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Abstract
Vitamin D insufficiency or deficiency (VDD) is a very prevalent condition in the general population. Vitamin D is necessary 
for optimal bone mineralization, but apart from the bone effects, preclinical and observational studies have suggested that 
vitamin D may have pleiotropic actions, whereas VDD has been linked to several diseases and higher all-cause mortality. 
Thus, supplementing vitamin D has been considered a safe and inexpensive approach to generate better health outcomes—
and especially so in frail populations. Whereas it is generally accepted that prescribing of vitamin D in VDD subjects has 
demonstrable health benefits, most randomized clinical trials, although with design constraints, assessing the effects of 
vitamin D supplementation on a variety of diseases have failed to demonstrate any positive effects of vitamin D supplemen-
tation. In this narrative review, we first describe mechanisms through which vitamin D may exert an important role in the 
pathophysiology of the discussed disorder, and then provide studies that have addressed the impact of VDD and of vitamin 
D supplementation on each disorder, focusing especially on randomized clinical trials and meta-analyses. Despite there 
already being vast literature on the pleiotropic actions of vitamin D, future research approaches that consider and circum-
vent the inherent difficulties in studying the effects of vitamin D supplementation on health outcomes are needed to assess 
the potential beneficial effects of vitamin D. The evaluation of the whole vitamin D endocrine system, rather than only of 
25-hydroxyvitamin D levels before and after treatment, use of adequate and physiologic vitamin D dosing, grouping based 
on the achieved vitamin D levels rather than the amount of vitamin D supplementation subjects may receive, and sufficiently 
long follow-up are some of the aspects that need to be carefully considered in future studies.

1  Introduction

Vitamin D insufficiency or deficiency (VDD) have been 
identified as very prevalent conditions in the general pop-
ulation, with some authors coining the use of the terms 

of “vitamin D deficiency epidemic, or pandemic” [1, 2]. 
Other than the well-known effects of vitamin D on bone 
metabolism, vitamin D exerts pleiotropic actions. On one 
hand, VDD is associated with a series of adverse health 
conditions; on the other, supplementation with vitamin D 
is a low‐cost and safe intervention, making it an attractive 
therapeutic option in the clinician’s and researcher’s arma-
ture. These facts have contributed to the “explosion” in the 
interest of the scientific community on the understanding 
of the pleiotropic actions of vitamin D, among which is its 
immunomodulating effects.

Currently, there is vast research on the effects of vita-
min D on human homeostasis, mechanisms of action, and 
supplementation outcomes. Up to June 2022, a PUBMED 
(MeSH) search on vitamin D yielded 65,758 results, with 
abrupt increases in the scientific publications in the last 
two decades. However, many of the published studies that 
have linked decreased vitamin D levels with poorer health 
outcomes are of associative nature, making the evidence 
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whether vitamin D per se contributes or not to poor health 
relatively weak. In this narrative review, we present the links 
between VDD and a variety of diseases such as infections, 
COVID-19, type 2 diabetes (T2D), hypertension, cardiovas-
cular, gastrointestinal, neurodegenerative and autoimmune 
diseases, and also the impact of vitamin D supplementation. 
First, we describe briefly, the mechanisms through which 
vitamin D could have an impact on the discussed pathol-
ogy (Fig. 1). Then, we provide the available evidence from 
purely an association point of view. Since association does 
not prove causation, and there are often undetected con-
founders in reported associations, we then focused on meta-
analyses and systematic reviews where vitamin D adminis-
tration has been tested in the treatment or prognosis of the 
disease in question. Original articles and/or meta-analyses 
on the supplementation of vitamin D outcomes are also pro-
vided if available.

1.1 � Regulation of Vitamin D

Vitamin D exists in two major forms: vitamin D2 (ergo-
calciferol) and vitamin D3 (cholecalciferol); the former 
is obtained with diet mainly from fungi and also plants, 
whereas the latter can be either obtained with diet (animal 
products) or synthesized in the skin from the conversion of 
the cholesterol precursor 7-dehydrocholesterol after expo-
sure to adequate ultraviolet B radiation. Sun exposure for 
vitamin D synthesis may be efficient only when the angle of 

sun rays is more than 45°. As a result of this, inhabitants of 
the northern hemisphere do not receive sufficient amounts 
of vitamin D through skin synthesis during winter months, 
and in some northern areas, defective sun exposure may last 
up to 6 months of the year [3]. Moreover, a typical Western 
diet is poor in vitamin D [4]. To increase vitamin D inges-
tion, some countries have applied a policy of enriching milk 
products [5, 6] and margarine [7] with vitamin D, while also 
the use of light bulbs for artificial UVB exposure is another 
tool to increase vitamin D synthesis.

Vitamin D needs to undergo activation, which consists 
of two consecutive hydroxylations; the first in the liver 
and the second predominantly in the kidneys, but also in 
extrarenal tissues. In the liver, cholecalciferol is quickly 
hydroxylated by the enzyme 25-hydroxylase (a CYP450-
dependent enzyme also known as CYP2R1) yielding 
25-hydroxyvitamin D (25(OH)D) in an uncontrolled pro-
cess [8]. Low plasma calcium or phosphate levels regulate 
parathyroid hormone (PTH) and fibroblast growth fac-
tor 23 (FGF-23) levels, leading to the 1α-hydroxylation 
of 25(OH)D in the kidney and particularly in the mito-
chondria of the proximal convoluted tubule cells by the 
1-hydroxylase enzyme (CYP27B1), resulting in the active 
vitamin D (1,25(OH)2D) [9] (Fig. 2). The 1α-hydroxylation 
may also occur in extrarenal tissues (epithelial tissues, pla-
centa, bone, endocrine glands, brain, liver, and endothe-
lium [10, 11]), and especially in immune cells [12]. The 
1,25(OH)2D can then de-activate 1α-hydroxylase and 

Fig. 1   Mechanisms through which vitamin D may impact on bone health, immunity, cancer, cardiovascular disease, and neuroprotection
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stimulate the 24-hydroxylase enzyme, which destroys 
25(OH)D, providing a negative feedback loop that controls 
active vitamin D levels. The 24-hydroxylation of 25(OH)D 
yields 24,25(OH)2D, the inactive metabolite, the formation 
of which, along with saturation of the synthesis of vita-
min D in the skin, guards against vitamin D intoxication. 
Even though the active form of vitamin D is 1,25(OH)2D, 
conventional blood tests measure 25(OH)D because of its 
long half-life (~15 days) [13], making it a suitable marker 
of vitamin D storage. In contrast, circulating 1,25(OH)2D 
does not reflect vitamin D status because of its short half-
life of a few hours and its tight regulation by PTH, cal-
cium, and phosphate levels [14]. The direct measurement 
of free (non-protein bound) 25(OH)D is also possible, with 
some authors proposing that the contemporaneous assess-
ment of total and free 25(OH)D levels, as well as vitamin 
D binding protein (VDBP) and PTH should be measured 
in assessing vitamin D status and the effect of vitamin D 
supplementation on clinical outcomes [15–18].

The 1,25(OH)2D binds to the vitamin D receptor 
(VDR), a member of the nuclear receptor family of ligand-
regulated transcription factors, which then forms a het-
erodimer with the retinoid X receptor. The heterodimer 
enters the cell nucleus and binds to vitamin D responsive 

elements (VDRE) in DNA, resulting in regulation of 
the expression of key genes in target organs to yield its 
actions. This is the basis for the genomic actions of vita-
min D. Genomic actions of vitamin D require hours before 
any effects can be noticed. However, vitamin D also exerts 
actions that are rapid (within seconds to minutes); these 
are the nongenomic actions of vitamin D that are yielded 
without gene activation. The nongenomic actions of vita-
min D may occur when vitamin D activates the VDR found 
outside the nucleus [19]. Furthermore, it has been sug-
gested that vitamin D may also have a membrane recep-
tor, which could explain the rapid nongenomic actions of 
vitamin D. However, the membrane target of vitamin D is 
currently not fully elucidated [20].

