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Abstract: Although observational studies of health outcomes generally suggest beneficial effects with,
or following, higher serum 25-hydroxyvitamin D [25(OH)D] concentrations, randomized controlled
trials (RCTs) have generally not supported those findings. Here we review results from observational
studies and RCTs regarding how vitamin D status affects several nonskeletal health outcomes,
including Alzheimer’s disease and dementia, autoimmune diseases, cancers, cardiovascular disease,
COVID-19, major depressive disorder, type 2 diabetes, arterial hypertension, all-cause mortality,
respiratory tract infections, and pregnancy outcomes. We also consider relevant findings from
ecological, Mendelian randomization, and mechanistic studies. Although clear discrepancies exist
between findings of observational studies and RCTs on vitamin D and human health benefits these
findings should be interpreted cautiously. Bias and confounding are seen in observational studies
and vitamin D RCTs have several limitations, largely due to being designed like RCTs of therapeutic
drugs, thereby neglecting vitamin D’s being a nutrient with a unique metabolism that requires specific
consideration in trial design. Thus, RCTs of vitamin D can fail for several reasons: few participants’
having low baseline 25(OH)D concentrations, relatively small vitamin D doses, participants’ having
other sources of vitamin D, and results being analyzed without consideration of achieved 25(OH)D
concentrations. Vitamin D status and its relevance for health outcomes can usefully be examined
using Hill’s criteria for causality in a biological system from results of observational and other types
of studies before further RCTs are considered and those findings would be useful in developing
medical and public health policy, as they were for nonsmoking policies. A promising approach
for future RCT design is adjustable vitamin D supplementation based on interval serum 25(OH)D
concentrations to achieve target 25(OH)D levels suggested by findings from observational studies.

Keywords: breast cancer; colorectal cancer; gestational diabetes; preeclampsia; preterm birth

1. Introduction

The year 2022 marks a century since the discovery of vitamin D [1]. The National
Library of Medicine’s PubMed database currently includes 97,024 vitamin D–related publi-
cations, with 73,577 having “vitamin D” in the title or abstract [accessed August 5, 2022].
Most vitamin D research before 2000 was related to skeletal effects. Interest in nonskeletal
effects had become the most important topic of vitamin D research by the year 2000 when
there were 69,090 publications related to vitamin D, 59,104 having “vitamin D” in the title
or abstract. Despite that vast body of literature, considerable confusion remains regarding
vitamin D’s role in determining health outcomes; this mainly results from disagreements
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between findings from observational studies of health outcome associations with serum 25-
hydroxyvitamin D [25(OH)D] concentrations and those from randomized controlled trials
(RCTs) of vitamin D supplementation. Findings in 2014 from the two approaches revealed
widespread disagreement. Observational studies generally reported inverse correlations
between serum 25(OH)D concentrations and health outcomes, whereas RCTs generally
showed no significant health benefits of vitamin D supplementation [2]. Meta-analyses
of prospective cohort studies of nonskeletal disorders had reported significantly reduced
risk for highest versus lowest 25(OH)D concentrations for cardiovascular disease (CVD)
incidence and mortality rates, diabetes incidence, colorectal cancer incidence, but not for
several other cancers [2]. Because of these discrepancies, Autier and colleagues suggested
that observational study findings could be the result of reverse bias—the lowering of
25(OH)D concentrations by illness—and of various biases and confounders inherent to
observational study designs [2]. Some conditions do indeed reduce the level of 25(OH)D
in serum. However, that conclusion ignores the fact that such reductions limit the supply
of 25(OH)D to the tissues, thereby aggravating the effects of vitamin D inadequacy and
might also reflect locally increased intracellular calcitriol formation following compensatory
increases in intracellular 25(OH)D activating enzyme activity in some tissues [3].

By 2017, RCTs had failed to demonstrate significant nonskeletal benefits for vitamin D
except for reductions in common upper respiratory tract infections (RTIs) and in asthma
exacerbations [4–6]. By April 2019, however, RCTs had shown that vitamin D supple-
mentation had beneficial effects for primary prevention of acute RTIs and reduced acute
exacerbations of asthma and chronic obstructive pulmonary disease [7]. The situation
deteriorated further in 2019, when results of two large vitamin D RCTs were reported, the
VITamin D and OmegA-3 TriaL (VITAL) for cancer and CVD risks [8] and the Vitamin D
and Type 2 Diabetes (D2d) trial [9]. Neither trial showed reductions of the disease of interest
based on ‘intention to treat’ when comparing disease incidence between the treatment and
placebo arms. Neither article’s abstract mentioned the beneficial effects that secondary
analyses later reported. Thus, the press reported that vitamin D did not prevent cancer,
CVD, or diabetes and medical and public health bodies, media, and the public thought
vitamin D’s beneficial effects for nonskeletal health outcomes had been disproven.

Observational studies related to vitamin D are generally prospective cohort or nested
case–control studies of health outcomes in relation to baseline serum 25(OH)D concentra-
tions. Participants are enrolled in cohorts or studies and provide blood samples, other
biological data, and information on lifestyle upon recruitment. Serum 25(OH)D concentra-
tions are measured later in standardized assays using deep-frozen serum or plasma samples.
Generally, no further information (beyond details on health status) is gathered from par-
ticipants during the follow-up period, which can last from weeks or months to twenty
years. At the end of follow-up, changes in health status are correlated with baseline serum
25(OH)D concentrations, with adjustments for data on other relevant factors at enrollment.
In nested case–control studies, control subjects may or may not be carefully matched with
cases. Case–control studies also can be done with 25(OH)D concentrations measured near
the time of health events. However, such studies are unreliable for pre-disease serum
25(OH)D concentrations since disease can affect them; for example, severe infections can
reduce 25(OH)D concentrations, an effect that is strongest for acute inflammatory diseases
such as acute RTI [10] and is a concern with COVID-19 [10].

Several observational studies now exist based on vitamin D supplementation with
measurements of 25(OH)D concentrations at baseline and at follow-up. Conditions studied
include breast cancer [11], arterial hypertension [12], myocardial infarction (MI), all-cause
mortality rate [13], and preterm birth [14]. According to a recent review [15], such ob-
servational studies require careful interpretation in light of their inherent limitations, as
discussed later in this review.

Meta-analyses of prospective observational studies of cancer incidence showed signifi-
cant inverse correlations between baseline serum 25(OH)D concentrations and incidence of
10 different types of cancers between 2016 and 2021 (including bladder, breast, colorectal,
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head and neck, liver, lung, ovarian, pancreatic, renal, and thyroid cancer) and a direct
correlation for prostate cancer (Table 5 in [16]). However, without support from RCTs, such
results from observational studies are generally overlooked or ignored.

Data from observational studies of vitamin D obtained from diet have been limited.
The most important was that by Garland and colleagues, associating dietary vitamin D
and calcium with reduced risk of colorectal cancer [17]. The main problem with using
dietary supply values is that dietary sources generally account for only 10–20% of total
vitamin D supply. Solar UVB exposure contributes most, as seen from the seasonal variation
of serum 25(OH)D concentrations [18]. Meat is also an important source of vitamin D,
due to its 25(OH)D content, [19] but 25(OH)D has only recently been included in food
frequency tables.

Classically, RCTs are used to evaluate drugs for treatment of disease. People who
might benefit from taking the drug of interest are invited to participate and, when enrolled,
are randomly assigned to either the treatment or placebo arm. A basic assumption is that
no participants obtain the drug outside the RCT. Drug efficacy and adverse effects are the
investigated outcomes. Pharmacokinetics of new drugs are also characterized to identify
optimum circulating levels of the drug for efficacy and for safety. Safety has often been
studied for vitamin D, but the 25(OH) D concentrations needed for efficacy in different
disorders have been largely ignored for vitamin D RCT designs until recently [20,21].
Moreover, even in the placebo group in vitamin D RCTs, there are no participants without
any vitamin D intake, so that such trials can only compare groups with higher versus lower
vitamin D supply.

Uncontrolled intervention studies of vitamin D to prevent dental caries were con-
ducted on adolescents from 1924 to 1945 [22]. Vitamin D RCTs were first conducted in
about 1973 for treatment of epileptic patients taking anticonvulsant drugs [23] and became
more popular in the early 21st century for studies of disease prevention, being designed in
accordance with the guidelines for trials of therapeutic agents, as discussed.

Most vitamin D RCTs for nonskeletal disorders report no benefits using intention-to-
treat analyses [4]. However, problems with such RCTs have included that few participants
had any degree of vitamin D deficiency [25(OH)D concentrations < 20 ng/mL] and that
moderate, or even unspecified, vitamin D supplementation was permitted in the control or
in both study arms. In addition, vitamin D doses were not optimized to achieve any specific
target 25(OH)D concentration even though specific thresholds have been identified for
many health benefits [15]. Thus, few nonskeletal benefits have been revealed to date from
‘intention to treat’ analyses. However, significant benefits identified have included reduced
cancer mortality rates [24], acute RTI risks [25] and autoimmune disease risks [26], as
mentioned, along with reductions in several adverse pregnancy outcomes, discussed later.

Heaney outlined guidelines for optimizing design and analysis of clinical studies of
nutrients in 2014 [27]:

1. Basal nutrient status must be measured, used as an inclusion criterion for entry into
study, and recorded in the report of the trial.

2. The intervention (change in nutrient exposure or intake) must be large enough to
change nutrient status and must be quantified.

3. The change in nutrient status produced in trial participants must be measured by
validated laboratory analyses and recorded in the report of the trial.

4. The hypothesis to be tested must be that a change in nutrient status (not just a change
in diet) produces the sought effect.

5. Conutrient status must be optimized to ensure that the test nutrient is the only
nutrition-related, limiting factor in the response.

