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ABSTRACT

Vitamin D is a nutrient and prohormone obtained from diet and supplements and synthesized in the skin. It is essential for

calcium and phosphate homeostasis and skeletal health and influences multiple extra-skeletal processes, yet deficiency remains
common worldwide. This narrative review summarizes vitamin D sources, physiology, metabolism, pharmacokinetics, clinical
relevance and safety and outlines the distinct pharmacokinetic profiles and clinical roles of vitamin D, calcidiol and calcitriol and
its analogues. Evidence consistently supports vitamin D, combined with calcium, for preventing and treating deficiency-related

skeletal disorders in high-risk populations, and in specific conditions such as malabsorption, chronic kidney disease, hypopar-

athyroidism and frailty. In vitamin D-replete populations, large trials show limited extra-skeletal benefits, apart from modest
effects on cancer mortality and progression from prediabetes to Type 2 diabetes. Untargeted screening is not recommended.
Future research should prioritize targeted supplementation, standardized assays and identification of populations most likely to

benefit from supplementation.

1 | Introduction

Vitamin D is a fat-soluble secosteroid that plays a central role in
calcium and phosphate homeostasis, bone mineralization and
overall skeletal health. Its discovery in the early 20th century
marked a major advance in the prevention of rickets, a disease
that at that time was widespread among children in industrial-
ized nations. Beyond its classical role in bone health, vitamin D
has been implicated in a wide range of physiological processes,
including immune regulation, cardiovascular function and cel-
lular differentiation.

Vitamin D has unique biological features that distinguish it
from other vitamins. It can be obtained from diet or supplements
but is also synthesized endogenously in the skin upon exposure
to ultraviolet-B (UVB) radiation. After ingestion or cutaneous
synthesis, vitamin D undergoes sequential hydroxylation to
form its biologically active metabolite, 1,25-dihydroxyvitamin
D [1,25(0H),D, calcitriol], which exerts its effects through the

vitamin D receptor (VDR) by regulating gene transcription.
Thus, vitamin D is both a nutrient and a prohormone, and at
pharmacological doses or when administered as synthetic ana-
logues, it can also be considered a drug.

Despite its biological importance, vitamin D deficiency re-
mains common worldwide. The main drivers are limited sun
exposure and low dietary intake due to the scarcity of natural
vitamin D sources. Observational studies have associated vita-
min D deficiency with increased risk of many chronic diseases
and all-cause mortality. These observations have stimulated
interest in vitamin D supplementation for chronic disease pre-
vention, but evidence from randomized controlled trials (RCT)
remains mixed.

This review provides an overview of vitamin D, from basic
physiology and pharmacology—including its absorption, distri-
bution, metabolism, excretion and pharmacokinetic and phar-
macodynamic properties—to clinical implications.
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Plain Language Summary

Vitamin D is essential for bone health and supports many
other body functions, yet deficiency is common world-
wide. This review explains how vitamin D is obtained and
how it is processed in the body. Strong evidence supports
vitamin D supplementation to prevent and treat bone dis-
eases caused by deficiency, especially in high-risk groups.
For most other diseases, large clinical trials show little
benefit in people with already adequate vitamin D levels,
although modest benefits may exist for cancer survival
and diabetes prevention in selected populations.

2 | Sources of Vitamin D

The term ‘vitamin D’ refers to a group of fat-soluble secosteroids
characterized by a broken B-ring in the steroid nucleus. The two
forms most relevant to human health are vitamin D, (ergocalcif-
erol) and vitamin D, (cholecalciferol). Although structurally sim-
ilar, they differ in their side chains: Vitamin D, contains a double
bond between C22 and C23 and an additional methyl group at
C24 position. These differences may influence their metabolism
and biological potency. Vitamin D, is derived from plants and
fungi through UVB irradiation of ergosterol, whereas vitamin D,
is obtained from animal sources and synthesized in human skin.

2.1 | Vitamin D Production in the Skin

Cutaneous synthesis is the primary natural source of vitamin
D. UVB radiation (290-315nm) converts 7-dehydrocholesterol
in the skin to previtamin D, which is then thermally isomerized
to vitamin D, [1, 2] (Figure 1). In contrast to the oral route, there
is no concern for toxicity from cutaneous vitamin D, production,
because the skin self-regulates the production. As the UVB irra-
diation continues, previtamin D, is converted to lumisterol and
tachysterol, instead of vitamin D,. These were previously con-
sidered as inactive end-products but recently have been shown
to be enzymatically activated to biologically active compounds
[2]. Vitamin D;, itself can also be converted to other compounds,
such as suprasterols, that do not participate in the endocrine ac-
tions of vitamin D (Figure 1) [1].

Effective cutaneous synthesis of vitamin D, requires sufficient
UVB exposure. For example, in northern latitudes like Finland
(60°-70°N), this occurs only between April and September, so
for most of the year, vitamin D requirements need to be covered
from diet or supplements. In contrast, in lower latitudes (< £40°,
like in southern parts of Spain, Italy and Greece), synthesis is
possible throughout the year [3].

Besides latitude and season, several other factors affect the ex-
posure of the skin to UVB radiation and subsequently the cu-
taneous synthesis of vitamin D,. These include altitude (less
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20f 20

Basic & Clinical Pharmacology & Toxicology, 2026

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peulenob afe sop e WO ‘8sN Jo S3|nJ oy Aleld17 8U1UO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1 ARIq 1 ]BU1|UO//SANY) SUONIPUOD pue SWiS 1 8U) 385 *[9202/0T/60] U0 Aid18UluO AS|IM ‘STE0L 140/ TTTT OT/I0P/L02 A8 | 1M Alelq1Bul|UD//:SANY WOJ) papeojumoq ‘S ‘9202 ‘sv8L2r.T



atmospheric absorption of UVB at higher altitudes), air pol-
lution, time of day (most effective production at solar noon),
weather conditions such as thick clouds, clothing and skin pig-
mentation [1].

Ageing has been implicated as a factor that would reduce cu-
taneous vitamin D production, because the concentration of
the 7-dehydrocholesterol in the skin decreases with ageing [4].
However, the skin retains the capability to produce significant
amounts of vitamin D, even in older people [5].

In laboratory settings, sunscreens with sun protection factor
(SPF) as low as 8 have markedly reduced vitamin D produc-
tion in the skin exposed to UV lamps [6], but in real world
RCTs this has not been observed [7]. However, these studies
used sunscreens with rather low SPF (about 16), and more
recent evidence suggests that the now commonly recom-
mended SPF 50 may more effectively reduce cutaneous syn-
thesis [8].

2.2 | Vitamin D in Diet

Natural dietary sources of vitamin D are limited. Fish is a major
source for vitamin D, but there are large differences in vitamin
D, content between different fish species [9]. As a rule of thumb,
fatty fish, such as salmon, mackerel and trout, contain higher
amounts and lean fish, such as tuna, contain lower amounts [9].
However, the vitamin D, content can also vary between farmed
and wild-caught fish, with, for example, farmed salmon con-
taining less than wild salmon [10]. Other foods that naturally
contain small amounts of vitamin D, include egg yolks and liver
[9]. Vitamin D, is present only in some wild mushrooms or in
UVB-exposed cultivated mushrooms [11] and typically contrib-
utes little to total intake.