1.2 � The Difficulty in Assessing the Effects of Vitamin 
D Supplementation in Health Outcomes

Vitamin D is a nutrient, but the major determinant of vita-
min D levels is dependent on skin synthesis following sun-
light exposure. Thus, placebo-controlled  randomized con-
trolled trials (RCTs) assessing the effects of vitamin D on 
health outcomes differ greatly from standard RCTs using 
drugs, since it is impossible to exclude vitamin D intake or 

Fig. 2   Schematic representation of 1α-hydroxylation of 25 (OH)
D in the active form in renal and extrarenal tissues. Several tissues 
have been described to have the CYP27B1 enzyme responsible 
for the 1α-hydroxylation of 25 (OH) D, but here emphasis is given 
in the immune and epithelial cells. Of note is that the control of 

the CYP27B1 activity differs between renal and extrarenal tissues. 
FGF23 fibroblast growth factor, IFN-γ interferon gamma, PTH para-
thyroid hormone, TLR toll-like receptor, TNF-α tumor necrosis factor 
alpha
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sunlight exposure in the placebo arms of the vitamin D tri-
als. [21]. Moreover, since VDD is a very prevalent condition, 
some RCTs (for instance, the large VITAL study [22, 23]) 
also allow supplementation with low doses of vitamin D in 
the placebo group. While most RCTs are done in the general 
population to increase generalizability of the study results, 
it is well known that anthropometric characteristics of the 
study participants such as age, body mass index (BMI), and 
even skin pigmentation may affect the intake or metabolism 
of vitamin D, and therefore constitute confounders [24, 25]. 
However, RCTs on vitamin D typically use standard doses of 
supplementation rather than personalized doses based on the 
characteristics of the participants. Moreover, in several RCTs, 
baseline and on-treatment 25(OH)D are not monitored; this is 
again a great confounder of the study results since subjects on 
the placebo arm may actually achieve higher 25(OH)D lev-
els compared with subjects on treatment. Even when plasma 
25(OH)D levels are monitored, there is large variance in the 
results, especially if the widely used immunoassay method-
ology is used [26]. Thus, data from different studies are not 
always comparable and could not be used in meta-analyses. 
Finally, the dose-response between vitamin D and its health 
effects is “S shaped” [21, 27]. This implies that, on one hand, 
in subjects with VDD, large doses of vitamin D supplementa-
tion would be needed to elicit any meaningful effect, while 
on the other, supplementation in vitamin D replete subjects 
would not yield any effect. These are important confounders 
that make the interpretation and the execution of an RCT on 
vitamin D much more demanding compared with a drug RCT, 
and are expected to have affected the results of the RCTs that 
are presented in the following chapters.

2 � Classical Vitamin D Actions

2.1 � Vitamin D and Bone

Mechanisms Vitamin D exerts both direct and indirect 
actions on bone [28]. Vitamin D is a major determinant 
of mineral homeostasis, promoting intestinal calcium and 
phosphorus absorption, which are required for optimal min-
eralization of bone. Vitamin D also exerts direct actions on 
bone. The direct actions of vitamin D on bone are more 
complex to demonstrate, and studies on VDR or CYP27B1 
knockout animal models treated with a rescue high-calcium, 
high-phosphorus, and high-lactose diet have shown that even 
though severe bone abnormalities such as rickets (i.e., defec-
tive mineralization of the growth plate and adjacent meta-
physis in the growing skeleton) and osteomalacia (i.e., the 
accumulation of unmineralized osteoid at sites other than 
the growing metaphysis) are prevented [29, 30], changes in 
osteoblast number, mineral apposition rate, and bone volume 
remain [31]. Indeed, as reviewed in [28], direct effects of 

vitamin D on osteoblasts proliferation and survival and in 
the mineralization process have been shown.

Even though it is well established that acquired or genetic 
alterations in the vitamin D endocrine system can lead to 
rickets and osteomalacia and that, vice versa, treatment with 
an adequate quantity of vitamin D prevents rickets, osteoma-
lacia [32], and renal osteodystrophy, the role of vitamin D 
in the skeleton of adults and older adults is often disputed.

In the large Vitamin D Assessment (VIDA) study—a 
trial in which participants were randomized to receive either 
100,000 IU vitamin D3 or placebo monthly—correction of 
severe vitamin D deficiency led to improvement in bone 
mass density (BMD) [33], whereas vitamin D supplemen-
tation in already vitamin D replete adults was not associated 
with improved bone mass density (BMD) or bone quality 
[33]. Moreover, no effect was found in the VIDA trial in 
risk of fractures or falls after vitamin D supplementation 
in either the whole dataset or the vitamin D deplete group 
compared with placebo [33]. In the other large RCT Vitamin 
D and OmegA-3 TriaL (VITAL), supplemental vitamin D3 
(2000 IU/d) was compared with placebo. Also in this study, 
vitamin D supplementation did not affect BMD of the spine, 
hip, or whole body, and this lack of effect was independ-
ent of baseline 25(OH)D levels [23]. However, among sub-
jects with baseline free vitamin D levels below the median 
(< 14.2 pmol/L), those receiving vitamin D supplementa-
tion showed a slight increase in spine aBMD (0.75% versus 
0%; p = 0.043) and attenuation in loss of total hip aBMD 
(−0.42% versus −0.98%; p = 0.044) compared with pla-
cebo [23]. In the Calgary study, the long-term outcomes of 
vitamin D supplementation at 400, 4000, and 10,000 IU per 
day were compared. It was found that subjects receiving the 
very high dose of vitamin D supplementation had decreased 
BMD at the radius and tibia compared with subjects receiv-
ing 400 IU daily [34], while no differences in BMD were 
noted between the 4000 and 400 IU groups. Moreover, very 
high-dose vitamin D supplementation (4000 and 10,000 
IU/day) may result in hypercalciuria and/or hypercalcaemia 
[34]. The decrease in BMD with very high doses of vitamin 
D may be due to excessive bone resorption by increasing the 
number and activity of osteoclasts directly [35], or indirectly 
through activation of osteoblasts, which in turn activate 
osteoclastogenesis [36]. Another important aspect related 
to bone health often evaluated in clinical studies is the risk 
of fractures. In a large meta-analyses conducted by Bolland 
et al., administration of vitamin D had no effect on total 
fracture [36 trials; n = 44.790, relative risk (RR) 1.00, 95% 
confidence intervals (CI) 0.93–1.07], hip fracture (20 trials; 
n = 36.655, RR 1.11; 95% CI 0.97–1.26), or falls (37 trials; 
n = 34.144, RR 0.97; 95% CI 0.93–1.02), and similar results 
were found when comparing randomized controlled trials 
(RCTs) of high-dose versus low-dose vitamin D [37]. More-
over, regarding hip fractures, this meta-analysis showed that, 
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whereas there is reliable evidence that vitamin D supplemen-
tation does not reduce hip fractures, it is uncertain whether it 
might increase the risk of hip fractures [37]. On the contrary, 
a meta-analysis of eight studies including 30,970 partici-
pants showed that the combined administration of vitamin 
D and calcium can reduce the risk of total fractures by 15% 
[odds ratio (OR) 0.85; 95% CI 0.73–0.98] and the risk of hip 
fractures by 30% (OR 0.70; 95% CI 0.56–0.87) [38].

2.2 � Vitamin D, Muscle Strength, Muscle Mass, 
Muscle Power, and Risk of Falls

Mechanisms VDD has been associated with musculoskeletal 
dysfunction, a reduction in muscle strength and size, and 
increased intramuscular noncontractile tissue [39, 40].

One of the largest meta-analyses evaluated the effect of 
vitamin D supplementation on muscle strength, including 
data of 29 RCTs involving 5533 subjects. It demonstrated 
that vitamin D supplementation had a small but signifi-
cant effect on improving global muscle strength (SMD 
0.17, 95% CI 0.03–0.31, p = 0.02), and in particular there 
was a significant positive effect of vitamin D supplemen-
tation on lower limb muscle strength (SMD 0.19; 95% CI 
0.05–0.34; p = 0.01), but not on grip strength (SMD 0.01; 
95% CI 0.06–0.07; p = 0.87) [41]. In a subgroup analy-
ses, it was further demonstrated that the improvement in 
muscle strength was greater in patients who at baseline had 
25(OH)D values < 30 nmol/L, compared with those who 
had 25(OH) D ≥ 30 nmol/L. Moreover, a meta-regression 
showed a significant association between changes in 25(OH)
D concentration and changes in muscle strength [slope 95% 
CI 0.01 (0.00, 0.01); p = 0.01]. With regards to age, vitamin 
D supplementation in subjects older than 65 years resulted 
in a significant improvement of muscle strength (SMD 0.25; 
95% CI 0.01–0.48), whereas supplementation in younger 
people did not (SMD 0.03; 95% CI 0.08–0.14) [41]. This 
meta-analysis also assessed the effects of vitamin D supple-
mentation on muscle mass and muscle power, even though a 
limited number of studies had assessed these outcomes (six 
and five studies, with a total of only 538 and 245 subjects, 
respectively). It was shown that vitamin D supplementation 
does not improve muscle mass or muscle power [41].