A version of those guidelines specifically for vitamin D also has been published [28].
No large vitamin D RCTs reported to date for prevention of chronic and infectious diseases
have followed these guidelines, partly because most of the trials were designed before
2014. Most RCTs still fail to use 25(OH)D concentrations as a criterion for participation.
If they did, enrolling the desired number of participants would be hard. Many RCTs do
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not measure baseline or achieved 25(OH)D concentrations of any, let alone all, partici-
pants. Vitamin D3 doses generally range from <1000 to 2000 IU/d and up to ~100,000
IU/month, with some trials using 4000 IU/d. No large vitamin D RCTs have yet opti-
mized co-nutrient status. Magnesium concentration, for example, plays an important
role in vitamin D metabolism and affects serum 25(OH)D concentrations upon vitamin
D supplementation [29], and magnesium deficiency is common [30]. By contrast, some
vitamin D RCTs gave the treatment arm calcium supplements which do not affect 25(OH)D
concentrations but can affect health outcomes [31]. For example, calcium supplements but
not high dietary calcium intakes may increase the risk of CVD [32].

Pilz and colleagues have also discussed secondary outcomes and subgroup analyses,
noting that those analyses reported some beneficial effects of vitamin D supplementation
but that they should be considered “explorative outcome” analyses [15]. The case could be
made that even though the researchers did not propose looking for such outcomes in the
trial design, if good mechanistic data exist to suggest that such results could be expected,
they should be considered useful trial findings, especially since, given the large cost and
effort needed to conduct large-scale vitamin D RCTs, it is doubtful that any further such
trials will be carried out, as discussed later.

Mendelian randomization (MR) studies examine how genetic variation—typically
single-nucleotide polymorphisms (SNPs)—affects health outcomes through the vitamin
D pathways. Polymorphisms affecting serum 25(OH)D are used as proxies for long-term
vitamin D provision [33]. SNPs are not thought to change in response to behavior or disease
experiences, so that they should not be affected by confounding factors and are deemed
suitable for assessing causality. However, whether epigenetic effects can modulate the
effects of genetic variants throughout adulthood is the subject of ongoing research [34–36].
A total of 143 genetic variants associated with vitamin D have been identified in the UK
Biobank dataset [37], and recent MR studies have used up to 77 SNPs [38]. Another recent
study used 35 SNPs, accounting for 2.8% of the variation in 25(OH)D in the UK Biobank
dataset [39]. MR analyses generally require many thousands, often ~100,000 participants,
to obtain sufficient statistical power. Whereas linear MR analyses have indicated some
significant effects of vitamin D, nonlinear analyses [for different levels of participant vitamin
D status] may be more appropriate, since vitamin D effects are non-linear, particularly
when J- or U-shaped curves are expected a priori [39,40].

Geographical and temporal ecological studies have been used to identify diseases
affected by solar UVB exposure, an index for vitamin D production. Annual solar radiation
was shown to be inversely correlated with U.S. colon cancer mortality rates by the brothers
Garland in 1980 [41], who hypothesized vitamin D production as the mechanism. Many
more ecological studies of cancer incidence and/or mortality rates with respect to indices
of solar UVB doses have since been reported [16].

Ecological studies are often considered hypothesis generating and, indeed, have led
to many further studies exploring vitamin D’s role in reducing cancer risks [16]. Many
other diseases also have incidence and/or mortality rates inversely correlated with solar
UVB doses: anaphylaxis/food allergy, atopic dermatitis and eczema, attention deficit–
hyperactivity disorder, autism, back pain, cancer, dental caries, type 1 diabetes, hyperten-
sion, inflammatory bowel disease, lupus, mononucleosis, multiple sclerosis (MS), Parkinson
disease, pneumonia, rheumatoid arthritis, and sepsis. [42]; all those diseases have also
been linked to low 25(OH)D concentrations. Unfortunately, geographical ecological stud-
ies are considered weak, not just being hypothesis generating, but because unmodeled
confounders (residual confounding) might explain the findings. However, two ecological
studies have looked at cancer mortality rates for whites in the United States with respect to
summertime solar UVB doses. The findings with UVB alone [43] were later found to be
virtually unchanged after including other cancer risk–modifying factors such as alcohol
consumption, Hispanic heritage, lung cancer (as a proxy for smoking and diet), poverty,
and degree of urbanization [44]. For diseases where solar UVB doses have been inversely
correlated with risk, no non–vitamin D effects are apparent from UVB exposure. However,
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for diseases with pronounced seasonal variations, such as CVD, hypertension, and RTIs,
it appears that UVA-induced increases in serum nitric oxide (NO) as well as changes in
temperature could also affect risk [45], though those diseases show no significant inverse
correlations with annual UVB doses.

Reconciling differences between observational studies and RCTs regarding vitamin
D is important for several reasons. One is that observational studies are generally not
considered able to establish causality because some degrees of bias and confounding can
never be totally excluded. For example, ‘associations’ could be due to unmodeled factors
such as non–vitamin D health benefits of UV exposure [45]. RCTs are generally considered
able to show causality and are relied on in medicine and public health policies for guidance
but major vitamin D RCTs for nonskeletal effects have not shown any significant effects
in primary outcome analyses. By contrast, MR studies are now reporting significant
inverse correlations between genetically determined 25(OH)D concentrations and the risk
of diseases such as CVD [40]. If observational studies can be shown to determine 25(OH)D
concentration–health outcome relationships reliably, at least for some important diseases or
outcomes, those studies could provide a basis for public health policies instead of waiting
for “proof” of causality from RCTs that may never be carried out, as was the case for lung
cancer due to smoking [46].

This review aims to present findings from observational studies of 25(OH)D concen-
trations and from RCTs of vitamin D supplementation for major health outcomes and
to evaluate each approach’s strengths and weaknesses together with brief discussions of
results from other approaches, such as MR studies, the mechanisms of vitamin D known to
be relevant to each outcome, and ecological studies relevant to possible health effects of
vitamin D. The primary health outcomes considered are Alzheimer’s disease (AD) and de-
mentia; autoimmune diseases; cancers; CVD; COVID-19; major depressive disorder (MDD),
type 2 diabetes mellitus (T2DM); hypertension; mortality (all-cause); and RTIs, as well as
pregnancy and birth outcomes. This review is a narrative rather than a systematic review.
It aims to summarize the existing literature regarding some common health outcomes and
focuses on comparing findings from different study designs and discussing their strengths
and limitations.

2. Results
2.1. Diseases and Outcomes
2.1.1. Autoimmune Diseases

In autoimmune diseases, an aberrant immune response is directed against normal hu-
man proteins [47]. Calcitriol modulates the immune system through effects on B cells, CD4+

and CD8+ cells, dendritic cells, innate lymphoid cells, macrophages, and unconventional T
cells [48].

By March 2019, observational studies reported an inverse association between vitamin
D status and developing autoimmune diseases, such as systematic lupus erythematosus,
thyrotoxicosis, type 1 diabetes, MS, iridocyclitis, Crohn’s disease, ulcerative colitis, psoriasis
vulgaris, seropositive rheumatoid arthritis, and polymyalgia rheumatica [47].

In the VITAL trial, vitamin D supplementation reduced the risk of incident autoim-
mune diseases [26]. In the vitamin D arm, 123 participants in the treatment group and 155
in the placebo group developed a confirmed autoimmune disease (hazard ratio [HR] = 0.78
[95% confidence interval (CI), 0.61–0.99; p = 0.05]). The incident autoimmune diseases that
differ in the raw numbers in the vitamin D versus placebo group were unspecified autoim-
mune disease (40 vs. 56), polymyalgia rheumatica (31 vs. 43), autoimmune thyroid disease
(21 vs. 11), rheumatoid arthritis (15 vs. 24), and psoriasis (15 vs. 23). In this context, viral
or bacterial infections, through increasing inflammation, are risk factors for autoimmune
thyroid disease [49], rheumatoid arthritis [50], and psoriasis [51]. The finding that vitamin
D supplementation reduces autoimmune disease risks can be supported logically, by the
ability of vitamin D to reduce the risk of many infections through inducing the secretion of
cathelicidin (LL-37) [52] and by reducing inflammation per se [53].
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2.1.2. Cancers

Cancers generally arise from genetic mutations of cells leading to tumor formation.
The immune system maintains active cell surveillance to evaluate whether they belong in
the organs or tissues where they are located. Vitamin D plays an important role in that
process, regulating cellular differentiation, progression and apoptosis. Vitamin D also
reduces angiogenesis around tumors and reduces the development of metastasis [16,54].

The first observational report of serum 25(OH)D and cancer outcome was a 1989 U.S.
study [55] over 8 years in Maryland, involving 34 colon cancer cases diagnosed between
August 1975 and January 1983 and 67 matched controls from a pool of 25,620 volunteers.
The risk of colon cancer decreased with 25(OH)D concentrations above 20 ng/mL: for
ranges of 4–19, 20–26, 27–32, 33–41, and 42–91 ng/mL, odds ratios (ORs) were 1.00, 0.48,
0.25, 0.21, and 0.73, respectively. The higher OR for 42–91 ng/mL was probably due to
participants’ taking vitamin D supplements, perhaps on medical advice to address concerns
about osteoporosis [56]. A recent meta-analysis of colorectal cancer incidence with respect
to serum 25(OH)D concentration in prospective studies found an insignificant increase in
OR for 25(OH)D above 100 ng/mL compared to 87.5–100 ng/mL [57].

Many similar observational studies have been conducted, generally for colorectal
cancer. A 2019 meta-analysis included 12 studies for men and 13 for women. Muñoz and
Grant [16] point out that the authors of that meta-analysis did not consider or adjust the
results for follow-up time. Thus, the reduced risk for higher 25(OH)D concentrations would
have been underestimated, leading to the conclusion that men who developed colorectal
cancer derived no benefit [57]. As shown in Figure 1 of [16], a linear regression fit to OR
versus follow-up time had the equation OR = 0.74 + 0.031x years (r = 0.79) for men and
OR = 0.77 + 0.081x years (r = 0.25) for women. Thus, adjusting the reported values for
study duration could have yielded similar beneficial effects for men as for women because
the apparent reductions decline with increasing follow-up time, probably due to changes
in serum 25(OH)D concentrations [58–60]. The 2015 analysis showed that the regression
fitted to the prospective observational studies of breast cancer incidence over time had
an association for time zero, by extrapolation, that corresponded well with results from
case–control studies in which 25(OH)D had been measured near the time of diagnosis [60].