Some countries have implemented voluntary or mandatory
policies for fortification of foods such as milk, fat spreads and
cereals with vitamin D to prevent deficiency. In Finland, forti-
fication of liquid dairy products and margarines with vitamin
D, since 2003 has substantially improved population vitamin D
status [12]. Some foods, such as egg yolk, milk, fish and meat,
also contain small amounts of calcidiol [13], the main interme-
diate metabolite between vitamin D and the biologically active
vitamin D metabolite calcitriol. Some estimates suggest that
calcidiol can account for over a quarter of the total vitamin D
intake from diet [13].

2.3 | Vitamin D Supplements

Non-prescription vitamin D supplements are available as D, or
D,, but vitamin D, is the predominant or even the only avail-
able supplemental form in most countries. The most common
source for vitamin D, in supplements is lanolin in sheep's
wool, and therefore, most vitamin D, supplements are not suit-
able for individuals avoiding animal products. However, some
lichens, such as reindeer lichen, are rich sources of vitamin
D, [9], and recently, lichen-derived vitamin D, supplements
have become available. Fish liver oil is also a rich source of
vitamin D; [9].

Because adequate intake from diet alone is often difficult to
achieve, many organizations provide recommendations for
supplemental vitamin D. For example, in Finland, recom-
mended supplemental doses range between 300 and 8001U/
day (7.5-20 ug/day), depending on age and dietary intake of
vitamin D [14]. The US Endocrine Society guideline recom-
mends supplementation for children and adolescents, adults
over 75years, pregnant women and individuals at high risk
of diabetes [15]. The supplementation recommendations are
empiric, meaning that testing for serum 25(OH)D concentra-
tion is not needed to determine the dose. Doses used in RCTs
have varied widely, from modest daily doses of about 400U
(10 ug) to very large annual bolus doses of several hundreds of
thousands of IUs.

2.4 | Other Vitamin D Sources

Prescription vitamin D metabolites or analogues are used in
clinical situations where standard vitamin D supplements are
ineffective in treating or preventing vitamin D deficiency. Such
cases include different malabsorption syndromes, defects in
vitamin D metabolism and obesity [16, 17]. For example, oral
calcidiol corrects vitamin D deficiency more rapidly (approxi-
mately 2-6 times higher potency) and more effectively than vita-
min D [18, 19]. European Union and some other countries have
approved calcidiol also for use in over-the-counter food supple-
ments [13]. Calcitriol has been used in specific clinical cases, but
because its use is frequently associated with hypercalcaemia, it
is commonly replaced with analogues with lower calcaemic ac-
tivity, such as paricalcitol and alfacalcidol [16].

Although oral administration is the standard route, parenteral
vitamin D may be used in specific situations. These include se-
vere intestinal malabsorptive diseases [20], critically ill patients
[21] and following bariatric surgery [22].

3 | Physiology of Vitamin D
3.1 | Absorption and Distribution

Vitamin D is a highly lipophilic compound and follows the ab-
sorption pathway typical of dietary fats. After oral intake, vita-
min D enters the small intestine where it requires bile salts and
pancreatic enzymes to form micelles that enable passive diffu-
sion of vitamin D into the enterocytes. Some evidence suggests
that active transport via cholesterol transporters may also con-
tribute, especially at dietary doses [23]. Absorbed vitamin D is
incorporated into chylomicrons and enters the lymphatic system
before reaching the systemic circulation. In contrast, calcidiol is
more hydrophilic, is absorbed via the venous portal route and
does not require bile salts for absorption, resulting in faster and
more efficient increases in vitamin D status [18].

A critical component of vitamin D transport is the vitamin D
binding protein (DBP), a glycoprotein synthesized in the liver,
with a half-life of about 1.7-2.5days [24, 25]. DBP binds with
high affinity approximately 85% of circulating vitamin D and
its metabolites, with greater affinity for vitamin D, and its me-
tabolites than for vitamin D, and its metabolites [26]. Albumin
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and lipoproteins bind with lower affinity most of the remain-
der, leaving less than 1% in the free form [16]. According to the
‘free hormone hypothesis’, the unbound fraction may be most
biologically active because the DBP-bound metabolites are not
available to most cells [27]. However, this concept remains de-
bated [28]. DBP concentrations in circulation greatly exceed
those of the vitamin D metabolites. Thus, DBP is not just a
transporter molecule, but it can also act as a stable reserve pool
for the vitamin D metabolites. Some peripheral tissues, mainly
adipose tissue but also muscle, can uptake and store vitamin D,
and the rest is removed from the circulation by the liver [29].
Conditions such as liver disease, acute illness and trauma can
significantly reduce DBP (and albumin) concentrations and
subsequently the circulating vitamin D metabolite concentra-
tions [30].

3.2 | Metabolism

Vitamin D is biologically inactive and requires sequential hy-
droxylation for activation [30]. The first step, 25-hydroxylation,
occurs mainly in the liver but also in some other tissues, such
as the skin (Figure 1). This reaction is primarily catalysed by
the microsomal 25-hydroxylase CYP2R1, although other cy-
tochrome P450 enzymes like CYP27A1 can contribute [17].
CYP2R1 preferentially 25-hydroxylates vitamin D, over D,
[31]. The product, 25-hydroxyvitamin D [25(OH)D, calcidiol/
calcifediol], is a pro-hormone and the major circulating vita-
min D form but does not have significant biological activity.
Unlike the highly lipophilic vitamin D that is mainly stored
in adipose tissue, the less lipophilic 25(OH)D is more evenly
distributed throughout the body, with about 30% in circula-
tion, 35% in adipose tissue, 20% in muscle tissue and the rest
in other tissues [29]. In animal models, activity of CYP2R1
has been reduced in obesity and diabetes, and during fasting,
resulting in lower serum 25(OH)D concentrations [32, 33].

The next activation step occurs primarily in the kidney where
la-hydroxylase CYP27B1 converts 25(0OH)D to 1,25(0H),D (cal-
citriol), which is a steroid hormone and the biologically active
vitamin D metabolite that is delivered to target tissues in the
circulation bound mainly to DBP (Figure 1). Unlike most other
tissues where uptake of 25(OH)D is limited to the unbound
form, the megalin/cubilin complex in the kidneys (and also in
parathyroid gland and placenta) allows for uptake of DBP-bound
25(0OH)D by endocytosis [27].

Extra-renal production of 1,25(0H),D by CYP27B1 occurs
in several tissues, particularly in cells of the immune system
[34, 35]. The extra-renal production contributes to local auto-
crine or paracrine effects but not significantly to circulating
1,25(0H),D concentrations, except for in some conditions (e.g.,
pregnancy and sarcoidosis) [30]. Among all cell types, the ex-
pression of CYP27B1 is the highest in the skin keratinocytes,
and keratinocytes are the only known type of cells that contain
the entire pathway of vitamin D metabolism [36].