An improvement in lower limb muscle strength could 
be a promising mechanism through which vitamin D sup-
plementation could reduce the risk of falls, since, on one 
hand, quadriceps strength is a significant predictor of falls 
[42] and, on the other hand, VDD has also been linked to 
an increased risk of falls [43, 44]. Thus, whether vitamin D 
supplementation confers protection from falls has received 
a lot of interest, but meta-analyses on this topic have yielded 
conflicting results. Early meta-analyses reported beneficial 
effects of vitamin D supplementation on reducing falls, 
and two analyses reported that vitamin D supplementation 

combined with calcium, but not vitamin D supplementation 
alone, reduces the risk of falls [43, 45]. However, subsequent 
meta-analyses reported neutral effects of vitamin D supple-
mentation on falls [46], and when very high doses of vitamin 
D supplementation were used, there was an increased risk 
of falls [47, 48].

In a 2014 trial, a sequential meta-analysis approach to 
reduce the risk of false positive effects, Bolland et al. ana-
lyzed data from 20 RCTs (n = 29,535). They reported that 
vitamin D supplementation did not reduce the relative 
risk for falls by 15% or more, and similar null effects were 
reported when they performed a sensitivity analysis, reduc-
ing the risk reduction threshold at 10% [49]. There were 
no differences in the effects of vitamin D supplementation 
alone or vitamin D and calcium supplementation on the risk 
of falls. Based on their approach, the authors concluded that 
it is unlikely that similar future trials may alter these nega-
tive conclusions of vitamin D supplementation on the rick 
of falls [50]. The null effects of vitamin D supplementation 
on reducing the risk of falls were replicated in a subsequent 
meta-analysis of the same group in 2018, including data of 
37 trials and a total of 34,144 subjects (RR 0.97; 95% CI 
0.93–1.02). Of note is that in this meta-analysis, vitamin D 
supplementation did not decrease the RR of falls by 7.5%—
i.e., the efficacy of vitamin D supplementation at a lower RR 
threshold was tested but still no clinically meaningful effect 
of vitamin D supplementation on reducing the risk of falls 
was found [37].

3 � Non‑Classical Vitamin D Actions

3.1 � Vitamin D and Hypertension

Mechanisms Preclinical studies have shown that VDD 
may predispose to hypertension through upregulation of 
the renin–angiotensin–aldosterone system (RAAS) and 
increased vascular resistance and vasoconstriction [51–53]. 
On the other hand, VDR activation has been shown to inhibit 
intrarenal mRNA levels and protein expression of key com-
ponents of the RAAS [51].

Evidence shows that vitamin D supplementation is effec-
tive in reducing blood pressure in patients with hyperten-
sion and VDD [54]. Once again, the modality of vitamin D 
supplementation impacts the outcome, with daily [55–57] 
or weekly [58] administrations of vitamin D improving 
hypertension outcomes, whereas large bolus vitamin D dos-
ing (e.g., 100,000 IU VD every 2 months) failed to reduce 
blood pressure in vitamin D deficient subjects [59]. Large 
doses of vitamin D might also have detrimental vascular 
effects, since they can result in vascular calcification [60]. 
On the contrary, vitamin D supplementation in vitamin D 
replete subjects has null effects on lowering blood pressure 
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[61]. Antihypertensive medications may also affect whether 
vitamin D supplementation will affect blood pressure. For 
instance, Bernini et al. did not find any effect of acute or 
chronic vitamin D supplementation on RAAS in patients 
with essential hypertension on RAAS inhibitor treatment 
[55]; however, they also showed that chronic vitamin D 
receptor activation in drug-free essential hypertensives 
suppresses RAAS components [62]. This evidence further 
underlines that the blood pressure effects of vitamin D in 
humans are dependent on the activity of RAAS.

Low serum 25(OH)D levels have also been associated 
with an increased risk of developing hypertension [53], 
which raises the question of whether vitamin D supplemen-
tation can impact the incidence of hypertension, and this 
is of great clinical interest. It is important to note that to 
evaluate the effects of vitamin D supplementation on the 
incidence of chronic diseases, such as hypertension, the 
intervention period should be long enough (> 5 years) to 
record a sufficient number of events [54].

However, in the VITAL study (intervention for 5 years), 
vitamin D supplementation did not reduce the incidence of 
cardiovascular events [63], and there was no specific men-
tion of whether the incidence of hypertension was affected. 
DO-HEALTH was a RCT on adults aged 70 years or older 
without major comorbidities. Treatment with 2000 IU/day of 
vitamin D did not improve systolic (SBP) or diastolic blood 
pressure (DBP) compared with placebo [64]. However, as 
the authors pointed out, in this trial only 40.7% of individu-
als had 25(OH)D levels less than 20 ng/ml at baseline, and 
all participants were allowed to take up to 800 IU/day of 
vitamin D outside the study medication [64].

3.2 � Cardiovascular Events

Mechanisms VDR is expressed in endothelial cells, vascular 
smooth muscle cells, and cardiac myocytes [65]. Vitamin 
D preserves endothelial function through inhibition of the 
proliferation of vascular smooth muscle cells [66], and also 
reduces oxidative stress, inflammation, and thrombogen-
esis [67]. It has also been suggested that it can modify lipid 
metabolism by increasing the activity of lipoprotein lipase 
in adipose tissue [68] and by reducing fatty acid absorption 
[69]. As discussed earlier, it can also reduce RAAS activity, 
thereby decreasing blood pressure.

In a meta-analysis of nearly 850,000 individuals, patients 
were divided into tertiles for 25(OH)D supplementation. 
Patients on the lower tertile of 25(OH)D concentrations had 
an increased risk of death from cardiovascular disease com-
pared with patients on the top thirds of 25(OH) D concentra-
tions (RR 1.35; 95% CI 1.13–1.61) [70]. Moreover, another 
meta-analysis showed that subjects in the lowest quintile 
of 25(OH)D concentration had an increased risk of cardio-
vascular mortality compared with subjects in the highest 

quintile (RR 1.41, 95% CI 1.18–1.68 in subjects without 
a history of cardiovascular disease and RR 1.65, 95% CI 
1.22–2.22 in subjects with a history of cardiovascular dis-
ease) [71]. In a recent large cohort study in 24,311 patients 
with T2D and 67.789 subjects with prediabetes (i.e., a study 
population with high CVD risk) it was shown that 25(OH)
D levels were inversely and independently associated with 
the risk of incident cardiovascular outcomes and all-cause 
mortality. Moreover, in a recent large cohort study in 24,311 
patients with T2D and 67,789 subjects with prediabetes (i.e.. 
a study population at increased risk for CVD [72]), 25(OH)D 
was associated with lower risk of incident CVD events and 
mortality [73]. In a dose-response analysis, it was shown that 
increasing 25(OH)D up to 50–60 nmol/L decreased mortal-
ity and cardiovascular events [73].

However, in the two large RCTs (VITAL and VIDA) 
with long follow-up, supplementation with vitamin D did 
not impact on major cardiovascular events or cardiovascular 
death compared with placebo [63, 74]. The same conclusion 
was reached by Barbarawi and colleagues analyzing data of 
21 RCTs with a total of 83,000 individuals [75].