An observational study of breast cancer incidence based on analysis of individual
participant data from 3325 participants in two vitamin D RCTs [31,61] and 1713 participants
in the GrassrootsHealth (GRH) prospective cohort study was reported in 2018 [11]. Serum
25(OH)D concentrations were measured at baseline and after a year of follow-up in the
RCTs and every 6 months in the GRH cohort. Participants in the treatment arms of the
RCTs took 1100 IU/d of vitamin D3 plus 1450 mg/d of calcium in the first Lappe study
and 2000 IU/d of vitamin D3 plus 1500 mg/d of calcium in the second Lappe study while
participants in the GRH study chose their own vitamin D supplemental intake. A total
of 77 women developed breast cancer during the study periods, of whom 14 were from
the GRH cohort. Women who achieved a 25(OH)D concentration >60 ng/mL compared
with those achieving <20 ng/mL had a large risk reduction: HR = 0.20 (95% CI, 0.05–0.82,
p = 0.03; ptrend = 0.04) after adjustment for age, body mass index (BMI), smoking status,
and calcium supplement intake. That study’s strengths included that many participants
were from vitamin D RCTs, that all had 25(OH)D concentrations measured at baseline and
follow-up, and that 25(OH)D concentrations ranged from 10 to 75 ng/mL.

Cancers—RCTs

The VITAL study was an ambitious project aiming to determine whether vitamin
D and omega-3 supplementation reduced cancer rates, CVD incidence, and mortality
rates [8]. VITAL enrolled 25,871 participants, including 18,046 white people, 5106 African
Americans, and 2719 people of other or unknown race or ethnic group. Mean (SD) age
was 67 ± 7 years, mean (SD) BMI was 28 ± 6 kg/m2, and mean (SD) baseline 25(OH)D
concentrations in the vitamin D treatment group were 28 ng/mL for 395 males and
32 ng/mL for 441 females as determined from using blood samples collected mainly
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in winter or spring. Participants were recruited between November 2011 and March 2014,
and the intervention ended December 31, 2017, yielding a median follow-up period of
5.3 years. Participants in the vitamin D treatment arm took 2000 IU/d of vitamin D3.
However, all participants up to 70 years of age were permitted to take additional amounts
of up to 600 IU/d of vitamin D and up to 800 IU/d if aged over 70 years.

The VITAL study did not show that supplementing with 2000 IU/d of vitamin D3
reduced risk of incident cancer according to intention-to-treat analyses [8]. However, in
secondary analyses, people with BMI < 25 kg/m2 had a reduced risk (HR = 0.76 [95%
CI, 0.63–0.90]). The baseline and achieved 25(OH)D concentrations for those participants
with such data gave values of 33.3 and 45.9 ng/mL, respectively. The difference between
baseline and achieved 25(OH)D concentration was 12 ng/mL for three BMI categories
(healthy weight, <25; overweight, 25 to <30; and obese, ≥30 kg/m2). Evidently, the vitamin
D supplementation used did not counter obesity-related inflammation, because obesity
increases vitamin D requirements [62]. In a 26-week RCT involving 52 participants aged
18–50 years given 7000 IU/d of vitamin D3, mean serum 25(OH)D concentrations increased
from 13 to 44 ng/mL, but inflammatory markers including high-sensitivity C-reactive
protein (hsCRP) were unaffected [63]. Chronic inflammation is an important cancer risk
factor and meta-analyses haves associated CRP with breast cancer (HR = 1.14 [95% CI,
1.01–1.28]; OR = 1.23 [95% CI, 1.05–1.43]); colorectal cancer (OR = 1.34 [95% CI, 1.11–1.59]);
and lung cancer (HR = 2.03 [95% CI, 1.59–2.50]) [64].

Why have RCTs not shown that vitamin D supplementation reduces risk of cancer
incidence? That could be explained in three ways:

1. With findings based on vitamin D dose rather than achieved 25(OH)D concentration,
enrolled participants would include those with relatively high 25(OH)D concentra-
tions, lowering the chances of detecting reduced cancer incidence.

2. Higher 25(OH)D concentration lower cancer mortality risks more strongly than it
reduces cancer incidence rates [24].

3. Vitamin D simply has no significant effect on cancer incidence.

Table 1 shows that vitamin D’s effect was always stronger for cancer mortality rate
than incidence rate in studies comparing those outcomes.

One narrative review includes 25 papers (8 RCTs on cancer patients, 8 population
RCTs, and 9 observational studies) found through March 2021, published between 2003
and 2020. That review revealed some evidence that vitamin D supplementation in cancer
patients could improve cancer survival, but no significant effect was reported in RCTs [68].
Some observational studies reported evidence associating vitamin D supplementation with
increased survival among cancer patients, and only one study indicated an opposite effect.
Those findings, therefore, were inconclusive.

Prospective or retrospective cohort studies evaluating the association between blood
25(OH)D level and survival outcomes in women with breast cancer were included in
another review [69]. Outcome measures included overall survival, breast cancer–specific
survival, and disease-free survival. Twelve studies involving 8574 female breast cancer
patients were identified and analyzed. In comparing the lowest with highest category of
baseline 25(OH)D level, the pooled adjusted HR was 1.57 (95% CI, 1.35–1.83) for overall
survival, 1.98 (95% CI, 1.55–2.53) for disease-free survival, and 1.44 (95% CI, 1.14–1.81) for
breast cancer–specific survival.
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Table 1. Findings regarding cancer incidence and mortality rates with respect to 25(OH)D concentra-
tions or vitamin D supplementation.

Study Change in 25(OH)D Incidence, RR or HR
(95% CI)

Mortality, RR or HR
(95% CI) Author

Observational Studies

Harvard Health
Professionals

Follow-Up Study, all
cancer

10 ng/mL RR = 0.83 (0.74–0.92) RR = 0.71 (0.60–0.83) Giovannucci et al. [65]

Adult patients living in
Olmsted County,

Minnesota, all less skin
cancer

<12 ng/mL HR = 1.56 (1.03–2.36) HR = 2.35 (1.01–5.48) Johnson et al. [66]

Meta-analysis, breast
cancer High vs. low RR = 0.92 (0.83–1.02) RR = 0.58 (0.40–0.85) Kim et al. [67]

VITAL, exclude first
2 years

Vitamin D treatment vs.
placebo HR = 0.94 (0.83–1.06) HR = 0.75 (0.59–0.96) Manson et al. [8]

RCTs

RCTs, meta-analysis All participants (12 RCTs)
SRR = 0.99 (0.04–1.03)

(6 RCT)
SRR = 0.92 (0.82–1.03) Keum et al. [24]

RCTs, meta-analysis Normal-weight
individuals

(1 RCT)
SRR = 0.76 (0.60–0.94) Keum et al. [24]

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; 95% CI, 95% confidence interval; HR, hazard ratio; RCT, random-
ized controlled trial; RR, relative risk; SRR, summary RR; VITAL, VITamin D and OmegA-3 TriaL.

Cancers—Geographical Ecological Studies

Geographical ecological studies strongly support the UVB–vitamin D–cancer hypoth-
esis as proposed in 1980 by the brothers Garland after comparing the U.S. colon cancer
mortality rate map with the map of annual solar radiation [41]. In the latest review, four
single-country or region ecological studies published between 2006 and 2012 reported
inverse correlations between indices of solar UVB doses for incidence rates for 21 cancers.
Furthermore, five single-country ecological studies published between 2006 and 2011 re-
ported inverse correlations between indices of solar UVB doses and mortality rates for 24
different types of cancer [16].

The Centers for Disease Control and Prevention continues to post maps of cancer
incidence rates averaged by state (https://gis.cdc.gov/Cancer/USCS/#/AtAGlance/,
accessed 21 June 2022). The most recent maps are for 2019 and are similar to those in
the Atlas of Cancer Mortality Rates in the United States, 1950–94 [70]. A comparison of the
lung cancer incidence maps with maps of U.S. obesity prevalence shows a high correlation
between states with the highest obesity rates and states with the highest lung cancer rates.
That finding is consistent with the finding that inflammation is an important risk factor
for lung cancer [64] and that vitamin D does not reduce the raised CRP associated with
obesity [63]. Similar findings are reported for colorectal cancer but not for female breast
cancer [64]. Recent MR studies using nonlinear methodology do show significant effects of
higher genetically determined vitamin D status in reducing CRP in deficient subjects [40].

Geographical ecological studies are based on indices of solar UVB doses. A concern
is that solar UVB could be an index for more than one mechanism of solar UV, though
that is considered unlikely. In support, a recent review examined the role of three UV
mechanisms related to the seasonality of CVD, hypertension, and infectious diseases [45].
Reasonable evidence exists that solar UVB has non–vitamin D effects and that solar UVA
increases serum NO concentrations, both of which can contribute to the seasonality of
several diseases. However, cancers have little seasonal variation [71], and the mechanisms

https://gis.cdc.gov/Cancer/USCS/#/AtAGlance/
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by which vitamin D reduces cancer risk are well known [16]. Thus, geographical ecological
studies should be considered a strong support for the UVB–vitamin D–cancer hypothesis.

Such ecological studies are useful for several reasons:

• They are easy to conduct because they can be based on publicly available data.
• They include many participants.
• No participants are omitted.
• The analysis can include many other cancer risk–modifying factors averaged at the

population level.
• They can be used to locate cancer hot spots globally.
• Analyses can be performed for different ethnicities and races and can be repeated for

different periods.

Cancer—Mendelian Randomization Study

A 2021 MR study of genetically predicted cancer incidence used up to 77 independent
SNPs for 25(OH)D, representing about 4% of the normal phenotypic variation in serum
25(OH)D, based on analysis of more than 400,000 UK Biobank participants [38]. Various
cancer datasets with a genome-wide association study dataset were used. The total number
of cancer cases included 122,977 for breast cancer, 25,509 for epithelial ovarian cancer,
12,906 for endometrial cancer, 79,148 for prostate cancer, 12,874 for melanoma, and 10,279
for esophageal cancer. The only cancer with a statistically significant result for increased
genetically determined 25(OH)D was epithelial ovarian cancer, with an adjusted odds ratio
(aOR) of 0.89 (95% CI, 0.82–0.96). Findings for endometrial, lung, mucinous, neuroblastoma,
and pancreatic cancers showed aORs < 1.00 but were not statistically significant. The aORs
for skin cancers and melanoma were in the expected direction: melanoma, 1.05 (95% CI,
0.90–1.23); squamous cell carcinoma of the skin, 1.02 (95% CI, 0.88–1.19); and basal cell
carcinoma of the skin, 1.16 (95% CI, 1.04–1.28). The aOR for prostate cancer also was in
the same direction, 1.11 (95% CI, 0.93 to 1.33). However, that MR study probably failed to
detect significant associations between genetically determined 25(OH)D concentrations
and cancer risk, having too few cancer cases, and since the genetic variant size effect on
serum 25(OH)D values was no larger than the variance of the 25(OH)D assays used at time
of measurement.