Unlike the less controlled hepatic synthesis of 25(OH)D from
vitamin D, the conversion of 25(OH)D to 1,25(0H),D in the kid-
ney is tightly regulated. When calcium or phosphate levels are
low, parathyroid hormone (PTH) stimulates CYP27B1 activity,

increasing 1,25(0H),D production to enhance intestinal cal-
cium absorption. Conversely, high calcium or phosphate levels
or elevated fibroblast growth factor 23 (FGF23) or 1,25(0H),D
itself inhibit this enzyme. In contrast, in extra-renal tissues
like macrophages, monocytes and keratinocytes, production
of 1,25(0H),D is activated primarily by inflammatory cyto-
kines [30].

Some estimates suggest that about 1 out of 3-10 molecules of vi-
tamin D and 25(OH)D are converted to 25(0OH)D or 1,25(0H),D,
respectively [37]. Calcidiol can also be converted to 24,25(0OH),D
and other metabolites, such as epimers (Figure 1), but the ulti-
mate fate of the unconverted molecules is not completely under-
stood. Some of these molecules may be esterified for degradation
via bile and potentially recovered by de-esterification in hepato-
biliary-intestinal recycling [30].

3.3 | Physiological Effects

The physiological effects of vitamin D are mediated primarily
through the VDR, a nuclear receptor expressed in most cells.
Upon binding 1,25(0H),D, VDR forms a heterodimer with the
retinoid X receptor (RXR) and binds to vitamin D response el-
ements (VDRES) in target genes (Figure 1) [16]. This genomic
mechanism leads to changes in transcriptome and proteome
that, for example, regulates the transcription of proteins critical
for calcium and phosphate homeostasis, which ensures proper
bone mineralization. Vitamin D influences the expression of
hundreds of genes, also outside of bone metabolism [38]. The
widespread distribution of VDR suggests potential pleiotropic
effects beyond bone health, such as immune regulation and cell
proliferation and differentiation [39]. There is some evidence
that 1,25(0H),D, formed from ergocalciferol would be less ef-
fective or have different functions than the 1,25(0H),D, formed
from cholecalciferol, but current data are limited and inconclu-
sive [26].

In addition to the slow genomic actions, 1,25(0OH),D can exert
non-genomic effects through rapid signalling pathways, without
involving VDR and changes in gene expression [38, 40]. These
include activation of signalling molecules, second messengers,
protein kinases and opening of ion channels [40].

3.4 | Excretion

Catabolism of vitamin D metabolites is mediated by the
24-hydroxylase CYP24A1, which is expressed in most cells, and
by CYP3A4, which is primarily expressed in the liver and in-
testines [30]. Both enzymes initiate degradation of 25(OH)D to
24,25(0H),D and 1,25(0H),D to 1,24,25(0OH),D and ultimately
to an inactive metabolite calcitroic acid for excretion via the bil-
iary route (Figure 1). In addition to the 24-hydroxylation, both
enzymes also catalyse the 23-hydroxylase pathway, which leads
to formation of lactone products (Figure 1). Renal CYP24A1 is
tightly regulated by the concentrations of 1,25(0H),D, FGF23,
PTH and calcium and phosphate but in the direct opposite fash-
ion to the control of CYP27B1 in the synthesis of 1,25(0OH),D.
For example, renal CYP24A1 (and also CYP3A4) is induced
by increased concentrations of 1,25(0OH),D, which serves as a
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negative feedback mechanism to prevent systemic vitamin D
toxicity and hypercalcaemia. Such regulation does not occur in
extra-renal tissues where, for example, elevated 1,25(0OH),D or
calcium concentrations do not stimulate CYP24A1. Therefore,
elevated 1,25(0OH),D concentrations and hypercalcaemia are
often seen in inflammatory granulomatous diseases, such as
sarcoidosis, where macrophages produce 1,25(0H),D without
the normal feedback regulation [41]. Inactivating mutations in
CYP24A1 can lead to impaired degradation of 1,25(0OH),D and
to hypercalcaemia, illustrating the importance of this pathway
in maintaining homeostasis and preventing excess accumula-
tion of 1,25(0OH),D. In contrast, mutations in CYP3A4 can lead
to accelerated degradation of 1,25(0H),D, leading to vitamin D-
dependent rickets type 3 [42].

4 | Pharmacokinetics of Vitamin D

After ingestion of vitamin D, or D, their plasma concentrations
peak within about 24 h. The half-life of vitamin D, in circulation
is about 1day and for D, about 2days [17]. Calcidiol has a much
longer half-life of about 2-3weeks [17], with slightly lower for
25(0OH)D,, than for 25(0H)D, [43]. The half-life of 1,25(0H),D
is only 5-8h [17]. However, in contrast to its short half-life in
circulation, due to its lipophilicity and slow release from adipose
tissue, the functional half-life of vitamin D in the body is about
2months [44].

On average, about 80% of ingested vitamin D is absorbed, al-
though absorption varies widely between individuals, ranging
from about a half to almost 100% [45, 46]. Factors influencing
absorption include dietary fat intake, bile secretion, and gas-
trointestinal health [45-48]. A meal containing a little fat may
improve vitamin D absorption compared to intake without a
meal, but a meal high in fat, especially polyunsaturated fatty
acids, may impair absorption [48]. Intestinal malabsorption
conditions such as celiac disease, Crohn's disease or pancreatic
insufficiency can impair absorption [20, 46]. However, ageing or
obesity [47] or the form of vitamin D (D, or D,) [26] appears to
have little effect on absorption. In contrast to absorption of vita-
min D, intestinal fat malabsorption does not significantly affect
absorption of calcidiol [20].

Vitamin D supplements are available in various formulations,
such as hard powder tablets, oil-containing capsules, oil-
based drops, buccal sprays and even gummies. More recently,
nanotechnology-based vehicles have been developed to increase
the bioavailability [49]. Although some differences in bioavail-
ability between formulations have been reported [50-54], their
clinical relevance remains uncertain. Vitamin D, supplements
are generally preferred over vitamin D, supplements due to their
higher potency in increasing serum 25(0OH)D concentrations,
possibly due to the stronger binding of vitamin D, metabolites to
DBP, hepatic 25-hydroxylase and VDR [26].

In RCTs, supplementation regimens have varied widely, rang-
ing from smaller daily doses to larger doses once per week, once
per month, once every few months or once per year. Although
equivalent average doses can achieve similar increases in serum
25(0OH)D over time [55], dosing frequency appears to influence
biological effects and safety. Large bolus doses induce CYP24A1

activity, which not only catabolizes 1,25(0OH),D more rapidly
but also alters the metabolic ratio to favour the production of
inactive catabolites like 24,25(0OH),D, an effect that can per-
sist for weeks and potentially limit the biological efficacy of the
dose [56].