Whether vitamin D supplementation affects the risk fac-
tors for CVD has also been investigated. Earlier systematic 
reviews and meta-analyses have reported a null effect of vita-
min D supplementation on the modification of CVD risk 
factors [49, 76–78]. Mirhosseini et al. recently performed 
a systematic review and meta-analysis with stringent inclu-
sion criteria, including only studies in which the duration of 
vitamin D supplementation was at least 3 months; studies 
using a daily, weekly, or monthly frequency of vitamin D 
dosage; and studies where baseline and post-intervention 
serum 25 (OH)D levels were included. Eighty-one studies 
met the selection criteria. The authors showed that sup-
plementation of vitamin D led to a reduction of SBP and 
DBP, a reduction of total cholesterol and triglycerides, 
an increase in HDL, and a reduction in high-sensitivity 
C-reactive protein (hs-CRP) [79]. In subgroup analyses, 
they also reported dose-effect responses comparing stud-
ies in which subjects received ≥ 4000 IU/day with stud-
ies in which patients received < 4000 IU/day. They showed 
that trials with vitamin D supplementation ≥ 4000 IU/day 
had greater reductions in SBP, DBP, and hs-CRP. Similar 
effects were reported when serum 25(OH)D levels higher or 
lower than 86 nmoL/L were considered, with subjects with 
higher 25(OH)D levels showing greater reductions in SBP, 
DBP, and hs-CRP. On the contrary, lipid changes were not 
associated with the dose or the achieved serum 25(OH)D 
concentrations [79]. As the authors state, the discrepancy 
with earlier systematic reviews and meta-analyses could be 
attributed to the quality of the studies included (small sam-
ple sizes, too low doses of vitamin D supplementation, and 
too narrow intervention length). The effect of vitamin D 
supplementation on markers of arterial stiffness [i.e., pulse 
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wave velocity (PWV) and augmentation index (AI)] was also 
assessed, but the numbers of studies that evaluated these 
markers was small (11 and 10 studies, respectively). While 
there were no overall effects of vitamin D supplementation 
on these markers, subgroup analyses found that AI was lower 
in patients with serum 25(OH)D concentrations ≥ 86 nmol/L 
and in patients receiving vitamin D doses ≥ 4000 IU/day, 
with the authors concluding that vitamin D supplementation 
may improve the markers of arterial stiffness [79]. These 
results seem in line with the results of a prespecified analysis 
of a subsample of participants in the Vitamin D Assess-
ment (VIDA) study who underwent suprasystolic oscillom-
etry [74]. The VIDA study showed that monthly high-dose 
(i.e., 100,000 IU/month) supplementation with vitamin D 
led to improvements in AI, PWV, peak reservoir pressure, 
and backward pressure amplitude [74]. Aortic systolic blood 
pressure also improved, whereas SBP and DBP showed only 
small, nonsignificant reductions [74].

3.3 � Acute Respiratory Tract Infection and Influenza

Mechanisms Vitamin D is involved in the control of both 
the innate and adaptive immune response. Virtually all 
immune cells express VDR and CYP27B1, and it has been 
shown that macrophages, activated T and B cells, dendritic 
cells, and endothelial cells lining the upper and lower res-
piratory tracts can hydroxylate 25(OH)D into the active 
form[80–82]. Neutrophils express VDR, but it seems that 
they do not possess CYP27B1 [83]. Evidence suggests that 
1,25(OH)2D controls the innate immune response through a 
negative feedback loop on macrophages and other immune 
cells. More specifically, IFNγ-activated macrophages induce 
1,25(OH)2D release, which in turn activates VDR on mac-
rophages, suppressing the expression of key genes produc-
ing proinflammatory proteins [84]. Regarding regulation of 
adaptive immune responses, 1,25(OH)2D has been shown 
both to inhibit proliferation and differentiation of activated 
human B cells [85], to inhibit T helper cells, and also to pro-
mote Treg cells [86]; the net outcome of these effects would 
be to limit inflammatory processes. In the specific case of 
influenza virus, it has been shown that incubation of human 
lung A549 epithelial cells with 1,25(OH)2D before or after 
exposure to influenza A virus led to decreased production 
of TNF-α, IFN-β, and IFN-stimulated gene-15, and down-
regulated interleukin (IL-8 and IL-6 RNA levels [87]. An 
extensive review of the mechanisms through which vitamin 
D modulates and controls the immune responses has been 
performed recently [81].

A negative linear association among vitamin D levels 
and lung infections and function has been established in a 
large cross-sectional study of 6789 subjects, where for each 
10 nM/L increase in vitamin D levels, the risk of infection 
was reduced by 7% [88]. Negative associations between 

vitamin D levels and the risk [89] or severity of pneumonia 
have also been described [90].

Urashima et al. performed an RCT in children (N = 167 
on vitamin D and N = 167 on placebo) receiving either 
a daily supplement of vitamin D (1200 IU/day) or pla-
cebo. They found that patients treated with vitamin D 
had a lower incidence of influenza A compared with pla-
cebo (incidence of influenza A, 10.8% in the vitamin D 
group versus 18.6% in the placebo group; RR 0.58; 95% 
CI 0.34–0.99; p = 0.04) [91]. Apart from these positive 
outcomes of higher vitamin D levels and of vitamin D 
supplementation on influenza and other lung infections, 
other studies have reported neutral [92] or even negative 
results [93] of vitamin D supplementation on the outcomes 
of lung infections. It is not clear if this discrepancy is due 
to methodological issues [low vitamin D supplementa-
tion [92] or weak endpoints used (questionnaires on self-
reported symptoms) [93]], characteristics of the study pop-
ulation, or are dependent on the baseline vitamin D status. 
For instance, in another RCT conducted by Urashima et al. 
investigating the effects of vitamin D supplementation dur-
ing the 2009 H1N1 pandemic, they showed that subjects in 
the vitamin D group (2000 IU/day) had a lower incidence 
of influenza A or B compared with the placebo group dur-
ing the first month of intervention, whereas there was a 
higher incidence of infection during the second month 
[94]. It would be tempting to hypothesize that at the 
beginning of the intervention, vitamin D levels were low, 
allowing the treatment to show a positive protective effect, 
whereas once vitamin D levels were restored, the vitamin 
D had no impact in the prevention of infection. Unfortu-
nately, in this study, serum levels of 25(OH)D were not 
measured, which could have explained the reasons for this 
difference at the two time periods, and thus this suggestion 
is speculative. A meta-analysis of 25 RCTs (including a 
total of 10,933 participants) supports the protective effects 
of vitamin D on acute lung infections. More specifically, 
vitamin D supplementation reduced the risk of acute res-
piratory infections among all participants [adjusted OR 
(aOR) 0.88; 95% CI 0.81–0.96; heterogeneity p < 0.001]. 
Importantly, the protective effects were seen in individuals 
receiving daily or weekly vitamin D (aOR 0.81;95% CI 
0.72–0.91), but not in those receiving bolus doses (aOR 
0.97; 95% CI 0.86–1.10; p = 0.05). Moreover, among 
subjects receiving daily or weekly vitamin D, protective 
effects of vitamin D were stronger in those who baseline 
25(OH)D concentrations < 25 nmol/l (aOR 0.30; 95% CI 
0.17–0.53) compared with those with baseline 25(OH)D 
≥ 25 nmol/L (aOR 0.75; 95% CI 0.60–0.95; p for interac-
tion = 0.006) [95]. In a more recent meta-analysis by the 
same group, including data from 43 RCTs and a total of 
48,488 participants, the protective effect of vitamin D sup-
plementation when given using a daily dosing regimen, at 
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daily dose equivalents of 400–1000 IU on acute respira-
tory infections was confirmed [96].

3.4 � Tuberculosis

Vitamin D was used in the pre-antibiotic era for the treat-
ment of patients with tuberculosis (TB), when the ancient 
Greeks had first introduced “heliotherapy” (i.e., sunlight 
exposure) to treat TB [97]. Moreover, in preclinical studies, 
it has been shown that 1,25(OH)2D induces antimycobac-
terial activity in vitro in monocytes and macrophages [98, 
99]. However, recent controlled trials and meta-analyses 
have produced either minimal or null effects in a variety 
of TB-associated outcomes. A systematic review showed 
that serum vitamin D levels are not associated with the inci-
dence of latent tuberculosis infection [100]. As the authors 
pointed out, different 25(OH)D assays were used in the 
studies included, which have differences in their sensitivity 
and precision, and that may have affected the results of the 
meta-analysis. In a RCT on TB contacts, it was shown that 
a single dose of 2.5 mg vitamin D (i.e., 100,000 IU) sup-
pressed recombinant Mycobacterium growth through Bacil-
lus Calmette–Guérin (BCG)-lux analysis at 24 h but not at 
96 h, suggesting improved innate but unmodified acquired 
immunity against mycobacteria compared with placebo 
[101]. In a large RCT on children with a negative Quantif-
eron test at randomization, supplementation with a weekly 
dose of 14,000 IU vitamin D for 3 years did not result in a 
lower risk of tuberculosis infection, tuberculosis disease, or 
acute respiratory infection compared with placebo [102]. 
Finally, in the, thus far, largest meta-analysis investigating 
the effects of vitamin D supplementation on patients with 
pulmonary TB, vitamin D supplementation resulted in an 
increase in lymphocyte count, an improvement in chest radi-
ography (mean number of zones involved), and an increased 
proportion of sputum smear and culture conversion. On the 
contrary, compared with placebo, vitamin D yielded null 
effects on time to sputum smear and culture conversion, and 
on mortality [103].