2.1.3. Cardiovascular Disease

Vitamin D could reduce CVD risk by reducing risks of vascular inflammation, endothe-
lial dysfunction, proliferation of smooth muscle cells, hypertension, and secondary hyper-
parathyroidism [72]. Vitamin D also has several mechanisms to lower risk of metabolic
syndrome [72], T2DM [73], seasonal influenza [74], and periodontal disease [75], that are
all risk factors for CVD.

In the Framingham Offspring Study [76], serum 25(OH)D concentrations were mea-
sured in 1739 eligible participants between 1996 and 2001 followed up for a mean of
5.4 years. For the 688 hypertensive participants who developed a first CVD event, the fully
adjusted HRs, compared with participants with 25(OH)D ≥ 15 ng/mL, were 2.07 (95%
CI, 1.19–3.67) for 25(OH)D from 10 to <15 ng/mL and 2.43 (95% CI, 1.23–4.80) for those
with 25(OH)D < 10 ng/mL; ptrend = 0.003. For those without hypertension, no significant
differences were found.

A 2017 meta-analysis looked at total CVD events with respect to baseline 25(OH)D con-
centrations among 180,667 participants across 34 publications between 2008 and 2015 [77].
The RRs for an increase of 25(OH)D of 10 ng/mL varied as a function of follow-up time: for
<5 years, RR = 0.84 (95% CI, 0.78–0.90); for 5 to <10 years, RR = 0.88 (95% CI, 0.77–1.01); and
for ≥10 years, RR = 0.92 (95% CI, 0.89–0.96). The linear fit to the RR is RR = 0.81 + 0.0084x
years. Again, the longer the follow-up, the lower the apparent beneficial effect of higher
baseline 25(OH)D concentration. Figure 2 in that review showed that the RR varied from
1.00 at 0 ng/mL to 0.8 ± 0.02 at ~20 ng/mL.
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Data from four prospective studies of CVD mortality rate versus baseline serum
25(OH)D concentrations were used to generate a graphical meta-analysis of HR versus
25(OH)D concentration for CVD mortality rate (Table 2 and Figure 1). The HR values were
adjusted so that the aHR adjusted value at the highest 25(OH)D concentration for each
study fell on the second-order fit to the data [78]. Thus, vitamin D is apparently more
effective at reducing risks of CVD mortality than at reducing incidence rates, in general
agreement with the finding for all-cancer incidence and mortality rates.

Table 2. Data on mean 25(OH)D concentration and aHR for CVD mortality extracted from four
research articles as further adjusted as just discussed [78–81].

Mean 25(OH)D
Concentration (ng/mL) aHR aHR Adjusted aHR Adjusted,

95% CI Low
aHR Adjusted,
95% CI High Author

12.5 1.20 1.39 1.01 1.90 Melamed et al. [79]

21.0 0.88 1.02 0.80 1.32

28.3 0.83 0.96 0.75 1.24

36.0 1.00 1.16 1.16 1.16

7.00 2.36 1.17 4.75 Ginde et al. [78]

15.0 1.54 1.01 2.34

25.0 1.26 0.85 1.88

35.0 1.20 0.79 1.81

45.0 1.00 1.00 1.00

7.00 2.64 3.55 2.27 2.96 Semba et al. [80]

13.0 1.68 2.26 1.03 5.02

21.0 2.19 2.95 1.42 6.20

30.0 1.00 1.35 1.35 1.35

15.0 1.52 1.79 1.52 2.11 Liu et al. [81]

25.0 1.09 1.29 1.11 1.51

35.0 1.00 1.18 1.18 1.18

Abbreviations: 95% CI, 95% confidence interval; 25(OH)D, 25-hydroxyvitamin D; aHR, adjusted hazard ratio.

A recent analysis of data from the UK Biobank dataset reported a linear inverse rela-
tionship between adjusted 25(OH)D concentration and odds of an incident CVD event [40].
The odds were 1.08 ± 0.03 at 4 ng/mL, 1.0 at 20 ng/mL, and 0.88 ± 0.03 at 52 ng/mL
of 25(OH)D. Figure 3 in that article suggests that correcting 25(OH)D to above 20 and
40 ng/mL could reduce CVD incidence rates in the UK by 4% ± 2% and 6% ± 4%, respec-
tively.

A long-term follow-up study of patients treated at the U.S. Veterans Health Adminis-
tration from 1999 to 2018 showed reduced risk of MI for people supplementing with vitamin
D [13]. The patients followed up were those with 25(OH)D concentration < 20 ng/mL
at baseline. Many were counseled to take vitamin D supplements. For patients who
achieved >30 ng/mL, the HR for MI was 0.65 (95% CI, 0.49–0.85) compared with those
who achieved 20–30 ng/mL and 0.73 (95% CI, 0.55–0.96) as compared with those with
25(OH)D < 20 ng/mL. That effect is higher than that found in the UK Biobank study but
only applied to MI. That study used propensity scores to correct for potential systematic
differences between comparison groups. Included covariates were age, sex, BMI, hyperten-
sion, diabetes, coronary artery disease, congestive heart failure, peripheral arterial disease,
chronic kidney disease, chronic obstructive pulmonary disease, smoking, concomitant
therapies (aspirin, statin, and beta-blockers), and low-density lipoprotein cholesterol levels.
The researchers also used propensity score–weighted, stabilized inverse probability of
treatment weights to obtain unbiased estimates of treatment effects; hence strengthening
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the design and analysis. The propensity score is the probability of treatment assignment
conditional on observed baseline characteristics and allows designing and analyzing an
observational (nonrandomized) study so that it mimics some particular characteristics of
an RCT [82].
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Figure 1. Hazard ratio (HR) and 95% confidence interval (CI) for CVD mortality according to mean
serum 25-hydroxyvitamin D [25(OH)D] concentrations for data from four prospective observational
studies.

Parathyroid hormone (PTH) plays an important role in CVD risk. Several observa-
tional studies report independent increases in risk for CVD for low 25(OH)D concentrations
and high PTH concentrations [83–85]. Elevated PTH but not vitamin D deficiency has been
associated with increased risk of heart failure [86]. An explanation for the difference in the
relative contributions of 25(OH)D deficiency and higher PTH concentrations is that the
PTH–25(OH)D relationship changes over time, as this ratio changes with age [87]. Figure
2 in that article shows median PTH values as a function of 25(OH)D concentration for
ages < 20, 20–40, 40–60, and >60 years. When the PTH value of 65 pg/mL is used as the
threshold concentration for significantly increased CVD events [84], the value is exceeded,
with 25(OH)D concentrations of 7 ng/mL for those aged 40–60 years and of ~14 ng/mL for
those > 60 years. This PTH effect may also help explain why CVD rates increase with age
as well as why they are higher in winter than in summer [45].

A meta-analysis of observational studies of risk of atrial fibrillation with respect to
serum 25(OH)D concentration as a continuous variable reported higher 25(OH)D concen-
trations associated with lower risk: OR = 0.96 (95% CI, 0.83–1.00; p = 0.04) from five cohort
studies and 0.85 (95% CI, 0.79–0.92; p <0.0001) from four case–control studies [88].

Cardiovascular Disease—RCTs

The VITAL study did not find that vitamin D supplementation reduced overall CVD
risks [8], most likely because few participants had baseline 25(OH)D concentrations below
20 ng/mL (only 68/502 in the vitamin D treatment and placebo arms combined). A recent
MR study however, clearly indicated that CVD risk decreases rapidly with increasing
25(OH)D concentration in those with baseline vitamin D inadequacy, [40] though the
outcomes were not analyzed with respect to achieved 25(OH)D, PTH or season of the
CVD event. However, half the participants had hypertension treated with medication
and treating hypertension can significantly reduce CVD burden [89] and overall mortality
rate [90].
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Cardiovascular Disease—Mendelian Randomization

The MR study just mentioned showed that genetically predicted 25(OH)D concen-
trations correlated inversely with CVD risk [40], based on 44,510 CVD cases and 251,269
controls from the UK Biobank; it succeeded because the researchers calculated genetically
instrumented 25(OH)D concentrations (as estimated using the 40 principal genetic factors
affecting serum 25(OH)D) for each of 100 strata of baseline serum 25(OH)D concentration.
Individual participants with 25(OH)D of 10 ng/mL had an OR of 1.11 (95% CI, 1.05–1.18) vs.
20 ng/mL. Individual participants with 25(OH)D of 30 ng/mL had an OR of 0.98 (95% CI,
0.97–0.99) vs. those at 20 ng/mL. The OR for the lowest genetically instrumented 25(OH)D
concentration (4 ng/mL) was ~2.3 (95% CI, 1.4–3.5); their reductions in CVD risk reached
6% ± 3% as baseline 25(OH)D concentrations rose to 40 ng/mL.

The mechanisms by which vitamin D might reduce CVD risks are well understood.
A recent meta-analysis reported inverse associations of vitamin D status with risks of
metabolic syndrome and obesity, BMI, dyslipidemia, blood pressure (BP), insulin resistance,
and dysglycemia. Meta-analysis of data from seven RCTs reported that supplementation re-
duced BP, abdominal obesity, and insulin resistance—all recognized CVD risk markers [63].
Mechanistic evidence shows that vitamin D reduces inflammation, an important factor in
the progression of atherosclerosis. Vitamin D also lowers serum triglyceride levels and
reduces the secretion of matrix metalloproteinase enzymes 2 and 9, which macrophages
release when infiltrating arterial plaque, a process causing the plaque disruption that leads
to acute arterial events through overlying clot formation [91]. Such findings are supported
by the adverse effects of vitamin D deficiency seen experimentally on the vasculature [92].