Some estimates suggest that in healthy adults 100IU (2.5ug) of
vitamin D increases the serum 25(OH)D concentrations, on av-
erage, by 1ng/mL (2.5nmol/L) [57]. However, serum 25(0OH)D
response to supplementation is highly variable [37]. The rea-
sons for these differences are not completely known, but genetic
factors in vitamin D metabolism or racial differences seem to
explain only a small fraction [37, 58]. The serum 25(0OH)D con-
centrations increase more rapidly when the concentrations are
low, but the conversion rate from vitamin D to 25(OH)D de-
creases as the dose of vitamin D and serum 25(OH)D concen-
trations increase [37, 59, 60]. Obesity is associated with lower
baseline levels and attenuated response to supplementation [18].
This can be a consequence of several potential factors, such as
less exposure to sunlight, increased volumetric dilution and se-
questration of vitamin D in the larger mass of adipose tissue or
lower conversion of vitamin D to 25(0OH)D due to lower hepatic
CYP2R1 activity [18]. Some evidence suggests that age may
affect the response, with greater response among older than
younger people [61].

Besides calcium and phosphate, other nutrients may also play
a role in determining the concentrations of vitamin D metabo-
lites. Magnesium is needed as a cofactor for binding of vitamin
D metabolites to DBP [62], for the cytochrome P450 enzymes re-
sponsible for synthesis and catabolism of vitamin D metabolites
[63-65], and in synthesis and metabolism of PTH [66]. In some
studies, co-supplementation of magnesium with vitamin D has
resulted in larger increase in serum 25(OH)D concentrations
than supplementing only with vitamin D [67], and magnesium
supplementation alone without vitamin D has increased serum
25(0OH)D concentrations [68-70]. Riboflavin (vitamin B,) is a
precursor for flavoenzymes, which are essential cofactors for
cytochrome P450 enzymes, including those involved in vitamin
D metabolism [71]. In animal models, riboflavin deficiency has
resulted in marked decline in serum 25(OH)D concentrations,
but human data are lacking [71].

Certain medications can affect vitamin D metabolism or reduce
intestinal absorption. The hepatic enzyme CYP3A4 that con-
tributes to the catabolism of vitamin D is also the major drug-
metabolizing enzyme [72]. The drug-induced excess activity of
the CYP3A4 results in an accelerated inactivation of vitamin D
metabolites and lower serum 25(0OH)D concentrations, whereas
some drugs can reduce the activity of the enzyme [73, 74]. In
theory, statins could decrease 25(OH)D concentrations by re-
ducing concentrations of 7-dehydrocholesterol, the precursor
for vitamin D, in the skin. However, statin use has not been
shown to decrease circulating 25(OH)D concentrations, and
some statins, such as rosuvastatin and atorvastatin, may rather
modestly increase the concentrations [75]. This may be a result
of statin-induced inhibition of CYP3A4 and enhanced intestinal
vitamin D absorption due to upregulated cholesterol transport-
ers [75]. Because vitamin D is a fat-soluble vitamin, its absorp-
tion is linked to lipid absorption. Consequently, medications
that reduce intestinal fat absorption, such as orlistat and olestra,
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can concurrently reduce vitamin D absorption [46]. In contrast,
drugs such as ezetimibe or plant sterols that reduce absorption
of cholesterol do not seem to significantly affect vitamin D ab-
sorption [47, 76]. Currently, there is little direct information
from RCTs about the effects of medication use on the response
in circulating 25(OH)D concentrations to vitamin D supplemen-
tation and whether medications could modify the effects of sup-
plementation on disease risk. However, the risk of medication
induced changes in vitamin D metabolism requires consider-
ation especially in elderly populations where polypharmacy is
prevalent.

Finally, there is increasing interest in assessing vitamin D re-
sponses using molecular endpoints rather than serum 25(0OH)D
alone. One proposed approach, the ‘personal vitamin D response
index’, categorizes individuals into high, mid and low respond-
ers based on transcriptomic and epigenetic responses to supple-
mentation [77]. The low responders (who may account for 25%
of the population) may require significantly higher doses of
vitamin D to achieve the same physiological effects and health
benefits as high responders [77]. However, this concept remains
experimental and has not been applied in clinical trials.

4.1 | Pharmacokinetic Differences Between
Vitamin D, Calcidiol and Calcitriol

Vitamin D and calcidiol supplements are both used to correct
deficiency, but they differ in their metabolism and pharma-
cokinetic properties [17-19]. Vitamin D must be converted to
25(0OH)D, whereas calcidiol bypasses this step. Consequently,
oral calcidiol produces a faster and generally more predictable
increase in serum 25(OH)D concentrations, whereas vitamin
D has a longer lipophilic storage phase and remains the estab-
lished choice for routine supplementation. Calcitriol is the active
hormonal form, directly activates the VDR and does not serve as
a nutritional replacement for low 25(OH)D. Table 1 summarizes
the main pharmacokinetic differences between vitamin D, cal-
cidiol and calcitriol.

5 | Clinical Relevance and Health Effects

Serum total 25(OH)D concentration is the accepted biomarker
for vitamin D status. The biologically active 1,25(0OH),D is not
a reliable biomarker because it has a very short half-life, it ex-
ists in picomolar concentrations in circulation and its levels are
tightly regulated, so its measurement is justified only in some
rare clinical cases [28]. The time of day for clinical measure-
ment of circulating 25(OH)D is not relevant, as there is very
little diurnal variation in the concentrations [78]. Although
free 25(0OH)D may theoretically better reflect biological activ-
ity, current evidence does not support its routine use. The free
25(0OH)D concentrations are highly correlated with the total
25(0OH)D concentrations in healthy people [79], there is currently
no reliable evidence for its superiority as a biomarker of status
in various medical conditions, and the technical challenges in
measuring the free 25(OH)D concentrations add uncertainty in
the applicability of free 25(OH)D in assessing vitamin D status
[28]. Overall, a persistent challenge in vitamin D research is the
lack of standardization for assays measuring serum 25(0OH)D

concentrations [80]. This variability complicates comparison
and pooling of results and data across different studies and de-
fining thresholds.

There is currently no universal consensus on optimal circulating
25(0OH)D concentrations. Most population-level national and in-
ternational guidelines usually define severe vitamin D deficiency
as serum/plasma 25(0OH)D concentration of <10-12ng/mL
(<25-30nmol/L) and sufficiency as >20ng/mL (>50nmol/L)
[81-85], mainly based on skeletal health outcomes (Figure 2).
Higher thresholds for sufficiency have also been suggested, based
on observational studies that have indicated that the lowest risk
of several skeletal and extra-skeletal outcomes is observed when
the 25(0OH)D concentrations are at least 30ng/mL (75nmol/L)
[86]. Several guidelines for various diseases and conditions also
recommend concentrations of at least 30ng/mL (75nmol/L)
(see Section 5.4). Concentrations exceeding 50-60ng/mL (125-
150nmol/L) are generally not recommended.

Dietary intake recommendations for vitamin D typically range
from 400 to 8001U/day (10-20 ug) for adults, with the higher
intakes for older adults [87]. These recommendations are typ-
ically designed to achieve serum 25(OH)D concentrations
>20ng/mL (>50nmol/L) in the majority of the population.
The tolerable upper intake level for long-term use is generally
set at 4000 IU/day (100 ug/day) for adults, with lower levels for
children [88, 89].