3.5 � COVID‑19

Considering the previous implications of vitamin D in acute 
respiratory tract infections, soon after the outbreak of the 
COVID-19 pandemic the research community started inves-
tigating whether vitamin D supplementation may have an 
impact in preventing infection with Severe acute respiratory 
syndrome coronavirus (SARS-COV2), or on the severity of 
COVID-19. This was especially important at the beginning 
of the pandemic when the medical community had almost 
no treatments in the fight against COVID-19.

Mechanisms Several mechanisms have been proposed 
through which vitamin D could offer protection against 
COVID-19. First, by regulating the innate immune response, 
vitamin D induces the production of the antimicrobial pep-
tides cathelicidin (or LL-37) and β defensin, blocking the 
viral entry into cells [104]. Because of the actions of vitamin 
D on the adaptive immune system, and specifically the shift 
away from a proinflammatory state, it reduces the risk of 
cytokine storm, which is particularly detrimental in severe 
cases of COVID-19 [105]. Finally, through regulation of 
the renin–angiotensin–aldosterone system (RAAS), it sup-
presses the angiotensin converting enzyme (ACE) while it 
induces ACE2, leading to a reduction of angiotensin 2 and 
an increase in angiotensin 1–7. These enzymatic changes 
restore the ACE: ACE2 imbalance induced by SARS-CoV-2 
infection and reduce the risk of vasoconstriction and acute 
respiratory distress syndrome (ARDS) [105].

Observational studies have shown that patients with VDD 
have an increased risk for COVID-19 [106], and in the, thus 
far, largest observational study, we have shown that vitamin 
D insufficiency or deficiency is associated with a 2.3–3.6 
times higher risk of severe COVID-19, necessitating hospital 
admission [107].

A small, nonrandomized study showed that administra-
tion of high doses of vitamin D before SARS-CoV-2 infec-
tion was associated with less severe COVID-19 and better 
survival in older frail patients [108]. Castillo and colleagues 
performed a pilot study on 76 consecutive patients hospital-
ized for COVID-19 [109]. Patients at admission and on top 
of optimal medical treatment were randomized in a 2:1 ratio 
to receive or not high doses of calcifediol. It was shown 
that calcifediol supplementation significantly reduced the 
need for intensive care unit (ICU) treatment [109]. On the 
contrary, Murai and colleagues randomized 240 subjects to 
receive either a 200,000 IU vitamin D bolus or placebo. 
Mean time lag from symptom onset to randomization was 
relatively long (i.e., mean of 10.3 days). They found that 
there was no difference in in-hospital stay length, mortal-
ity, admission to ICU, or need for mechanical ventilation 
between the vitamin D and placebo groups [110]. These 
(negative) results were also confirmed in a post hoc analy-
sis involving only patients with VDD at baseline (N = 115) 
[110]. In a systematic meta-analysis of our group, including 
data from nine studies and a total of 2078 patients, we found 
that vitamin D supplementation was associated with a sig-
nificant reduction in the need for ICU admission, whereas 
vitamin D supplementation did not confer protection from 
COVID-19 mortality [111]. These results are essentially 
in line with a previous meta-analysis conducted by Shah 
et al., which was performed earlier and thus had a smaller 
sample size (N = 532) of COVID-19 patients [112]. Moreo-
ver, in our study we performed a meta-regression analysis 
to identify the effect of dose supplementation; although no 
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significant relationship was found between the dose of sup-
plementation and either severity of disease or mortality, it 
was shown that low versus high vitamin D supplementation 
protected from severe disease requiring admission to ICU 
[111].

In the systematic review and meta-analysis by Pal 
et al. [113] including data from 13 studies, it was shown 
that supplementation with vitamin D was associated with 
improved clinical outcomes in COVID-19 (including mor-
tality) patients, especially when vitamin D is administered 
in patients after the diagnosis of COVID-19. Based on this 
finding, the authors suggested that vitamin D can be used as 
a potential treatment addition in patients with COVID-19. 
However, it should be noted that in their analysis, only three 
studies were included where vitamin D supplementation was 
given before COVID-19 diagnosis [113]. Overall, the dis-
crepancies in the results of vitamin D supplementation on 
COVID-19 outcomes may have been affected by relatively 
small sample sizes, and patient’ heterogeneity.

In a recently published phase 3 RCT (CORONAVIT) the 
investigators assessed the effect of vitamin D supplementa-
tion for 6 months on the incidence of all-cause acute respira-
tory tract infection and COVID-19 [114]. In this study, a 
test-and-treat approach was selected in which only subjects 
with 25(OH)D levels < 75 mmol/L were enrolled to receive 
low (800 IU/day) or high (3200 IU/day) vitamin D supple-
mentation, and were compared with subjects who were not 
offered vitamin D supplementation (in the intention to treat, 
N = 1515, 1515, and 2949 for the low dose, high dose, and 
no supplementation, respectively). It was found that correc-
tion of suboptimal vitamin D levels with either supplemen-
tation dose was not associated with a reduction in risk of 
all-cause acute respiratory tract infection or infection from 
COVID-19 [114].

3.6 � Type 2 Diabetes (T2D)

Mechanisms Preclinical studies have shown that vitamin D 
may modulate β-cell growth and differentiation, enhance 
insulin secretion [115, 116], increase the expression of the 
insulin receptor [117], and enhance insulin-mediated glu-
cose transport [118].

However, studies in humans assessing the effect of 
vitamin D supplementation on insulin secretion and insu-
lin action with gold standard methods have not confirmed 
these findings. More specifically, in the Tromsö study, a 
case-control and RCT study, 104 nondiabetic subjects with 
low serum 25(OH)D levels at baseline were randomized to 
receive either 20,000 IU twice weekly or placebo. A hyper-
glycemic clamp was performed at baseline and 6 months 
after treatment, showing that vitamin D supplementation 
did not increase first- or second-phase insulin secretion, or 

insulin sensitivity (assessed as the insulin sensitivity index, 
ISI) compared with placebo [119]. Similar null effects of 
vitamin D on insulin secretion (assessed with the intrave-
nous glucose tolerance test, IVGTT) were reported after 
3 months of vitamin D supplementation on nondiabetic 
subjects with low baseline 25(OH)D receiving 50,000 IU/
week compared with placebo [120]. These results were con-
firmed in a meta-analysis that included 12 RCTs and a total 
of 1181 participants with BMI > 23 kg/m2. It was shown that 
vitamin D supplementation did not modify whole-body insu-
lin sensitivity (assessed by the HOMA-IR)[121]. Of note, 
tissue-specific insulin sensitivity may also be assessed using 
fluorodeoxyglucose positron emission tomography studies 
in conjunction with a euglycemic hyperinsulinemic clamp 
[122–125], but to the best of our knowledge, thus far, it has 
not been assessed whether there is any correlation between 
the vitamin D status and tissue-specific insulin sensitivity, 
or whether vitamin D supplementation may affect tissue-
specific insulin sensitivity.

Several association studies have shown an inverse asso-
ciation among serum 25(OH)D levels and fasting glucose 
[126, 127], glycated hemoglobin (HbA1c)1c [128], insulin 
resistance, and prevalence of T2D [129].

In a large RCT in patients with prediabetes at a high risk 
of progression to T2D, supplementation with 4000 IU/day 
of vitamin D led to a nonsignificant tendency to slower 
progression to T2D compared with placebo. However, in a 
post hoc analysis on patients without obesity, severe vitamin 
D deficiency at baseline and excellent adherence to treat-
ment during the intervention period, a significant effect in 
decreasing the progression to T2D was seen [130]. This 
finding was confirmed in two recent systematic reviews 
and meta-analyses. In a meta-analysis by Barbarawi et al., 
data from nine RCTs and a total of 43,559 patients were 
assessed. While in the whole population vitamin D sup-
plementation did not affect the incidence of T2D, post hoc 
analyses according to the vitamin D dosage showed that 
subjects receiving ≥ 1000 IU/day had significantly lower 
incidence of T2D (RR 0.88; 95% CI, 0.79–0.99; p = 0.03). 
Moreover, patients without obesity who received high-dose 
treatment had a lower relative risk of T2D (RR 0.68; 95% CI 
0.53–0.89; p = 0.005), while no benefit was seen in patients 
with obesity [131]. In the study by Zhang et al. analyzing 
data of eight RCTS and 4896 participants, vitamin D supple-
mentation reduced the incidence of T2D (RR 0.89; 95% CI 
0.80–1.00; p = 0.04). Similarly to the results of Barbarawi 
et al., subgroup analyses showed that vitamin D supplemen-
tation lowered the risk of new-onset T2D only among non-
obese patients, whereas a difference with respect to dose 
received was not reported [132]. The authors also reported 
that from five trials in 1080 participants, reversion from pre-
diabetes to normoglycemia was significantly increased by 
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vitamin D supplementation (RR 1.48; 95% CI 1.14–1.92) 
[132].