2.1.4. COVID-19

Grant and colleagues suggested (April 2020) that higher 25(OH)D concentrations
should reduce risk of COVID-19 incidence and death [93]. As of 16 June 2022, more than
2100 publications were found at pubmed.gov by searching for “vitamin D, COVID-19”.
Most observational reports were case–control studies with 25(OH)D measured around the
time of a SARS-CoV-2–positive PCR test or COVID-19 symptoms.

Vitamin D’s mechanisms to reduce risk of SARS-CoV-2 infection and COVID-19
incidence, severity, and death are now well known. These include reduced viral replication
through inducing cathelicidin (LL-37) and reduced risk of the cytokine storm [93,94].

A large database of test results for SARS-CoV-2 positivity for patients who had serum
25(OH)D concentrations measured during the 12 months preceding the positive test by
Quest Diagnostics between 9 March and 19 June 2020 was examined [95]. The 25(OH)D
concentrations were seasonally adjusted, with a value of 32 ± 12 (mean ± SD) ng/mL.
As analyzed by race/ethnicity, for white, non-Hispanic patients, SARS-CoV-2 positivity
declined from 9% for 25(OH)D < 20 ng/mL to 5% for 60 ng/mL; for Hispanic patients,
from 16% for <20 ng/mL to 8% at 50 ng/mL and from 19% for <20 ng/mL to 10% at
25(OH)D > 55 ng/mL in Black non-Hispanic subjects. However, such studies can be
confounded by factors linked to both low circulating 25(OH)D concentrations and more
severe COVID-19 [96].

More recently, two observational studies reported COVID-19 risk for people using vi-
tamin D supplementation. One was from Barcelona, using data for vitamin D prescriptions
and risk of SARS-CoV-2 or COVID-19 [97]. Most identifiable vitamin D use is by prescrip-
tion rather than over-the-counter, though current usage is probably mainly over-the-counter.
Patients on cholecalciferol treatment achieving 25(OH) D concentrations ≥30 ng/mL had
lower risk of SARS-CoV2 infection, lower risk of severe COVID-19, and lower COVID-19
mortality than supplemented 25(OH)D–deficient patients (HR = 0.66 [95% CI, 0.46–0.93];
p = 0.02). Patients on calcifediol treatment achieving serum 25(OH)D concentrations
≥ 30 ng/mL had lower risks of SARS-CoV2 infection, of severe COVID-19, and of COVID-
19 mortality than 25(OH)D–deficient patients not supplementing with vitamin D
(HR = 0.56 [95% CI, 0.42–0.76]; p < 0.001).
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The second study was based on 4599 veterans in U.S. Department of Veteran Affairs
health care facilities. Participants received a positive SARS-CoV-2 test and a blood 25(OH)D
test between 20 February 2020, and 8 November 2020, and were monitored for up to
60 days. After adjustment for all covariates, including race/ethnicity and poverty, a
significant independent inverse dose–response relationship was evident between increasing
25(OH)D concentrations (from 15 to 60 ng/mL as a continuous variable) and decreasing
probability of COVID-19–related hospitalization (from 24.1% to 18.7%; p = 0.009) and
mortality (from 10.4% to 5.7%; p = 0.001) [98].

COVID-19 outcomes with respect to serum 25(OH)D concentrations from meta-
analyses based on 72 observational studies published through 30 May 2021, were reported
recently [99]; vitamin D deficiency/insufficiency increased odds of developing COVID-19,
severe COVID-19, and death. Mean 25(OH)D concentrations were 4–5 ng/mL lower in
people with COVID-19 than in controls for all outcomes. Associations between vitamin
D deficiency/insufficiency and death were insignificant when studies with high risk of
bias or reporting unadjusted effect estimates were excluded but bias and heterogeneity
risks were high across all analyses. Discrepancies in timing of vitamin D testing, defini-
tions of severe COVID-19, and of vitamin D deficiency/insufficiency contributed to that
heterogeneity while serum 25(OH)D concentrations fall with severe COVID-19 illness [10],
though whether that effect might increase the health benefits of adequate supplementation
is a postulate urgently needing to be tested.

A meta-analysis of vitamin D supplementation on COVID-19–related outcomes from
publications through January 2022 reported significantly reduced risk of admission to
intensive care units (RR = 0.35 [95% CI, 0.20–0.62]) and reduced mortality (RR = 0.46 [95% CI,
0.30–0.70]) [100], though vitamin D status had no significant independent effect on COVID-
19 incidence. Recently, positive effects of vitamin D supplementation on hospitalized
COVID-19 patients were reported [101], adjuvant supplementation reducing hospital stay
and duration of oxygen requirement.

Given that observational studies on the potential effectiveness of vitamin D supple-
mentation for the prevention and treatment of COVID-9 are justifiably criticized for their
limitations, inherent to observational study designs, readers should note that several public
health recommendations during the COVID-19 pandemic, such as for the fourth SARS-CoV-
2 vaccine dose, were also based solely on observational data and risk to benefit estimates
but not on RCTs. Results from vitamin D RCTs are limited and inconsistent for COVID-19,
so that no final conclusion can be drawn to date on the value of vitamin D supplementation
regarding COVID-19.

2.1.5. Diabetes Mellitus Type 2

T2DM usually develops after a long period of increased insulin resistance (IR) where
increased insulin concentrations become necessary to activate insulin effects in tissues
such as liver and muscle. The demand for increased insulin secretion leads to islet beta
cell damage and eventual inadequacy of insulin secretion with resultant hyperglycemia.
Calcitriol is essential for normal insulin secretory responses to glucose and reduces the
abnormal hepatic production of glucose and triglycerides seen in IR. Vitamin D effects also
suppress inflammatory processes active in IR that contribute to the increased risks of both
T2DM, and CVD seen with IR [102–105]. Vitamin D reduces inflammation and regulates
intracellular Ca2+ level in many cell types, including islet beta cells and hepatocytes,
contributing to reduced IR as reviewed by Szymczak-Pajor and colleagues [106].

Observational studies have long reported that 25(OH)D concentrations are inversely
correlated with T2DM and with features of the metabolic syndrome [107]. A 2007 meta-
analysis noted that for prevalence of T2DM in non-black people, the OR for highest versus
lowest 25(OH)D concentration was 0.71 (95% CI, 0.57–0.89) [108]. A 2013 meta-analysis of
21 prospective studies involving 76,220 participants and 4996 incident T2DM cases showed
that for each 4-ng/mL increase in 25(OH)D concentration, risk of T2DM decreased by 4%
(95% CI, 3–6%), with the lowest risk near 60 ng/mL [109]. That analysis was updated by



Nutrients 2022, 14, 3811 14 of 31

adding studies published up to 31 August 2016 [110]. With data from 31 (nested) case–
control and cohort studies comparing participants with 25(OH)D values of approximately
20–30 ng/mL with those in the lowest category, the OR was 0.77 (95% CI, 0.72–0.82).
With 23 (nested) case–control and cohort studies comparing participants with the highest
25(OH)D concentrations with those with the lowest 25(OH)D category, the OR was 0.66
(95% CI, 0.61–0.73). Again, reduced T2DM risks were seen up to 25(OH)D concentrations
of ~50–60 ng/mL.

Diabetes Mellitus Type 2—RCTs

The D2d trial evaluated whether vitamin D supplementation could reduce risk of
progressing from prediabetes to T2DM [9] and enrolled 2423 prediabetic participants, mean
(SD) age 60 ± 10 years. Participants mean (SD) 25(OH)D concentration was 28 ± 10 ng/mL.
Half were randomized to take 4000 IU/d of vitamin D3 and half to take a placebo during a
mean time of 2.5 years. On the basis of intention to treat, the HR for vitamin D compared
with placebo was 0.88 (95% CI, 0.75–1.04; p = 0.12). In secondary analyses of this dataset,
participants with BMI < 30 kg/m2 had reduced T2DM risk, HR = 0.71 (95% CI, 0.53–0.95)
as did those not given calcium supplements, HR = 0.81 (85% CI, 0.66–0.98).

A further secondary analysis of D2d data was then made, based on intratrial 25(OH)D
concentrations [111]. For participants in the vitamin D treatment arm, each 10-ng/mL
increase in 25(OH)D concentration above 20–30 ng/mL up to >50 ng/mL was associated
with a significant HR of 0.75 (95% CI, 0.68–0.82) for progression to diabetes. No effect was
seen in the placebo arm. Those findings strongly support the Heaney guidelines for basing
analyses of vitamin D RCTs on achieved 25(OH)D concentrations, and show the importance
of assessing vitamin D’s effects on health by vitamin D status, not by dosages [27].

Diabetes Mellitus Type 2—Mendelian Randomization

Two MR analyses found that genetic variants of 25(OH)D were causally linked to risk
of T2DM. The first one was reported in 2018 [112]. It used data from the China Kadoorie
Biobank as well as other studies. A 10-ng/mL higher biochemically measured 25(OH)D
was associated with a 9% (95% CI: 0–18%) lower risk of diabetes in the China Kadoorie
Biobank. In a meta-analysis of all studies, a 10-ng/mL higher genetically instrumented
25(OH)D concentration was associated with a 14% (95% CI: 3–23%) lower risk of diabetes
(p = 0.01) using two synthesis SNPs. An equivalent difference in 25(OH)D using a genetic
score with 4 SNPs was not significantly associated with diabetes (odds ratio 8%, 95% CI:
−1% to 16%, lower risk, p = 0.07), but had some evidence of pleiotropy.

A second MR analysis was performed using data on genetic variants for 25(OH)D
from a genome-wide association study on UK Biobank subjects [n = 329,247] of European
ancestry. A higher genetically instrumented 25(OH)D was causally linked to reduced
risk of T2DM (OR per standard deviation increase in 25(OH)D = 0.95 [95% CI, 0.91–0.99];
p = 0.01) [113]. That study also confirmed vitamin D’s causal role by studying two SNPs of
the vitamin D–activating enzyme, where the HR for each 1-SD increase in 25(OH)D = 0.89
(95% CI, 0.82–0.98; p = 0.02).