Vitamin D insufficiency remains highly prevalent globally
[90-92], driven by the limited number of dietary sources of vita-
min D and, due to environmental or behavioural reasons, by lim-
ited cutaneous vitamin D synthesis. A recent estimation among
almost eight million participants from 81 countries concluded
that, on average, 53% of females and 45% of males were vitamin
D insufficient (serum 25(0H)D <20ng/mL [50nmol/L]) [91].
The prevalence was the highest in the Eastern Mediterranean
region and in lower-middle-income countries. There can also
be within-country differences in the prevalence of insuffi-
ciency between population groups. For example, in Finland,
non-White immigrants had a significantly higher prevalence of
vitamin D insufficiency than White immigrants or the general
White Finnish population, and significant differences were also
observed among the non-White immigrant groups [93]. Similar
findings have been reported in other countries [92]. Differences
are also apparent across life stages, with a lower prevalence of
insufficiency observed in childhood and older adulthood than
in adolescence and adulthood [90-92].

Despite the high prevalence of vitamin D insufficiency and
deficiency, untargeted, population-level screening for vita-
min D status is currently not recommended [15, 17, 94, 95].
One reason is the lack of standardized serum 25(OH)D assay
method. Screening asymptomatic populations also increases
the economic burden of healthcare, without strong evidence
for health benefits of screening [15, 94, 96, 97]. However, test-
ing for vitamin D status in clinical settings in individuals at
high risk for deficiency is still relevant. Such individuals in-
clude institutionalized people, people with chronic diseases,
people using medications that increase vitamin D metabo-
lism, people with obesity, dark-skinned people and patients
after bariatric surgery [17].
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FIGURE 2 | Serum 25-hydroxyvitamin D concentration zones, corresponding clinical consequences, and selected guideline thresholds.
Sufficiency is most commonly defined as > 50nmol/L (20 ng/mL) based on skeletal outcomes, although some guidelines suggest >75nmol/L (30 ng/
mL). Toxicity is biochemically defined as concentrations >375nmol/L (150ng/mL) accompanied by hypercalcaemia.

Observational studies consistently associate low serum
25(0OH)D concentrations with increased risk of practically all
major chronic diseases and mortality [39], but confounding
and reverse causation complicate the interpretation of causality
from these studies. Low serum 25(OH)D concentrations often
associate with lower physical activity, adiposity, smoking and
several chronic diseases [98-101], which may explain at least a
part of the observed associations between low serum 25(0OH)D
concentration and increased disease risk.

Several large RCTs, some including thousands or even over
20000 participants, have investigated whether increasing serum
25(OH)D concentrations with high-dose vitamin D, supplemen-
tation could reduce risk of a wide array of especially non-skeletal
health outcomes (Table 2). In addition to these so-called ‘mega-
trials’, hundreds of smaller RCTs have been performed, and the
findings contribute to the wealth of knowledge about the clini-
cal relevance of vitamin D. This section briefly summarizes the
recent findings from meta-analyses of RCTs across several skel-
etal and extra-skeletal domains and discusses potential reasons
for the rather disappointing results from the large RCTs.

5.1 | Skeletal Health, Muscle Function
and Fall Risk

Vitamin D is essential for skeletal health by facilitating intes-
tinal calcium and phosphate absorption. The skeletal conse-
quences of vitamin D deficiency are well established and exist
on a spectrum of severity. In milder forms, vitamin D deficiency
impairs intestinal calcium absorption, leading to a compensa-
tory increase in PTH and to secondary hyperparathyroidism.
This increases the conversion of 25(OH)D to 1,25(0H),D,
which increases calcium absorption but also increases bone
turnover [110]. This, over time, leads to progressive bone loss,
increasing the risk of osteopenia, osteoporosis and fragility
fractures in older adults. When vitamin D deficiency is severe
(serum 25(0H)D <12ng/mL or <30nmol/L) and long-lasting,
the body cannot adequately mineralize newly formed bone ma-
trix (osteoid), which results in the classic metabolic bone dis-
eases osteomalacia in adults and rickets in children [111].

Meta-analyses consistently show that the combination of
vitamin D and calcium effectively reduces the risk of hip
and other fractures in high-risk populations, that is, frail,

institutionalized older adults or in those with severe vitamin
D deficiency [112, 113]. Supplementation of vitamin D without
calcium has not been shown to be effective in preventing frac-
tures [112, 113].

Falls are the leading cause of fractures, and muscle function
can affect the susceptibility of falling. Preclinical evidence
strongly suggests a role for vitamin D in muscle health. The
VDR is present in muscle cells, where it is involved in reg-
ulating myoblast proliferation and differentiation [114].
Furthermore, vitamin D helps modulate T cells involved in
muscle repair, influences mitochondrial function to support
energy metabolism and synergizes with exercise to promote
muscle regeneration [114]. However, despite this strong bio-
logical rationale, clinical evidence is inconsistent. A meta-
analysis did not find benefits of vitamin D supplementation
on muscle strength, function or mass and rather suggested
adverse effects on muscle health [115].

The relationship between vitamin D and fall risk is particularly
complex, with evidence from observational studies pointing to
a U-shaped association. Some studies suggest that the optimal
25(0OH)D range for minimizing fall risk may be between 20ng/
mL (50nmol/L) and 40-60ng/mL (100-150nmol/L) [114], al-
though there is no clear biological mechanism that could explain
the increased fall risk with higher concentrations. The results in
vitamin D supplementation RCTs have been variable. Some stud-
ies suggest lower fall risk, but only with daily doses of 800-1000TU
(20-25pg) and among vitamin D-deficient participants [116]. In
contrast, large intermittent doses have increased falls [117].

5.2 | Non-Skeletal Health Effects
5.2.1 | Cardiovascular Health

Several biological mechanisms have been proposed through
which vitamin D could influence cardiovascular health, includ-
ing modulation of inflammation, improvement of endothelial
function and regulation of the renin-angiotensin-aldosterone
system [114].

However, evidence from RCTs has been largely inconsistent.
Meta-analyses have generally not shown significant effects of vita-
min D supplementation on blood pressure [118]. Similarly, recent

8 of 20

Basic & Clinical Pharmacology & Toxicology, 2026

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peulenob afe sop e WO ‘8sN Jo S3|nJ oy Aleld17 8U1UO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1 ARIq 1 ]BU1|UO//SANY) SUONIPUOD pue SWiS 1 8U) 385 *[9202/0T/60] U0 Aid18UluO AS|IM ‘STE0L 140/ TTTT OT/I0P/L02 A8 | 1M Alelq1Bul|UD//:SANY WOJ) papeojumoq ‘S ‘9202 ‘sv8L2r.T



17427843, 2026, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/bcpt. 70315, Wiley Online Library on [09/10/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