The effect of vitamin D supplementation on glycemic 
control in patients with T2D has also been assessed. Wu 
et al. assessed 24 studies; supplementation of vitamin D 
improved HbA1c levels [standardized mean difference 
(SMD) −0.25 (−0.45 to −0.05)] and this effect was larger 
among patients with vitamin D deficiency at baseline [SMD 
−0.39 (−0.67 to −0.10)] and in patients with BMI < 30 kg/
m2 [SMD −0.30 (−0.54 to −0.07)] [133]. On the contrary, 
a subsequent systematic review and meta-analysis by Li and 
colleagues showed that vitamin D supplementation did not 
influence fasting blood glucose, HbA1c, or fasting insulin 
levels, whereas HOMA-IR (i.e., an index of insulin resist-
ance) was improved [134].

There is also evidence that VDD is associated with gesta-
tional diabetes mellitus (GDM). In a meta-analysis including 
seven observational studies and a total of 2146 subjects, of 
whom 433 developed GDM, it was shown that 25(OH)D lev-
els < 50 nmol/L were associated with development of GDM 
(OR 1.61; 95% CI 1.19–2.17; p = 0.002) [135]. In a recent 
systematic review and meta-analysis in a small number of 
women, supplementation with 2000 IU of vitamin D per day 
did not affect the incidence of GDM compared with placebo 
(N = 95 on vitamin D and N = 88 placebo). However, in 
seven studies including a total of 1722 women comparing 
the effect of vitamin D supplementation > 2000 IU/day and 
≤ 2000 IU/day, it was shown that the incidence of GDM was 
reduced in the group receiving > 2000 IU of vitamin D per 
day (RR = 0.70; 95% CI 0.51–0.95; p = 0.02) [136].

3.7 � Diabetic Neuropathy and Diabetic Foot Ulcers 
(DFU)

Mechanisms The role of vitamin D in the function of periph-
eral nervous system has not been extensively studied [137]. 
Studies have suggested that vitamin D may be involved in 
pain perception [138] and that it can induce nerve-growth 
factor synthesis in human cell lines [139]. Low vitamin D 
levels have been also reported to impair the differentiation 
and proliferation of keratinocytes and skin fibroblasts, and to 
delay DFU healing [140–142]. Vitamin D has been shown to 
induce production of antimicrobial peptides in keratinocyte 
cells from DFU [143]. Preclinical studies have shown that 
topical application of vitamin D promotes wound healing in 
a dose-dependent manner [144], and activates the expres-
sion of angiogenic molecules in keratinocytes and the migra-
tion of endothelial and keratinocyte cells in a diabetic foot 
ulceration model [145].

Studies have shown that VDD is associated with painful 
diabetic neuropathy, diabetic foot ulceration, and diabetic 
foot infections [146–148]. Two recent meta-analyses includ-
ing a total of 1115 and 1644 patients with T2D showed that 

severe VDD [i.e., 25(OH) D < 10 ng/ml] is associated with 
increased risk of diabetic foot ulceration (OR 3.2; 95% CI 
2.4–4.3 [149] and OR 3.6; 95% CI 2.9–4.4; p < 0.0001) 
[150], respectively. In a small RCT on 60 patients with grade 
3 DFU according to the “Wagner–Meggit” criteria, patients 
were randomized to receive either 50,000 IU of vitamin D 
every 2 weeks or placebo for 12 weeks. Vitamin D sup-
plementation was shown to reduce the ulcer length, width, 
depth, and erythema rate [151]. A later RCT compared 
high-dose vitamin D supplementation with 170 μg/day (i.e., 
6800 IU) compared with low dose (20 μg/day, i.e., 800 IU) 
for 48 weeks of treatment. The intention-to-treat analysis 
showed that patients receiving high-dose supplementation 
had a higher rate of ulcer healing (70% versus 35%, p = 0.01, 
in the high versus low supplementation group) [152].

3.8 � Neuroprotection

Mechanisms VDR and 1α-hydroxylase are expressed 
throughout the brain, and they are particularly highly 
expressed in the substantia nigra and in the hippocampus 
[153, 154], two important regions for Parkinson’s disease 
and cognition, respectively. It has been suggested that vita-
min D may confer neuroprotection through several mecha-
nisms, including regulation of neurotrophic factors and of 
nerve growth, protection against cytotoxicity, and reduced 
oxidative stress [155–157]. Vitamin D has also been impli-
cated in the regulation of acetylcholine and clearing of amy-
loid beta [158].

Considering the high expression of VDR and 
1α-hydroxylase in substantia nigra, the impact of VDD 
on Parkinson’s disease has been studied, yielding con-
flicting results. In a large prospective study from Finland 
(N = 3173), patients in the highest quartile for baseline 
serum vitamin D levels had a 65% lower risk of develop-
ing Parkinson’s disease than those in the lowest quartile, 
suggesting that lower levels of vitamin D in mid-life may 
increase the risk of Parkinson’s disease [159]. However, later 
studies in an even larger study sample in the USA failed to 
confirm this association [160].

The literature regarding vitamin D levels and Parkinson’s 
disease severity appears more consistent. Cross-sectional 
studies have consistently reported an association between 
vitamin D levels and the motor disability in Parkinson’s 
disease: the lower the serum vitamin D levels, the worse 
the motor function [161, 162]. However, it is not clear 
whether vitamin D may modify the severity of the disease, 
or whether these associations are due to “inverse causal-
ity,” since patients suffering worse motor symptoms are also 
expected to move less and get lower sun exposure.

A small RCT assessed whether high-dose vitamin D sup-
plementation (10,000 IU/day) for 4 months improved bal-
ance in patients with Parkinson’s disease compared with 
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placebo. Even though, in the whole dataset, vitamin D sup-
plementation seemed not to have any impact on balance, as 
measured by the sensory organization test, a post hoc analy-
sis showed that supplementation with vitamin D in younger 
patients (52–66 years of age) improved balance compared 
with older participants [163].

With regard to cognitive function in the general popula-
tion, whereas numerous studies have shown an association 
between low vitamin D levels and worse cognition [164, 
165], intervention studies have failed to show benefits from 
vitamin D supplementation [165].

The effects of VDD and vitamin D deficiency on multiple 
sclerosis (MS) have also been studied and they are presented 
in the chapter regarding autoimmunity.

3.9 � Cancer

Mechanisms Early studies have shown that 1,25(OH)2D 
analogs have potent antiproliferative and pro-differentiat-
ing effects on cancer cells in vitro [166]. Also, vitamin D 
decreases tumor invasiveness, angiogenesis, and metastatic 
propensity [167, 168].

Systematic reviews and meta-analyses on the levels of 
vitamin D and mortality outcomes in cancer patients have 
shown that higher vitamin D levels are protective in a series 
of cancers such as breast cancer [169], colorectal cancer 
[170], prostate cancer [171], and hematological malignan-
cies [172]. However, these promising data, based on obser-
vational studies, may be biased by a generally better health 
status and/or a healthier lifestyle (e.g., exercising with 
greater sunlight exposure) in the subjects who had higher 
levels of 25(OH)D.

In the large VITAL RCT (N = 25,871), participants were 
randomized to receive 2000 IU of vitamin D or placebo 
daily, and omega-3 fatty acids or placebo in a two-by-two 
factorial design (for a median follow-up time of 5.3 years). 
Participants had no history of cancer (except nonmelanoma 
skin cancer) [63]. Supplementation with vitamin D did not 
significantly reduce the primary endpoint of total invasive 
cancer incidence (HR 0.96; 95% CI 0.88–1.06), but there was 
a trend for reducing total cancer mortality (HR 0.83; 95% 
CI 0.67–1.02) [63]. The authors then accounted for latency, 
and after excluding events within the first or second year of 
supplementation, the vitamin D intervention significantly 
decreased the risk of mortality (HR 0.79; 95% CI 0.63–0.99 
after excluding the first and second year cases, respectively). 
The effect of vitamin D supplementation on cancer mortality 
was evident in the cumulative incidence curves at 4 years 
of supplementation. Interestingly, the authors also assessed 
whether baseline participants’ characteristics could affect the 
results of the supplementation, and found a significant inter-
action with BMI, with lean participants having a significant 

reduction in cancer risk (HR 0.76; 95% CI 0.63–0.90), 
whereas overweight and obese individuals did not [63].