2.1.6. Hypertension

Hypertension is generally defined by a systolic BP (SBP) >140 mmHg and a diastolic
BP (DBP) > 90 mmHg. One risk causal factor for hypertension is endothelial dysfunc-
tion [114] that is related to lower availability of NO, an important vasodilator. Vitamin D
can reduce endothelial dysfunction by suppressing renin production, which reduces activ-
ity of the renin–angiotensin–aldosterone system and increases expression of endothelial
NO synthase (eNOS) [115]. Vitamin D also reduces production of reactive oxygen species
and cyclooxygenase 1 (COX-1) mRNA and protein expression [116], thereby reducing
production of endothelium-derived vasoconstrictive factors [117].

Researchers have found inversely correlated serum 25(OH)D concentrations with
BP, starting with cross-sectional studies in 2005 [118] and nested case–control studies
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in 2007 [119]. Forman and colleagues included 613 men from the Health Professionals
Follow-Up study and 1198 women from the Nurses’ Health Study with measured baseline
25(OH)D concentrations who were followed up for 4–8 years. During the 4-year period
of follow-up, 61 men and 129 women developed hypertension. The multivariable RRs
comparing lowest with highest deciles of 25(OH)D were 2.31 (95% CI, 2.03–2.63) in men
and 1.57 (95% CI, 1.44–1.72) in women.

A meta-analysis including 10 prospective studies from 2007 to 2015 reported that a lin-
ear increase of each 10 ng/mL in 25(OH)D resulted in an RR of 0.95 (95% CI, 0.90–1.00) [120].

Another meta-analysis of dose–response curves for hypertension versus 25(OH)D
concentrations from 11 prospective cohort studies showed that the RR at 6 ng/mL versus
29 ng/mL = 1.37 (95% CI, 1.13–1.65). The RR decreased quasi-linearly up to 29 ng/mL
before plateauing with 25(OH)Ds of ~50 ng/mL, where the RR was approximately 0.9 (95%
CI, 0.8–1.0) [121]. The same meta-analysis found no effect for vitamin D supplementation
on BP from the analysis of 27 RCTs.

A Canadian open-label vitamin D supplementation study looked at how raising
serum 25(OH)D concentrations affected BP and hypertension [12]; the 8155 participants
were given free vitamin D3 and other supplements and counseled on how to achieve a
25(OH)D concentration > 40 ng/mL, with medically supervised dose adjustments. Of 592
participants hypertensive at enrollment, 71% were no longer hypertensive 12 ± 3 months
later. Their mean (SD) SBP dropped by 18 ± 19 mmHg (95% CI, −24 to −12 mmHg) if
not taking BP medications or by 14 ± 21 mmHg (95% CI, −18 to −9 mmHg) if taking
BP medications after joining the program. Decreases in DBP were similar. However, for
patients not hypertensive at enrollment, decreases in both SBP and DBP were insignificant.
Though an observational study, the quality appears to be higher than that of many vitamin
D RCTs. For example, many parameters were evaluated at baseline and tabulated by
25(OH)D concentration in 20-ng/mL increments. Values for most parameters, including
SBP and DBP, did not vary significantly with baseline 25(OH)D concentration < 60 or
80 ng/mL. At the end of 1 year, mean (SD) serum 25(OH)D concentration had increased
from 35 ± 15 ng/mL to 45 ± 16 ng/mL, but mean SBP, DBP, and pulse pressure were
unchanged. After correction for possible confounding factors, only participants who were
vitamin D insufficient (20–30 ng/mL) at baseline and achieved 25(OH)Ds > 40 ng/mL at
follow-up had a lower risk of hypertension (OR = 0.10, 95% CI, 0.01–0.87; p = 0.03).

An unconsidered factor for BP risk is that solar UVA induces release of NO into
the circulation, which can significantly lower BP as reported in 2014 by a team led by
Weller [122]. The researchers showed that UVA irradiation of the skin lowers BP, that UVA
increases nitrite production and reduces circulating nitrate, and that UVA increases blood
flow in the forearm, the vasodilator NO being released by photolysis of nitrite to nitrate.

Hypertension—RCTs

Several vitamin D RCTs have looked at BP and hypertension. One studied black
patients during the winters of 2008 and 2010 [123]. A total of 283 black people with
median age 51 years were enrolled with a median 25(OH)D concentration of 16 ng/mL
(interquartile range [IQR], 11–23 ng/mL), median SBP of 122 mmHg (IQR, 110–136 mmHg),
and median DBP of 78 mmHg (IQR, 71–86 mmHg). Participants were assigned to four
groups for 3 months of treatment in ~equal numbers for placebo, 1000, 2000, or 4000 IU/d
of vitamin D3 daily. The 3-month change in SBP per 1000 IU/d of vitamin D3 given was
−1.4 ± 0.7 mmHg (mean ± SE); p = 0.04, whereas that for DBP was −0.5 ± 0.5 mmHg.

Another vitamin D RCT regarding BP was conducted in Austria between June 2011
and August 2014 [124]. It enrolled 200 hypertensive participants with mean (SD) age
60 ± 11 years and 25(OH)D concentrations below 30 ng/mL. Half of the patients were
assigned to the vitamin D treatment arm and received 2800 IU/d of vitamin D3 for
8 weeks, whereas the other half received a placebo. The mean (SD) change in SBP was
−0.4 (95% CI, −2.8 to 1.9) mmHg (p = 0.71). Data in this study [124] were reanalyzed
for achieved 25(OH)D concentration [125], suggesting reduced SBP for high versus low
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25(OH)D concentrations between 5 and 55 ng/mL (threshold of ~23 ng/mL). However,
changes in this very short trial were not statistically significant.

Hypertension—Mendelian Randomization

An MR study regarding vitamin D and BP and hypertension was published in
2014 [126]. In a meta-analysis of data from 142,255 participants, the synthesis score for
genetic increases in 25(OH)D was associated with a reduced risk of hypertension (OR per
allele = 0.98 [95% CI, 0.96–0.99]; p = 0.001). In instrumental variable analyses, each 10%
increase in genetically instrumented 25(OH)D concentration was associated with a change
in SBP of −0.37 mmHg (95% CI, −0.73 to 0.003; p = 0.052), in DBP of −0.29 mmHg (95%
CI, −0.52 to −0.07; p = 0.01), and an 8.1% decrease in hypertension (OR = 0.92 [95% CI,
0.87–0.97]; p = 0.002).

2.1.7. Mortality, All-Cause

All-cause mortality rate is mainly due to deaths from CVD, T2DM, respiratory disease,
AD and other dementias, autoimmune diseases, and cancer, all of whose mortality rates
are inversely correlated with serum 25(OH)D concentrations. Meta-analyses of prospective
observational studies also report significant inverse correlations with all-cause mortality
rates. One review involved 13 studies published between 2006 and 2010, including 5562
deaths among 62,548 participants [127]. That study showed a significant inverse relation-
ship for 25(OH)D concentrations and mortality below 20 ng/mL. A second meta-analysis
based on 32 studies published pre-2013 reported a similar cutoff value of 30 ng/mL [128].
A European individual participant data meta-analysis with 26,916 participants, of whom
6802 died during the median follow-up of 10.5 years, indicated a significant inverse corre-
lation between baseline 25(OH)D concentration and all-cause mortality rates for values <
20 ng/mL [129]. The observational study based on veterans treated by the U.S. Veterans Ad-
ministration Health System reported a HR of 0.61 (95% CI, 0.56–0.67) for all-cause mortality
rate for participants who achieved 25(OH)Ds >30 ng/mL vs. those remaining at <20 ng/mL
during 20 years of follow-up [13]. An MR study showed significant inverse correlations
between genetically determined 25(OH)D concentrations and all-cause mortality rate [130],
as a more recent study also reports [131].

2.1.8. Respiratory Tract Infections

Vitamin D reduces the risk of RTIs by increasing antimicrobial peptide gene expression,
thereby increasing serum concentrations of human cathelicidin (LL-37) and defensins [52];
it also shifts the cytokine balance from proinflammatory T-helper (Th1) cell cytokine
production to the production of anti-inflammatory Th2 cell cytokines [132].

Interest in vitamin D’s role in RTIs began before the antibiotic era with a finding
of reduced tuberculous illness with exposure to sunshine. That interest reignited with
publication of the hypothesis that seasonal variations in solar UVB doses might explain
seasonal variations in epidemic influenza, with peak rates in winter, from Cannell and
colleagues [133]. That hypothesis was later shown to be only partially correct since tem-
perature and absolute humidity also play important roles [134], while UV has a minor
role [135]. However, that hypothesis did lead to further studies, e.g., showing that vitamin
D supplementation reduced the risk of influenza A but not influenza B [136]. A meta-
analysis of vitamin D RCTs for acute RTIs showed that daily or weekly supplementation
with vitamin D significantly reduced risk of acute RTIs [6]. A later meta-analysis reported
that maximal protection from vitamin D supplementation was achieved with daily doses
of <400 IU for up to 12 months in younger participants (aged 1–16 years) with baseline
25(OH)D concentrations < 10 ng/mL [25].

2.1.9. Alzheimer’s Disease and Other Dementias

The mechanisms by which vitamin D reduces risk of AD and dementia are reasonably
well understood. Vitamin D triggers several neural pathways that may protect against
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those neurodegenerative mechanisms, including the deposition of amyloid plaques, in-
flammatory processes, neurofibrillary degeneration, glutamatergic excitotoxicity, excessive
intraneuronal calcium influx, and oxidative stress [137].

Two recent meta-analyses looked at dementia and AD risks [138,139]. Jayedi and
colleagues calculated the reduction in risk of dementia or AD for a 10-ng/mL increase in
25(OH)D for each study. Table 3 presents the data used in their meta-analysis. Values for
mean 25(OH)D concentration were obtained from each article (except Littlejohns et al.).
Mean 25(OH)D concentration was taken as the midpoint of 25(OH)D associated with a
change in the HR in their Figure 2 and they found that higher 25(OH)D concentrations (up
to 32 ng/mL) significantly reduced risk of dementia when Swedish study data [140] were
omitted. Figure 2 shows the results for dementia (regression fit equation; HR = 3.3 − 0.16
× [25(OH)D] + 0.0027 × [25(OH)D]2, r = 0.95). Figure 3 shows the same equation for AD;
HR = 3.3 − 0.17 × [25(OH)D] + 0.0032 × [25(OH)D]2, r = 0.75. This analysis highlights the
value of considering different ways of doing meta-analyses of observational study data
with vitamin D status. Graphs for follow-up time were also generated, but proved less
informative than those based on 25(OH)D concentrations.