TRLLL €-BS9WO % (1 UIUEIA “TV.LIA {[RHL £31A98UOT pUE 0 UIWEHA “TVAIA ‘APIS JUSWISSISSY (1 UIUEBIA YL ‘VAIA '€ ApiS S
deojod [euonjeuIgIuU] 9Y L, ‘€-SALL ‘TRILL ( UTWRIIA ySIuul] ‘QNIJ ‘[elLL £31ad98uo] pue Suady Ayjeo—os101oxy dwoH—¢edowQ—squiweliA ‘HILTVAH-OJ ‘Apnis s9jaqer g 9dAL, pue @ UIWEIIA YL ‘Pz :SUORIAIQQY 5
(o))
(p/310s/P/N10002~)
puour 1od 90U0 [601] e1[RIISNY
(p/8M ¢ 2D P/NI00S > 9t/STI 44 T€/LL I90UBD ‘AJ[RIIOW [BIOL (8100ST) N100009 S ¥8-09 ‘STETT ‘“esH-a
(0gaoerd 10 (1 UrwRIA
‘uraidse ‘deokjod 1oy
M USISop 7 X T X 7)
(p/310s/P/N10002~) [soT]
uLe ( Urejia puowt 12d 90U0 (uowom) +09 [eUOIEUNNW
(p/3v01) P/NI00Y > V/IN V/N V/N ) U SaINjoRI] (8100ST) N100009 S ‘(uow) 465 ‘€TLS ‘¢-SdIL
(p/81$2) P/N1000T > ¥S/SET (4 82/0L sojeqelp 7 odAL Aqrep (81001) N1000% € +0€ ‘z8€T [oT] VSN ‘Pza
(wre Kep
/3108)
8+/0CT ‘(wre
Kep/3riot) Aqrep (8108) n100zCE (udtom) +59 [90T1]
(p/3102) P/N1008> 0t/00T 6 0€/SL I90U®D ‘AD 10 A1rep (81 0v) N1009T S ‘(uew) +09 ‘S6¥7  PUBIUL] ‘ANIA
(uS1sep 7 x7) 110 (uswom)
USIJ IOYIIM 10 I +66 “(uou) [so1]
(p/3102) P/N1008> TP/SOT vI 1€/8L I90UBd ‘qAD Aqrep (8105) N1000T S +0S ‘bL8ST VSN “TVLIA
(uS1S9p TXTXT)
UuoI09yuI Aue SISIOIAXd WOY
‘QuIo9p 2AnIU300 Amiqixary 10 yySuans
‘asearout ainssaid pooiq M pUe [10 Ysy
‘QUITOdp [BUOIIOUNJ JNOYIIM IO PIM [+01] adoing
(p/3102) P/N1008> 8€/56 8T €7/85 ‘S2INJORIJ [BIQIISA-UON Aqrep (8105) N1000T € +0L ‘6512 ‘HITVAIH-0d
(p/3rieg/p/n10TEE~)
[e11) 10316 © 10J puowr 1ad 9oU0 [co1] S
(p/3Ms21) P/NI00S > /011 ¥S 12/2S Apmis Kiqiseag (8100$2) N1000001 T ¥8-59 ‘ST9T 30 “IVAIA S
)
(p/3r€8/P/NT0ZEE~) s
19p[0 31 (p/3107) I91JB3I9Y) Juowr B
— =
P/NI008> ‘A 13d 9ouo (311 00s2) 3
0L-09 Uow.m ,ﬁ JI2JUed ,mvuzuo.m.@ NI00000T ‘QoU0 AEN_UOEV ﬁNOZ UQ.E.N@N w
(p/8M$T) P/NT009> vS/SET o€ ST/€9 ‘aseasIp A10jeridsar ‘@AD  (81000S) N100000T Lee ¥8-0S ‘OLTS AN ‘VAIA g
£
d urwreja (Tur/Su (%) (Tur/Su syurodpud Arewrrag Aouanbaay pue L) (K) aSe ‘(u) uoneso[ 3
reyuswdrddns ern /1/10mau) T/Iowmugs>q /I/[owru) asop £q urweyp uoneIng 9z1s ardureg ‘wAuoioe M
-BI)X3 JO Junoure a(Ho)se (HO)ST a(Ho)se Apmig E
poMoO[[® WINWIXBIA dn-morog sureseg surseg m
‘suorjerndod Ayjreay A[[e1ousd ur 90udpIour 2seISIp uo uonejudw[ddns  UTUIe)IA JO S109JJ9 Y3 JO S[BLI} PA[[OIU0D paziwopuel d81eT | ¢ ATAV.L .m
[<4)




large RCTs conducted mostly in vitamin D-replete populations
have not demonstrated clear benefits in preventing major cardio-
vascular events [119, 120]. Despite these null primary findings,
results from RCTs like D-Health, FIND and VINDICATE have
reported some potential benefits, including modest reductions in
the risk of myocardial infarction [121] and atrial fibrillation [122]
and improvement of cardiac function and left ventricular struc-
ture and function in patients with chronic heart failure [123].

5.2.2 | The Immune System, Infections
and Autoimmunity

Vitamin D modulates both adaptive and innate immune sys-
tems, generally enhancing innate immune responses while sup-
pressing adaptive immune activity [124].

5.2.21 | Acute Respiratory Infections. Vitamin D
induces innate antimicrobial mechanisms that could protect
against respiratory infections [124]. However, a meta-analysis
of 46 RCTs found no overall protective effect against acute respi-
ratory infections, although modest benefits were observed in
RCTs using daily supplementation, with doses of 400-10001U/
day (10-25pg) and in RCTs conducted in children and ado-
lescents [125]. In another meta-analysis, maternal vitamin
D supplementation during pregnancy did not affect the risk
of respiratory tract infections in offspring [126].

5.2.2.2 | COVID-19. Observational studies consistently
associate low serum 25(OH)D concentrations with worse
COVID-19 outcomes [127]. However, COVID-19 is an outcome
where reverse causation may have especially affected the obser-
vational findings. Acute inflammation is known to decrease
serum 25(OH)D concentrations [128], so the commonly
observed low concentrations in the COVID-19 patients would
rather be the consequence of than the cause for the infection.
In addition, low serum 25(OH)D concentrations are common
among individuals at higher risk of severe COVID-19, such as
older people and people with obesity, frailty or chronic diseases
such as cardiovascular disease (CVD) and diabetes [101]. RCTs
evaluating vitamin D supplementation for prevention or treat-
ment of COVID-19 have produced conflicting results and have
not demonstrated clear clinical benefits [127, 129].

5.2.2.3 | Autoimmune Diseases. Autoimmune disease pre-
vention is one of the more promising areas of vitamin D research,
although the evidence for prevention of autoimmune diseases
or for disease progression is still scarce [130]. For example, in
the VITAL trial, vitamin D supplementation reduced the inci-
dence of autoimmune diseases by 22%, particularly rheumatoid
arthritis and polymyalgia rheumatica [131]. In the D-Lay-MS
trial, vitamin D monotherapy for 24months reduced disease
activity in patients with multiple sclerosis [132]. However, confir-
mation from additional large RCTs is still lacking.