Earlier RCTs have generally produced null effects of vita-
min D supplementation on cancer-related risk reduction, 
but these studies were either smaller or had methodologi-
cal problems (low vitamin D supplementation [173, 174] 
or intermittent bolus dosing [175, 176]). In a meta-analysis, 
also including the VITAL trial, the protective effect of vita-
min D supplementation on cancer mortality was confirmed 
(HR 0.87; 95% CI 0.79–0.96), whereas there was no effect 
on cancer incidence (HR 0.98; 95% CI 0.93–1.03) [177].

3.10 � Inflammatory Bowel Disease (IBD)

Mechanisms IL-10 knockout mice is an animal model used 
for the study of IBD; these animals spontaneously develop 
enterocolitis within 5–8 weeks of birth due to an uncon-
trolled immune response to resident intestinal flora [178, 
179]. People who have an IL-10 gene polymorphism also 
have an increased risk of developing colitis [180]. In the 
animal model, it has been shown that VDD exacerbates the 
symptoms of IBD and increases morbidity and mortality in 
the affected mice, whereas supplementation with vitamin D 
improves symptoms and reduces inflammation and mortality 
[181]. Patients suffering from IBD are at risk for VDD, since 
they often undergo small-bowel resection, and are treated 
with cholestyramine to control postresectional diarrhea 
caused by malabsorprion of bile acids. Both these factors 
contribute to bile acids loss, which are essential for vitamin 
D absorption [182]. It has been hypothesized that vitamin D 
supplementation may reduce inflammation in patients with 
IBD through decreasing intestinal permeability and increas-
ing the levels of cathelicidin, a peptide that reduces inflam-
mation and promotes healing [183, 184].

A systematic review and meta-analysis on data from 900 
IBD patients showed that VDD is a very prevalent condition 
in these patients, affecting 38.1% of patients with Crohn’s 
disease (CD) and 31.6% of patients with ulcerative colitis 
(UC) [185]. Moreover, in a recent systematic review and 
meta-analysis by Gubatan and colleagues, it was shown that 
low vitamin D levels were associated with increased odds 
of clinically active disease and increased odds of clinical 
relapse among all IBD patients and separately for both CD 
and UC [186]. Mucosal inflammation and quality of life 
were also assessed, and it was shown that among all patients, 
low 25(OH)D levels were associated with increased odds of 
mucosal inflammation and lower quality of life among all 
patients and in patients with CD, but not in patients with UC. 
As the authors argued for the quality of life in UC patients, 
results may have been underpowered due to the smaller 
sample size of patients with UC compared with CD in the 
included studies. On the contrary, the sample sizes were 
similar for UC and CD regarding the mucosal inflammation 
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outcome, with the authors suggesting that vitamin D may 
play a specific role in the pathogenesis of CD, and also that 
VDD may be more suggestive of mucosal inflammation in 
CD since small bowel inflammation (thus affecting vitamin 
D absorption) is characteristic of CD but not of UC [186].

Some small studies have assessed the effect of vitamin 
D supplementation on clinical relapse based on validated 
scores, serum CRP levels, and quality of life, yielding con-
flicting results [183, 187]. In a recent, relatively large RCT 
assessing the effect of vitamin D supplementation on the 
outcomes of CD using a more robust endpoint (i.e., endo-
scopic recurrence), 143 patients with CD who had recently 
undergone ileocecal or ileocolonic resection with ileocolonic 
anastomosis were randomized to receive 25,000 IU of vita-
min D weekly compared with placebo. Even though serum 
vitamin D levels were doubled in the vitamin D group, the 
intervention did not affect endoscopic or clinical recurrence 
compared with placebo [188].

3.11 � Autoimmune Disorders

Mechanisms Activation of the VDR by 1,25(OH)2D has 
been shown to inhibit the differentiation and proliferation 
of B and T helper lymphocytes, promoting a shift from an 
inflammatory to a more tolerant immune status [189]. Also, 
1,25(OH)2D inhibits the production of proinflammatory 
Th1 cytokines while stimulating Th2 and regulatory T-cell 
activity [190]. Independent of VDR activation, 1,25(OH)2D 
and other vitamin D hydroxyl-metabolites can bind to RORa 
and RORg, and result in IL17 inhibition [191, 192]. Both 
these pathways have been implicated in the protective role 
of vitamin D from autoimmune disorders. An acquired form 
of vitamin D resistance has also been hypothesized to play 
a role in the development of autoimmune disorders [193].

VDD has been described in a series of autoimmune dis-
orders, comprising IBD (discussed in the paragraph above), 
rheumatoid arthritis, Sjogren’s disease, autoimmune thy-
roiditis, multiple sclerosis (MS), type 1 diabetes, and pso-
riasis [194–197]. In this paragraph, we will focus mainly on 
MS, since the effects of vitamin D on MS have been thor-
oughly investigated, and to the recent positive findings of the 
VITAL trial. Of particular interest is also the fact that the 
CYP27B1 gene, which codes for 25(OH)D 1α-hydroxylase, 
lies within a genomic region associated with MS, as shown 
in genome-wide association studies [198]. Indeed, evidence 
suggests a casual association between genetically induced 
VDD and increased risk of MS [199, 200].

Several studies have thus shown that patients with MS 
have lower levels of 25(OH)D compared with healthy sub-
jects [201], and this finding was confirmed in a 2014 sys-
tematic review and meta-analysis, including 11 studies and 
a total of 1007 patients and 829 healthy subjects [202].

Vitamin D has also been used in the treatment of MS, 
with investigators applying varying doses of vitamin D sup-
plementation from low to extremely high doses. In particu-
lar, the “Coimbra protocol” is a protocol of very high doses 
of vitamin D supplementation, which was originally applied 
in patients with autoimmune skin disorders (psoriasis and 
vitiligo) [203]. This protocol has also been applied in MS, 
with supplementation of vitamin D as high as 1000 IU/kg 
of body weight per day [193]. A relatively recent systematic 
review and meta-analysis on the effects of vitamin D sup-
plementation for the treatment of MS has yielded substan-
tially negative results [204]. More specifically, McLaughlin 
and colleagues evaluated three outcome measures [annual-
ized relapse rate, expanded disability status scale (EDSS) 
and new gadolinium-enhancing lesions]. Vitamin D sup-
plementation did not improve any of the tested outcomes 
[204]. However, as the authors discussed in their article, 
there could be a potential clinically meaningful treatment 
effect in favor of vitamin D supplementation in the placebo-
controlled studies, suggesting that more well-planned and 
placebo-controlled studies are needed. Of note, in this meta-
analysis, high-dose vitamin D supplementation had a sig-
nificantly worse outcome in terms of relapse rate compared 
with low dose [204].

In the VITAL trial (i.e., a randomized, double blind, pla-
cebo-controlled study with a two-by-two factorial design), 
the potential benefits of vitamin D supplementation with 
2000 IU of cholecalciferol per day with or without of omega 
3 fatty acids (1 g/day) on autoimmunity were assessed in 
25,871 participants [22]. The mean age of the participants 
was 67 years. The impact on autoimmunity was assessed 
by the total confirmed incidence of autoimmune diseases 
during the 5 years of observation. In particular, annual ques-
tionnaires were filled in, inquiring for new onset of rheu-
matoid arthritis, polymyalgia reumatica, psoriasis, autoim-
mune thyroiditis, and IBD. They found that subjects on the 
vitamin D arm had decreased risk for new onset of autoim-
mune diseases by 22% compared with the placebo group 
(adjusted HR 0.78; 95% CI 0.61–0.99; p = 0.05). Moreo-
ver, after excluding the first 2 years of follow-up to evaluate 
the latency of the intervention effect, it was confirmed that 
vitamin D supplementation reduces the incidence of auto-
immune diseases and the effect was even stronger (adjusted 
HR 0.61; 95% CI 0.43–0.86; p = 0.005). Of interest, in a 
prespecified subgroup analyses, a significant interaction 
between BMI and the effect of vitamin D supplementation 
was found with participants with lower BMI being more pro-
tected compared with subjects with obesity in whom vitamin 
D supplementation did not seem to reduce the incidence of 
autoimmune diseases (adjusted HR 0.47, 95% CI 0.29–0.77 
for BMI 18 kg/m2; adjusted HR 0.69, 95% CI 0.52–0.90 
for BMI 25 kg/m2; adjusted HR 0.90, 95% CI 0.69–1.19 
for BMI 30 kg/m2). Considering the important positive 
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results of this trial, the follow-up period of this study has 
been extended and more results on the effects of vitamin D 
supplementation on the incidence of autoimmune diseases 
are expected.

