential anti-
arteriosclerotic effect of vitamin D is supported
by recent findings within NHANES 2001 to 2004,
where across quartiles of 25(0OH)D, from lowest
to highest, the prevalence of peripheral arterial
disease was 8.1, 5.4, 4.9, and 3.7% (p trend <0.001)
(41).
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Colorectal cancer

1,25(0OH),D enhances the differentiation of
normal cells and inhibits proliferation of most
malignant cells, although escape mechanisms
have been described (i.e., loss of the VDR in
cancer cells) (42). Colon cancer cells express the
VDR (43) and 1,25(0OH),D promotes their differen-
tiation (44).

Consistently, most epidemiologic studies that
have found a lower risk of adenoma or colorectal
cancer associated with higher 25(OH)D levels (45—
52) with few exceptions (53). Furthermore, when
the relationships between colorectal cancer and
dietary or supplementary vitamin D have been
investigated in cohort studies of men (54,55) and
women (47,48,56-58) or both sexes (59,60), and
in case-control studies (61-68), the majority of
studies suggested inverse associations of vitamin D
intake with incidence of colon or rectal cancer, or
both (54-57,60,62,64,66,67). Most importantly, all
the studies of colorectal cancer incidence that
accounted for supplementary vitamin D reported
an inverse association (55-57,60,67-69). Finally,
after supplementation with vitamin D, circulating
25(0OH)D levels are inversely associated with the
size of the proliferative compartment in the col-
orectal mucosa in humans (70), and both
1,25(0OH),D and 25(0OH)D reduce proliferation and
increase differentiation in vitro for colorectal
cancer cells (71-74).

A recent meta-analysis of observational studies
that reported risk of colorectal cancer by quintiles
of 25(0OH)D documented a significant dose—
response relationship with a lower risk among
individuals with higher 25(OH)D serum concentra-
tions (p trend <0.0001) (75). According to the
pooled analysis, individuals with serum 25(0OH)D
of approximately 92.5 nmol/L (median of the top
quintile) had a 50% lower risk of colorectal cancer
than those with serum <15 nmol/L in the lowest
quintile (75). Thus, consistent with an earlier
review (76) and supported by a 2004 National Insti-
tute of Health-sponsored symposium on the role of
vitamin D in cancer chemoprevention and treat-
ment (28,77,78), optimal colorectal cancer preven-
tion may be associated with serum 25(0OH)D
concentrations close to 100 nmol/L.

Lending further support to the vitamin D-cancer
hypothesis, an increment of 25 nmol/L in pre-
dicted 25(0OH)D level was associated with a 17%
reduction in total cancer incidence, a 29% reduc-
tion in total cancer mortality, and a 45% reduction
in digestive system cancer mortality in a compre-
hensive prospective analysis from a large male US
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cohort (Health Professionals Follow-Up Study)
(79). Finally, the present author has evidence
today from one moderately sized trial in 1179
community-dwelling postmenopausal women
aged 56 years and older randomly assigned to
receive 1100 IU vitamin D per day plus 400-
1500 mg supplemental calcium per day, calcium
alone, or placebo. Over 4 years, women in the
vitamin D plus calcium and calcium alone groups
had a 60% lower risk of incident cancer (p = 0.01)
(80). In the same trial, achieved serum 25(OH)D
concentration was a significant and independent
predictor of cancer risk (80).

Immune-modulation/
Anti-inflammation

There is an emerging recognition of the role of
vitamin D in the immune response to infectious
agents, such as tuberculous bacteria (81) or viral
and bacterial infectious of the respiratory tract
(82,83). The VDR has a wide presence in cells of the
immune system, including B and T lymphocytes,
neutrophils, and antigen-presenting cells, such as
macrophages (84). For tuberculosis, recent data
show a link between toll-like receptors and vitamin
D-mediated innate immunity, and suggest that
lower 25(0OH)D levels in black individuals may con-
tribute to their susceptibility to microbial infection
(85).

Regarding potential immune-modulatory benefits
of vitamin D, a low 25(0OH)D status has been
repeatedly associated with a higher risk for mul-
tiple sclerosis. A large prospective nested case-
control study among more than 7 million US
military personnel revealed that among whites (but
not blacks), low 25(OH)D levels, especially before
the age of 20 years, was a strong risk factor for
later occurrence of multiple sclerosis (OR for a
50 nmol/L increase of 25(OH)D = 0.59, confidence
limits 0.36-0.97) (86).