5.2.3 | Glycaemic Control and Diabetes Prevention
Vitamin D may influence glucose metabolism by improving pan-

creatic beta-cell function, reducing insulin resistance and modu-
lating inflammation [114]. Meta-analyses indicate that vitamin D

supplementation reduces the incidence of Type 2 diabetes among
individuals with prediabetes but not among those with normal
glucose regulation [133-135]. For example, an individual partici-
pant data meta-analysis of three RCTs found that vitamin D sup-
plementation reduced the risk of progression from prediabetes
to Type 2 diabetes and increased the likelihood of regression to
normoglycaemia [135]. Notably, participants who achieved and
maintained intratrial serum 25(OH)D concentrations >50ng/mL
(>125nmol/L) experienced the greatest benefit.

5.2.4 | Cancer

Vitamin D has antiproliferative effects, including regulation of
cell proliferation, differentiation and survival and suppression
of inflammation [16]. Meta-analyses have not demonstrated a
reduction in overall cancer incidence with vitamin D supple-
mentation but suggest a modest reduction in total cancer mor-
tality, particularly in studies using daily dosing rather than
intermittent bolus administration [136].

5.2.5 | Neurological Disorders and Depression

Vitamin D may influence neurological and psychiatric outcomes
through anti-inflammatory and neuroprotective mechanisms,
effects on neuronal plasticity and modulation of immune and
molecular signalling pathways [137, 138]. Vitamin D supple-
mentation has reduced depressive symptoms in patients with
depression and improved some domains of cognition [139, 140].
However, evidence is currently insufficient to conclude whether
supplementation could prevent development of dementing dis-
eases [141] or major depressive disorders [142].

5.2.6 | Molecular Biomarkers of Biological Ageing

The VITAL and DO-HEALTH trials investigated molecular
markers of biological ageing, including telomere length and epi-
genetic clocks, which may provide insight into the effects of vi-
tamin D supplementation on the ageing process. However, these
studies have yielded variable results. In the VITAL trial, vitamin
D, supplementation was associated with reduced leukocyte telo-
mere shortening compared with placebo, suggesting slower cellu-
lar senescence [143]. In the DO-HEALTH trial, the combination
of vitamin D supplementation, omega-3 supplementation and a
home exercise programme improved some DNA-methylation-
based ageing measures, indicating slower biological ageing [144].
However, vitamin D alone had no significant effect. The clinical
significance of these findings is still uncertain.

5.2.7 | Maternal, Neonatal and Infant Health

During pregnancy, circulating 1,25(0OH),D concentrations
from renal production more than double to meet the increased
calcium demands and to adapt the mother's innate immune
system for pregnancy [145, 146]. Also, the circulating DBP con-
centrations increase, but concentrations of 25(OH)D remain
unchanged [145]. Maternal 25(OH)D crosses the placenta and
determines foetal vitamin D supply [145].
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Vitamin D deficiency is common during pregnancy [147, 148]
and is associated with gestational diabetes, pre-eclampsia,
preterm birth, low birth weight and small for gestational age in-
fants [147]. However, RCTs conducted among generally healthy
pregnant participants have not shown consistent clinically
meaningful benefits of vitamin D supplementation for maternal
or neonatal outcomes [147, 148]. Evidence in high-risk popula-
tions remains limited [147, 148].

5.3 | Reconciling the Evidence: Why Do
Supplementation Trials Yield Mixed Results?

The largely null findings from recent large vitamin D trials
contrast with observational associations but likely reflect meth-
odological challenges rather than absence of biological effects.
Understanding these factors is key to reconciling the evidence
and guiding future research.

Many RCTs enrolled predominantly vitamin D-replete indi-
viduals, reducing the potential for benefit. Many RCTs were
not adequately powered to evaluate effects in important
subgroups, such as individuals with severe deficiency. This
‘one-size-fits-all’ methodology not only masks potential ben-
efits within specific high-risk populations but potentially
confounds the ability to draw meaningful conclusions about
true therapeutic potential of supplementation. For example,
two recent emulation trials showed that the lack of an effect
on mortality and CVD outcomes in the two largest vitamin
D supplementation trials, VITAL and D-Health, was expected
due to the high baseline serum 25(OH)D concentrations but
that substantial benefits would be expected in populations
with low vitamin D status [149, 150]. However, ethical con-
straints limit the ability to recruit vitamin D-deficient par-
ticipants to RCTs. In contrast to drug trials, in studies with
nutrients there is rarely if ever a true placebo group because
it would be unethical to create or maintain a deficiency in es-
sential nutrients. With vitamin D, the situation is even more
complex because vitamin D is also produced by the skin. The
recent trials also allowed off-study supplementation due to
ethical reasons (Table 2). Therefore, in RCTs even in the pla-
cebo group, the vitamin D exposure (through diet, extra-trial
supplements and/or UVB light) may be sufficient for avoiding
severe deficiency. This reduces the contrast in the exposure
between the placebo group and the vitamin D group(s). If the
health effects of vitamin D supplementation are mainly small
or at best modest (at least in participants with sufficient vi-
tamin D status), this creates a requirement for a very large,
long-term (and thus extremely expensive) RCT to be able to see
any significant differences in incidence of diseases between
the placebo and vitamin D supplementation groups.

Dosing regimen also appears to be important. Benefits for some
extra-skeletal outcomes, such as reduced cancer mortality and
fewer respiratory infections, have been observed primarily in
trials using daily dosing rather than intermittent high-dose bo-
luses [125, 136]. However, the optimal vitamin D dose for max-
imizing benefit remains uncertain, as doses across trials have
varied widely.

All large trials (Table 2) have used a fixed-dose vitamin D sup-
plementation regimen that does not account for baseline con-
centrations or interindividual variability in the serum 25(0OH)D
response to supplementation. This may have resulted in serum
25(0OH)D concentrations that were too low in some participants
to achieve potential benefits. This limitation was addressed in the
recent TARGET-D trial where vitamin D doses were titrated every
3months to achieve and maintain a targeted serum 25(OH)D con-
centration of 100-200nmol/L (40-80ng/mL) in all participants in
the vitamin D arm [151]. Although the trial was underpowered
and did not detect statistically significant effect on its primary
outcome (major adverse cardiovascular events), it suggested a
significantly lower risk of recurrent myocardial infarction among
these participants with a recent myocardial infarction at baseline
[151]. Such individualized treat-to-target trials, when adequately
powered, could provide more relevant information on the optimal
serum 25(OH)D concentrations for disease prevention, although
defining ‘optimal’ for various outcomes might be challenging.

One possibility for the lack of benefit in RCTs is that the effects
of vitamin D supplementation depend on interactions with other
nutrients involved in metabolism or biological actions of vitamin
D, including magnesium [63-65, 67, 68], riboflavin [71], zinc,
vitamin A, and vitamin K. Zinc, as zinc fingers, acts as an im-
portant cofactor for activity of vitamin D-dependent genes by
contributing to structural conformational changes in the VDR
that lead to transcriptional activation of genes [152]. High vita-
min A intake may reduce the effects of vitamin D because both
vitamins require the same RXR to bind to DNA [153]. This an-
tagonizing effect has been observed in animal models [154].
Vitamin D and vitamin K can have synergistic effects because of
their complementary roles. For example, 1,25(0OH),D upregulates
the expression of key proteins such as osteocalcin for bones and
matrix glutamate protein (MGP) for blood vessels, whereas vita-
min K is essential for activating these proteins through carboxyl-
ation [155]. Vitamin K deficiency could thus reduce the activity of
these proteins and increase the risk of osteoporosis and vascular
calcification (a situation known as ‘calcium paradox’, where cal-
cium content is reduced in bone and increased in arterial walls),
the latter because MPG acts as an inhibitor of soft tissue calcifi-
cation [155]. There is indeed evidence from small RCTs that co-
supplementation with vitamins D and K may have benefits on
bone and cardiovascular health over supplementing with vita-
min D alone [155, 156]. Whether all or some of these interactions
mentioned above contribute meaningfully to the null findings of
the large vitamin D RCTs remains uncertain.