4 � Mendelian Randomization Studies

Bouillon and colleagues reviewed Mendelian randomization 
studies on the effects of genetically determined low 25(OH)
D levels on a variety of conditions such as T2D, cancer, 
cardiovascular disease, COVID-19, and asthma, showing 
null effects [205]. Genetic VDD was shown to associate 
with increased risk for multiple sclerosis [205]. In a very 
recent study, the approach of Mendelian randomization was 
also used to assess the association of genetically determined 
25(OH)D with mortality [206]. In this study, genetic data of 
307,601 participants from the UK Biobank were analyzed, 
showing evidence of a causal relationship between geneti-
cally predicted 25(OH)D and all-mortality outcomes (all-
cause, cancer, CVD, and respiratory). More specifically, an 
L-shaped relationship was described among all-cause mor-
tality, cancer mortality, and CVD mortality with 25(OH)D 
levels, with the strongest association at concentrations below 
25 nmol/L, while the association plateaued at 50 nmol/L. 
The association of respiratory mortality and 25(OH)D levels 
was linear [206].

5 � Targets for Vitamin D Supplementation

Even though daily vitamin D requirements may be met 
through synthesis of vitamin D from 7-dehydrocholesterol 
in the skin after sunlight exposure, deficiency in vitamin D 
levels is a very common condition. Serum concentrations of 
25(OH)D < 10 ng/ml (i.e., 25 nmol/L) are generally indica-
tive of VDD, but the proposed target cut-offs of ideal vita-
min D levels vary across organizations. According to the 
Endocrine Society Practice Guidelines on vitamin D, VDD 
is defined as a serum 25(OH)D < 20 ng/ml (i.e., 50 nmol/L), 
insufficiency as 21–29 ng/ml (i.e., 52.5–72.5 nmol/L), and 
sufficiency as at least 30 ng/ml (i.e., 75 nmol/L) for maxi-
mum musculoskeletal health [207]. These cut-offs have also 
been endorsed by other organizations such as the American 
Association for Clinical Endocrinologists, the American 
Geriatric Society, the National Osteoporosis Foundation, and 
the International Osteoporosis Foundation [208]. Whereas, 
according to the World Health Organization (WHO) and 
the current National Institute for Health and Clinical Care 
Excellence (NICE), UK guidelines, VDD is defined as a 
serum 25(OH)D < 10 ng/ml (i.e., 25 nmol/L) and insuffi-
ciency as 10–20 ng/ml (i.e., 25–50 nmol/L) [209].

More aggressive supplementation should be followed 
in the elderly and subjects with low exposure to sunshine 
(dark skinned people, people with poor exposure to sun-
light due to cultural reasons, institutionalized patients) and 
poor nutrition. Despite general recommendations, clinicians 
should tailor vitamin D prescriptions accounting for several 
parameters, (obesity, nutritional status, diet, sunlight expo-
sure) since one-size-fits-all recommendations of vitamin D 
supplementation are doomed to fail. For instance, it has been 
shown that patients with obesity require two to three times 
higher vitamin D supplementation to treat VDD [210, 211]. 
Even though toxicity from vitamin D is extremely rare, as 
with all treatments, moderation is safer than exaggeration. 
Interestingly the clinical utility of these cut-offs has been 
confirmed in large studies on mortality. Apart from the 
recent Mendelian randomization study showing higher mor-
tality at 25(OH)D levels below 25 nmol/L, with the associa-
tion plateauing at the deficiency cut-off level (50 nmol/L) 
[206], similar results were also yielded from the institute of 
medicine. In this report, a J-curve was shown in the relation-
ship between mortality and blood levels of 25(OH)D, with a 
significant decline in mortality when 25(OH)D approached 
30 ng/mL and then a slight increase that was apparent at 
50 ng/mL [212]. However, some authors have argued that the 
increased mortality seen for 25(OH)D > 50 ng/ml, may be 
attributed to previous long-standing VDD for which subjects 
were treated [213].

Still, despite apparent optimal per os supplementation, 
many subjects do not achieve normal vitamin D levels. Pre-
dictive equations to guide vitamin D replacement doses have 
been formulated, such as the one by Singh et al., proposing 
a formula that accounts for initial vitamin D levels, age, 
BMI, serum albumin concentration, and desired change in 
vitamin D levels to estimate the optimal and personalized 
dose of vitamin D replacement needed [214]. Whether the 
application of this formula corrects vitamin D levels has not 
been confirmed in large-scale clinical studies.

6 � Discussion

Despite the pleiotropic actions of vitamin D, most RCTs 
on the effect of vitamin D supplementation on improving 
a disease outcome have been negative. There are several 
inherent difficulties in studying the effects of vitamin D sup-
plementation using standard RCT designs, as discussed in 
chapter 1.2. Still, several other considerations can be made. 
First, to be able to modify the course of a chronic disease, 
long follow-up is needed. This was the purpose of the recent 
large VIDA and VITAL RCTs [23, 176]. The mode of sup-
plementation often varies, with some authors preferring 
intermittent bolus dosing and others daily dosing. Evidence 
suggests that intermittent bolus dosing (and generally 
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extremely high dosing) should be avoided since it can even 
generate harmful events. Intermittent bolus dosing would 
also go against the ideal scenario in which there would be 
no fluctuations in the circulating levels of vitamin D, con-
sidering its multisystem homeostatic role. On the other hand 
larger doses (i.e., ~1000–2000 IU/day) should be preferred 
over too-small doses (i.e., ~400–800 IU/day) to expect any 
meaningful effect. Finally, it may be more appropriate in 
future investigations to compare subjects with high 25(OH)
D vitamin levels with those not achieving normalization of 
vitamin D levels, rather than continue comparing groups 
based on the amount of vitamin D supplementation received.

Even though experts still debate the optimal cut-offs of 
25(OH)D levels, it could be that these vary according to the 
disease of interest [215]. For instance, even though levels 
higher than 30 ng/ml are considered the target for maximum 
musculoskeletal health, it could be that this cut-off should be 
placed higher when vitamin D is given for its immunomodu-
lation effects. Indeed, in the practice guidelines published 
in 2018 by Pludowski et al., 25(OH)D values in the range 
30–50 ng/ml were recommended to achieve the pleiotropic 
actions of vitamin D and for optimal overall health [216]. 
Future studies should probably contemporaneously assess 
total and free 25(OH)D levels, as well as DBP and PTH 
values. This would be an important advancement in the 
planning of RCTs if we consider the studies by Carlberg 
and colleagues [217]. These investigators gave 0, 1600, or 
3200 IU of vitamin D daily for 5 months to elderly pre-
diabetic subjects. After assessing PTH response and other 
vitamin D biomarkers, they showed that 24% of their studied 
subjects were low responders, 51% mid responders, and 25% 
high responders [217], and similar rates were found also 
in healthy young individuals [218]. These studies set the 
groundwork, demonstrating that in humans in vivo, there is 
a spectrum of responsiveness to vitamin D supplementation, 
or a varying degree of vitamin D resistance.

7 � Conclusions

The present narrative review provides an overview of the 
current evidence regarding the applications of vitamin D in a 
series of diseases. Despite the inherent difficulties in assess-
ing the effects of vitamin D supplementation in RCTs, vita-
min D supplementation has been shown to decrease acute 
respiratory infections, cancer mortality, and the incidence of 
T2D and autoimmune diseases. Moreover, subjects without 
obesity seem to benefit more from vitamin D supplemen-
tation, a finding that warrants further investigation. It also 
clearly emerges that VDD should be treated as it is associ-
ated with poor health outcomes and increased morbidity and 
mortality. However, vitamin D supplementation in vitamin 
D replete subjects does not seem to induce any clinically 

meaningful benefits. Considering that universal testing for 
vitamin D is not possible and is expensive, in everyday 
clinical practice it should be advisable to give vitamin D 
supplementation, which is cheap, well-tolerated, and eas-
ily available. In research settings, a holistic approach when 
studying the effects of vitamin D supplementation, such as 
evaluation of the whole vitamin D endocrine system, rather 
than only of 25(OH)D levels before and after treatment, the 
use of adequate and physiologic vitamin D dosing, control-
ling for the amount of vitamin D supplementation subjects 
on the placebo arms may receive, and sufficiently long fol-
low-up are some aspects that need to be carefully considered 
in future studies.
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