Similarly, epidemiologic data suggest that
vitamin D intake in early life may reduce the risk of
type 1 diabetes in later life (87-89). Risk reduction
was 26% with cod liver oil (87), 33% with general
vitamin D supplementation (88), and 78% with
2000 IU per day vitamin D supplementation (89).
These observations point to the importance of pre-
venting vitamin D deficiency in early childhood.
Whether a higher intake of vitamin D during preg-
nancy affects the diabetes risk of the offspring is
less clear; however, in one study, lower levels of
anti-islet cell antibodies were found in children of



Health effects of vitamin D

mothers with a higher food-derived intake of
vitamin D during the third trimester of pregnancy
(90).

High doses of 1,25(0OH),D prevent insulitis and
the onset of type 1 diabetes in VDR(-I-) mice (91)
and non-obese diabetic-prone mice (NOD) (92),
whereas dietary correction of hypocalemia alone is
not preventative. Furthermore, in NOD mice,
vitamin D deficiency appears to accelerate type 1
diabetes (93), which mechanistically may be
explained by altered T-lymphocyte response (94).

Furthermore, laboratory studies among
humans and large epidemiologic studies support
a benefit of higher serum 25(OH)D concentrations
on insulin sensitivity. In one study of 126 healthy
adults, there was a positive correlation between
25(0OH)D serum concentrations and insulin sensi-
tivity as measured with hyperglycemic clamp (r =
0.25) (95). Additionally, in a study of 142 Dutch
men aged 70 to 88 years, 25(0OH)D serum concen-
trations were inversely correlated with serum
insulin levels (r =-0.18 to -0.23) and glucose con-
centrations (r = —0.26) during an oral glucose tol-
erance test (96). In the NHANES III survey,
including adults aged 20 years and older, for
25(0OH)D levels of 81 nmol/L or higher compared
to 43.9 nmol/L or lower, the OR for diabetes
(fasting glucose > or = 7.0 mmol/L) was 0.25 (95%
CI 0.11-0.60) among whites and 0.17 (95% CI
0.08-0.37) among Mexican Americans, without a
difference observed among African-Americans
(97). Furthermore, in the same cohort, serum
25(0OH)D concentrations were inversely associ-
ated with insulin resistance (HOMA-IR), with best
levels observed in the top quartile of 25(0OH)D of
81 nmol/L or higher (98).

In intervention studies, vitamin D supplementa-
tion increased insulin secretion among a small
group of 10 patients with type II diabetes (99),
whereas in another study of 35 type II diabetes
patients, there was no change in insulin secretion
with 1,25(0OH),D treatment (100). In a larger 3-year
randomized controlled trial among 445 individuals
aged 65 years and older treated with either 700 U
vitamin D3 plus 500 mg calcium or placebo, there
was significant effect modification by baseline
fasting glucose (101). Among participants with
impaired fasting glucose at baseline, those who
took combined calcium-vitamin D supplements
had a lower rise in fasting blood glucose at 3 years
compared with those on placebo (p = 0.04) and a
lower increase in HOMA-insulin resistance (p =
0.03). As the present study combined vitamin D
with calcium, the effect may have been caused by
either substances, vitamin D or calcium (102).

Summary

Based on evidence from randomized-controlled
trials, vitamin D supplementation reduces both
falls and nonvertebral fractures, including those at
the hip. However, this benefit is dose dependent.
According to two 2009 meta-analysis of double-
blind RCTs, no fall reduction was observed for a
dose of less than 700 IU per day, whereas a higher
dose of 700 to 1000 IU supplemental vitamin D per
day reduced falls by 19% (1). Similarly, no fracture
reduction was observed for a received dose of
400 IU or less per day, whereas a higher received
dose of 482 to 770 IU supplemental vitamin D per
day reduced nonvertebral fractures by 20% and hip
fractures by 18%. Consistently, fall prevention and
nonvertebral fracture prevention increased signifi-
cantly with higher achieved 25(0OH)D levels in
the 2009 meta-analyses. Fall prevention occurred
with 25(OH)D levels of at least 60 nmol/L up to 95
(1), whereas 75 to 112 nmol/L were required for
nonvertebral fracture prevention (2). Given the
absence of data beyond this beneficial range,
these recent meta-analyses do not preclude the
possibility that higher doses or higher achieved
25(0H)D concentrations would have been even
more efficacious in reducing falls and nonvertebral
fractures.

Vitamin D benefits on cardiovascular health and
colorectal cancer are supported by promising data
from large cohort studies, mechanistic studies, and
small- to moderate-sized RCTs, which demon-
strated a significant reduction for blood pressure
(32,33) and incident cancer risk (80). Further evi-
dence is being collected in large RCTs.

Anti-inflammatory and immune-modulatory
benefits of vitamin D, including benefits on other
cancers, are promising and point to a similar desir-
able range of 75 to 100 nmol/L as documented for
fall and fracture reduction. More evidence from
randomized controlled trials is needed to establish
causality for these endpoints.
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