Table 3. Data associated with the observational studies in the meta-analysis by Jayedi and colleagues [138].

Country Mean 25(OH)D
(ng/mL) Follow-Up (yrs)

Vascular
Dementia, HR

(95% CI)
for 10 ng/mL

Increase

Alzheimer’s, HR
(95% CI) for 10
ng/mL Increase

Author

US 12 5.6 0.57 (0.34–0.97) 0.61 (0.41–0.93) Littlejohns et al. [141]

France 14 11.4 0.60 (0.47–0.78) 0.60 (0.47–0.78) Feart et al. [142]

Finland 16 17.0 0.77 (0.62–0.92) Knekt et al. [143]

Denmark 16 21.0 0.91 (0.82–1.02) Afzal et al. [130]

Netherlands 20 13.3 0.77 (0.63–0.95) 0.73 (0.59–0.93) Licher et al. [144]

US 22 16.6 0.93 (0.79–1.07) Schneider et al. [145]

US 25 9.0 1.01 (0.88–1.14) 1.09 (0.95–1.12) Karakis et al. [146]

Sweden 28 12.0 1.04 (0.93–1.17) 0.95 (0.81–1.12) Olsson et al. [140]

Abbreviations: 95% CI, 95% confidence interval; 25(OH)D, 25-hydroxyvitamin D; HR, hazard ratio.

MR studies [147–149] have reported genetically predicted 25(OH)D concentrations
correlating inversely with AD risk, as do vitamin D protein binding levels [150] with
dementia risks [39].

2.1.10. Major Depressive Disorder

Neuroinflammation appears to be the key factor in onset and progression of MDD [151].
Mechanisms likely to underlie the beneficial effects reported for vitamin D in treating
MDD [152] reviewed were, in particular, its antioxidant, anti-inflammatory, proneurogenic,
and neuromodulatory properties. Vitamin D also modulates concentrations of gut micro-
biota, reducing bacterially induced activation of NF-κB in the intestine, thereby reducing
remote inflammation further [153].

A meta-analysis of 29 RCTs with 4504 participants concluded that vitamin D supple-
mentation reduced MDD incidence (standardized mean difference: −0.23) and improved
responses to the treatment of depression (standardized mean difference: −0.92) [154]. The
effects of 2800 IU/d vitamin D over >8 weeks were significant for both prevention and
treatment. A meta-analysis of data from seven prospective observational studies of 16,287
older adults with 1157 cases of incident depression reported a pooled HR for depression
per 10-ng/mL increase in 25(OH)D of 0.88 (95% CI, 0. 78–0.99) [155].
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according to mean 25-hydroxyvitamin D [25(OH)D] concentrations for each of the six studies included
in the meta-analysis [138].

Another meta-analysis including 41 RCTs with 53,235 participants reported that vi-
tamin D supplementation alleviated depressive symptoms (Hedges’s g = −0.32 [95% CI,
−0.41 to −0.23]; p < 0.001; I2 = 88%; grade, very low certainty) [156]. Vitamin D supple-
mentation > 2000 IU/d reduced depressive symptoms (g = −0.41 [95% CI, −0.56 to −0.26])
much better than <2000 IU/d (g = −0.18 [95% CI, −0.29 to −0.08]). A ~linear decrease in
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HR was seen with increases in serum 25(OH)D concentration, HR falling to 0.43 (95% CI,
0.20–0.92) at 65 ng/mL.

A nested case–control study conducted in Taiwan indicated that although moderate
UVB exposure reduced risk of depression, high UVB exposure increased this risk [157].
The adjusted incidence rate ratio for moderate versus low UVB exposure was 0.89 (95%
CI, 0.84–0.95); for high UVB, 1.12 (95% CI, 1.02–1.26); for very high UVB, 1.71 (95% CI,
1.51–1.95); and for extreme UVB, 2.79 (95% CI, 2.44–3.18). The authors proposed that
high UVB exposure increased production of reactive oxygen species, thereby increasing
inflammation. Those results also suggested that observational studies of risk of depression
with changes in serum 25(OH)D concentration might be affected by whether 25(OH)D
concentrations are raised by solar UVB exposure or by vitamin D supplementation in
participants with higher rather than deficient baseline 25(OH)D concentrations.

A study based on the UK Biobank and two other databases showed that serum
25(OH)D concentrations were lower in participants with depression. However, MR analysis
reported nonsignificant correlations between genetically determined 25(OH)D concentra-
tions and risk of depression [158]. Thus, depression may lower 25(OH)D concentrations,
perhaps by reducing sunlight exposure.

2.1.11. Pregnancy Disorders and Neonatal Outcomes

Vitamin D status during pregnancy is important for both mother and fetus. Wagner
and Hollis published a comprehensive review on this topic in mid-2018 [159]. Observa-
tional studies reported significant inverse correlations between maternal 25(OH)D con-
centrations and risk of maternal problems, including preeclampsia [160], altered placental
vascular pathology [161], cesarean delivery rates [162,163] gestational diabetes [164,165],
and preterm birth rates [166,167]. Such studies also report similar associations for infant
health outcomes, including brain dysfunction [168,169] and respiratory disorders [170].
Table 4 shows representative pregnancy outcomes with respect to maternal serum 25(OH)D
concentrations from several observational studies [165–180].

Table 4. Representative pregnancy and infant outcomes with respect to maternal serum 25(OH)D
concentration in observational studies.

Outcome Setting Outcome Finding Author

Birth weight

Cesarean delivery,
primary

Maternal 25(OH)D < 15
vs. >15 ng/mL

aOR = 3.8 (95% CI,
1.7–8.6) Merewood et al. [162]

Cesarean delivery,
primary

Maternal 25(OH)D < 15
vs. >15 ng/mL

aOR = 2.0 (95% CI,
1.2–3.3) Scholl et al. [163]

Gestational diabetes Meta-analysis,
29 studies <20 vs. >20 ng/mL OR = 1.39 (95% CI,

1.20–1.60) Hu et al. [164]

Gestational diabetes Meta-analysis,
27 studies >20 vs. >30 ng/mL OR = 1.26 (95% CI,

1.13–1.41) Milajerdi et al. [165]

Preeclampsia Hospital study

Early-onset severe
preeclampsia,

10-ng/mL increase in
25(OH)D

aOR = 0.37 (95% CI,
0.22–0.62) Robinson et al. [171]

Preeclampsia Meta-analysis,
13 studies

Comparison of
25(OH)D

OR = 0.57 (95% CI,
0.51–0.65)

Serrano-Diaz et al.
[172]

Preeclampsia Meta-analysis,
11 studies

25(OH)D < 30 vs. >
30 ng/mL

OR = 1.44 (95% CI,
1.26–1.64)

Aguilar-Cordero et al.
[160]

Preterm delivery Hospital study 25(OH)D < 20 vs. >
40 ng/mL, <16 wks

OR = 3.8 (95% CI,
1.4–10.7) Wagner et al. [166]
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Table 4. Cont.

Outcome Setting Outcome Finding Author

Preterm delivery Meta-analysis,
16 studies

25(OH)D < 20 vs. >
20 ng/mL

OR = 1.25 (95% CI,
1.13–1.38) Zhou et al. [167]

Preterm delivery Open-label vitamin D
supplementation

25(OH)D > 40 vs. >
20 ng/mL

SES adjusted OR = 0.41
(95% CI, 0.24–0.72) McDonnell et al. [14]

Infant outcomes

Brain dysfunction

Language impairment
in childhood vs.

maternal 25(OH)D at
18 weeks pregnancy

6–18 vs. 29–62 ng/mL aOR = 1.97 (95% CI,
1.00–3.93, p < 0.05) Whitehouse et al. [168]

Brain dysfunction Risk of ADHD,
meta-analysis, 5 studies High vs. low 25(OH)D OR/RR = 0.72 (95% CI,

0.59–0.89) Garcia-Serna et al. [169]

Respiratory
dysfunction

Risk of asthma vs.
maternal 25(OH)D,

11 studies
High vs. low 25(OH)D OR = 0.78 (95% CI,

0.69–0.89) Shi et al. [170]

Respiratory
dysfunction

Risk of wheeze vs.
maternal 25(OH)D,

14 studies
High vs. low 25(OH)D OR = 0.65 (95% CI,

0.54–0.79) Shi et al. [170]

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; 95% CI, 95% confidence interval; ADHD, attention deficit–
hyperactivity disorder; aOR, adjusted odds ratio; OR, odds ratio; SES socioeconomic status.

Pregnancy Outcomes in Interventional Studies

An open-label vitamin D supplementation observational study involved 1064 women
delivering singleton births at the Medical University of South Carolina between September
2015 and December 2016 [14]. Women were given free bottles of 5000-IU vitamin D3 and
counseled on how to achieve a 25(OH)D concentration >40 ng/mL. Achieved 25(OH)D
concentration was also measured. The goal was to see whether raising serum 25(OH)D
concentration >40 ng/mL could reduce risk of preterm birth (<37 weeks of gestation). The
socioeconomic status aOR was 0.41 (95% CI, 0.24–0.72). The gestation period increased
from 36.8 ± 0.3 weeks with 25(OH)Ds~5 ng/mL to 38.3 ± 0.2 weeks at 25 ng/mL after
supplementation

Meta-analyses of RCTs have largely, but not consistently, reported benefits of vita-
min D supplementation in reducing risks of adverse pregnancy outcomes including low
birth weight [173,174], cesarean delivery rates [175], gestational diabetes [174], preeclamp-
sia [176], and preterm delivery [177] (see Table 5).

Table 5. Meta-analyses of vitamin D supplementation RCTs, comparing vitamin D supplementation
with placebo.

Outcome Setting Finding Author

Birth weight, low Review of 5 RCTs RR = 0.55 (95% CI, 0.35–0.87) Palacios et al. [174]

Birth weight Review of 11 RCTs
Increased weight, mean

difference = 114 g
(95% CI, 63–165 g)

Gallo et al. [173]

Cesarean delivery, primary Review of 6 RCTs OR = 0.9 (95% CI, 0.7–1.2) Gallo et al. [173]

Cesarean delivery in Iran Review of 5 RCTs RR = 0.61 (95% CI, 0.44–0.83) Saha and Saha, [175]

Gestational diabetes Review of 4 RCTs RR = 0.51 (95% CI, 0.27–0.97) Palacios et al. [174]

Preeclampsia Review of 27 RCTs RR = 0.37 (95% CI, 0.26–0.52) Fogacci et al. [176]

Preterm delivery Review of 17 RCTs RR = 0.70 (95% CI, 0.49–1.00) Kinshella et al. [177]

Abbreviations: 95% CI, 95% confidence interval; OR, odds ratio; RCT, randomized controlled trial; RR,
relative risk.
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Maternal vitamin D deficiency leads to epigenetic changes in offspring and is associ-
ated with increased risks to bone health in childhood and to increased childhood obesity,
those problems appearing to persist into later life. These changes serve as a further reason
to ensure vitamin D adequacy in pregnancy [178,179].

3. Discussion

Why most vitamin D RCTs used small vitamin D doses—generally at or below
2000 IU/d—is puzzling. One reason may be the Institute of Medicine’s 2011 report setting
4000 IU/d of vitamin D as the upper limit and recommending 600 IU/d for those aged
up to 70 years and 800 IU/d for those aged above 70 years—intakes aiming to achieve
25(OH)D of at least 20 ng/mL [180]. The committee was concerned about reports of U-
shaped 25(OH)D concentration–health outcome relationships at that time because of a
National Cancer Institute review [181] of findings from prospective studies with respect to
baseline 25(OH)D concentrations for breast, esophageal, pancreatic, and prostate cancer.
The cited studies had drawbacks such as long follow-up times up to 15 years, which reduce
the apparent benefit of higher baseline 25(OH)D concentration [16]; not evaluating whether
participants changed vitamin D supplementation practices before or during the follow-up
periods; and not evaluating vitamin D status during the study or at study completion. Some
U-shaped 25(OH)D concentration–health outcome relationships seen have been proposed
to be due to participants’ starting vitamin D supplementation shortly before enrolling
in prospective studies, for example, after recommendations by doctors over concerns for
bone health [56]. Meta-analyses of prospective studies now report inverse relationships
with 25(OH)D concentrations for breast cancer incidence from case–control and nested
case–control studies, nonsignificant relationships for pancreatic cancer incidence, and direct
relationships for prostate cancer incidence [16]. Prostate cancer is unique in that increased
risk of mild prostate cancer is due to increased absorption of calcium and phosphorus [16].
However, a number of observational studies have reported U-shaped or reversed J-shaped
relations for mortality rates with respect to serum 25(OH)D concentrations such as one
that found a significantly increased risk of mortality rate for 25(OH)D concentrations >
120 ng/mL [182].

Several recent vitamin D supplementation observational studies showed that higher
daily-dose vitamin D3 supplementation was relatively safe and effective. One such study
involving 19 lactating women reported that 6400 IU/d of vitamin D3 supplementation
safely raised 25(OH)D concentrations from 32 ± 4 to 59 ± 7 ng/mL [183]. That group of
researchers provided concrete evidence about the safety of 6400 IU/d even for pregnant
women to the NIH. A study in Canada had several thousand participants taking vitamin
D3 doses of their choice. A total of 2229 participants achieved a 25(OH)D concentration >
40 ng/mL by taking 2600 ± 2800 IU/d (for those with mean (SD) value of 47 ± 5 ng/mL)
to 6300 ± 500 IU/d, for a mean (SD) value of 117 ± 15 ng/mL [12].

More recently, McCullough and colleagues [57] reported that supplementing over
400 hospital inpatients with 5000–50,000 IU/d of vitamin D3 for 30 months was safe and
significantly raised serum 25(OH)D concentrations and lowered PTH concentrations. Thus,
future vitamin D RCTs should use higher doses of vitamin D3 where necessary, for example,
to achieve target status. However, although we have solid safety data on vitamin D
supplementation, we should nevertheless be cautious, particularly with using high doses
in older and/or ill people who may be more prone to vitamin D toxicity.

Hill’s criteria for causality in a biological system.
Long before vitamin D RCTs were conducted, Sir Austin Bradford Hill outlined the

criteria for causality in a biological system in an address to the Royal Society of Medicine
in 1965 [184]. The criteria important for vitamin D include:

1. Strength of association
2. Consistency in findings
3. Temporality, that is, the risk factor must be experienced before the event
4. Biological gradient, that is, dose–response relationship.
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5. Plausibility, for example, mechanisms that can explain the relationship
6. Coherence with known biological facts
7. Experiment, for example, RCT
8. Analogy with related associations

Added later [185]:

9. Accounting for confounding factors
10. Accounting for bias such as publication bias
11. Quality of study design

Hill stated that not all criteria need be satisfied to claim causality, but the more that
are, the better.

Temporality seems to be interpreted as meaning that prospective studies after mea-
surement of 25(OH)D should be used; however, as discussed, that approach can lead to
underestimating the effect of higher 25(OH)D concentration. As long as the disease state
does not affect serum 25(OH)D concentration, case–control studies with 25(OH)D measured
near time of diagnosis should be acceptable.

Hill’s criteria have been evaluated for vitamin D’s role in several diseases, mainly
using observational studies. Those studies reported beneficial effects of vitamin D on the
basis of serum 25(OH)D concentrations, finding that nearly all criteria are satisfied except, in
some cases, experimental verification for BP [12], cancer [186–189], CVD [190,191], COVID-
19 [94,192], dementia [193], diabetes and pancreatic cancer [194], type 1 diabetes [195],
MS [196,197], oral health [198], and periodontal disease [199].

4. Conclusions

Observational studies consistently report significant inverse correlations between
serum 25(OH)D concentrations and health outcomes, but residual confounding cannot
be completely excluded. Prospective studies are preferred over case–control studies on
the basis of concern that the disease state could affect serum 25(OH)D concentrations.
However, that concern appears to be mainly relevant for inflammatory and infectious
diseases such as acute respiratory infections and not other outcomes. The same concern,
however, exists when diseases are diagnosed at an advanced stage in their development,
as with cancer. One major problem with prospective observational studies is that serum
25(OH)D concentrations change not only with season but also with respect to time, hence
resulting in a potential underestimation of the effect of higher 25(OH)D concentrations as
discussed earlier.

Another issue regarding observational studies is whether the cases and controls
are well matched. Propensity score matching can help ensure good matches, given a
sufficiently large pool of prospective controls. Another less-recognized limitation is that
if cases and controls are not matched closely with respect to when blood was drawn to
measure 25(OH)D concentration, additional bias may be introduced.

Another concern is whether all pertinent confounding factors were considered in
the study’s design and analysis. For causality, it is proposed that results of observational
studies be included in the broader context of what is known about vitamin D in the health
outcome of interest—for example, in relation to mechanistic data or on evaluation using
Hill’s criteria for causality [184].

RCTs have largely failed to support vitamin D’s role in reducing risk of adverse health
outcomes [15]. The main reasons appear to be that few vitamin D–deficient participants
are enrolled, that low vitamin D doses are used, and that outcomes are evaluated by
vitamin D dose rather than by achieved 25(OH)D concentrations. Moreover, secondary
analyses not proposed in the trial protocols are generally ignored. Those analyses seem to
be disregarded based on the concern that if many secondary analyses are conducted, some
might accidentally find a significant result, in particular if multiple testing issues are not
adequately considered. However, if the secondary outcome is one that researchers forgot
to include in the protocol but which reasonably makes sense to include based on other
evidence or on mechanistic data, such as the effect of race/ethnicity and BMI on cancer
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risk in the VITAL study [8]—then such evidence should rather be accepted. Given the
time, effort and expense required for major vitamin D RCTs, it seems unlikely that many
more will be conducted soon, or ever. Thus, it is imperative to learn to use findings from
completed trials and from other research approaches as efficiently as possible.

Examining the role of genetic factors might also be helpful in understanding the
inconsistency of results between observational studies and RCTs since supplements might
interact differently according to specific genotypes and variants [200]. Unfortunately, such
potential genotype/supplement interactions have rarely been examined in RCT settings.

Observational studies using variable vitamin D dose supplementation and frequent
(annual or semiannual) measurement of 25(OH)D concentrations and other pertinent
data have several apparent advantages over traditional observational studies and RCTs.
Permitting variable vitamin D doses allows large 25(OH)D ranges to be covered, which
should make any significant health benefits more likely to become apparent [11,12].

MR studies that establish vitamin D’s causal role for several health outcomes are
now being reported. By using genetically predicted 25(OH)D concentrations for many
participants combined with reported health outcomes, MR studies of large cohorts average
out lifestyle factors in ways that match the effects of randomization in RCTs. Recently,
stratifying subjects into ~100 subgroups by baseline 25(OH)D concentrations for separate
MR analyses (which allows analysis of nonlinear data) provides an excellent approach
to examining the effects of genetic increases in serum 25(OH)D at low baseline 25(OH)D
concentrations [40], especially when those effects cannot be adequately considered when
all the data are included in a single analysis.

Ecological studies have historically been useful in highlighting that UVB radiation
reduces risk of diseases such as MS and cancers [42]. The advantages of ecological studies
include the fact that many participants are studied and that data for many population-
level confounding factors can be used. Geographical ecological studies surpass temporal
ecological studies because the multiple factors involved in seasonal variations are hard
to untangle, including UVB production of vitamin D, UVB non–vitamin D mechanisms,
UVA-induced increases in serum NO concentrations, and temperature [45].

Knowledge of the mechanisms whereby vitamin D reduces particular adverse health
outcomes is fundamental to understanding the problems of deficiency and should be
routinely considered in designing future trials. The mechanisms by which correcting
deficiencies can reduce tissue dysfunction in each of the common disorders we have
discussed are all reasonably well understood which supports the case for ensuring better
vitamin D provision in populations commonly afflicted with deficiency.
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