5.4 | Disease-Specific or Condition-Specific
Guidelines for Vitamin D Supplementation

Although vitamin D supplementation has not shown strong ben-
efits in disease prevention, it is warranted in some cases. Various
diseases and conditions can affect the absorption, metabolism or
requirements for vitamin D, creating a need for higher vitamin D
intakes than in the general population. The appropriate regimen
depends on whether the goal is nutritional repletion of vitamin D,
correction of metabolic defect, prevention of treatment-related hy-
pocalcaemia or management of a broader skeletal disorder.
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Aswith vitamin D recommendations for the general population,
no international consensus exists regarding the vitamin D doses
and target serum 25(OH)D concentrations for many conditions
and diseases [95]. This also underscores the need for individu-
alized treatment in many cases. Such individualization requires
screening of serum 25(OH)D concentrations, and measurement
is also appropriate when the result will influence the diagnosis,
treatment, safety monitoring or follow-up of the disease or con-
dition. Several, although not all, clinical vitamin D guidelines
recommend serum 25(0OH)D screening before initiation of sup-
plementation and reassessment at various intervals thereafter
[17, 95]. Often, correcting vitamin D status is only one compo-
nent of disease management.

Examples of vitamin D supplementation recommendations are
presented in Table S1 and summarized below and in Figure 3.

5.4.1 | Chronic Kidney Disease and Liver Disease

Recommendations for chronic kidney disease and liver disease
are based on altered vitamin D metabolism, impaired absorp-
tion, cholestasis, comorbidity and bone disease. Vitamin D sup-
plements are generally used to correct deficiency, whereas active
analogues are reserved for selected disorders in which endoge-
nous vitamin D activation is inadequate or hormonal regulation
is substantially altered.

5.4.2 | Malabsorptive Conditions

These conditions, including those following bariatric surgery,
require higher vitamin D doses and more prolonged treatment

than general nutritional deficiency. Vitamin D, is commonly
preferred, but calcidiol or parenteral administration may be
used when oral absorption is unreliable.

5.4.3 | Osteoporosis

Osteoporosis guidelines generally recommend vitamin D sup-
plementation for individuals with osteoporosis for fracture pre-
vention. In these guidelines, vitamin D (combined with calcium)
is regarded as a supportive therapy rather than a substitute for
osteoporosis medication. The recommendations aim to ensure
adequate intestinal absorption of calcium and phosphorus in
these individuals with high risk of fracture and to reduce the
risk of hypocalcaemia during treatment with anti-resorptive or
anabolic osteoporosis medications.

5.4.4 | Hypoparathyroidism

Hypoparathyroidism is characterized by hypocalcaemia and hy-
perphosphataemia due to PTH deficiency. In this disorder, ac-
tive vitamin D analogues combined with calcium supplements
are needed to correct low serum 25(0OH)D concentrations and
hypocalcaemia, whereas vitamin D, or D, is used for mainte-
nance of vitamin D status.

5.4.5 | Disorders of Vitamin D Metabolism
These disorders commonly lead to rickets when untreated and

require treatment matched to the specific defect. A normal or
high serum 25(0OH)D concentration does not necessarily reflect

Active analogues + Very high-dose Vitamin D + Ca as Vitamin D + Ca Higher dose vitamin
Ca; vitamin D for active analogues adjunct to osteo- ¥ D or consider
maintenance x porosis medication : calcidiol
3 X . [
; ; =. Frailty / =_
: . ! institutionalized :
Hypoparathyroidism ‘ ‘ VDR resistance I | Osteoporosis ‘ elderly Obesity

| Clinical goal for vi

tamin D therapy? |

FIGURE3 | Clinical decision tree for selecting vitamin D, calcidiol or calcitriol and its synthetic analogues based on the clinical goal and the pres-

ence of conditions affecting absorption, metabolism or activation of vitamin D. CKD, chronic kidney disease.

Routine prevention / Rapid repletion Malabsorption / Hepatic dysfunction / Impaired renal 1a-
maintenance needed bariatric surgery impaired 25- hydroxylation
! ' ! hydroxylation (advanced CKD)
v v v ) v
Vitamin D Calcidiol Calcidiol Calcidiol Calcitriol or active
(daily, moderate (or parenteral vitamin (bypasses micellar (bypasses hepatic analogues
dose) D if oral route fat absorption) step) (analogues preferred
unreliable) over calcitriol for
lower calcaemic
activity)
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adequate vitamin D status in these conditions. Impaired renal
conversion of 25(0H)D to 1,25(0OH),D may require the use of
active analogues; defective 25-hydroxylation of vitamin D to
25(0OH)D may be treated with calcidiol; and VDR resistance may
require very high doses of active analogues.

5.4.6 | Frailty

Frail older adults often have several risk factors for vitamin D
deficiency, such as being housebound or institutionalized or
having malnutrition or multimorbidity. This frequently creates
a need for supplemental vitamin D and calcium to correct the
deficiency. However, recommendations for frail older adults
should be distinguished from guidelines for healthy older
adults [15, 87].

5.4.7 | Administration of Vitamin D Versus Calcidiol
Versus Calcitriol and Its Synthetic Analogues

Vitamin D remains an appropriate choice for routine supplementa-
tion and maintenance in most cases, because its dosing is familiar
and it is supported by a stronger evidence base for health benefits.
Some guidelines recommend supplementing with calcidiol instead
of vitamin D. The main advantage of using calcidiol is pharma-
cokinetic rather than a demonstrated superiority in disease pre-
vention or treatment. Calcidiol is particularly useful when rapid
repletion, a predictable dose-response, obesity, fat malabsorption
or severe hepatic dysfunction is clinically relevant [17]. Calcitriol
and its synthetic analogues are used, for example, in cases of lim-
ited or absent hepatic la-hydroxylase activity, which results in ab-
sent or impaired hepatic formation of 1,25(0H),D [17]. Table 3 and
Figure 3 present examples of clinical indications for the preferen-
tial use of the different forms.

6 | Safety

Vitamin D is generally considered safe due to a wide thera-
peutic window. Vitamin D toxicity is biochemically defined by
markedly elevated serum 25(OH)D concentrations (> 150ng/
mL/>375nmol/L), accompanied by severe hypercalcaemia,
hypercalciuria and hyperphosphataemia, and suppressed
PTH levels [157, 158]. Clinical symptoms include vomiting,
constipation, dehydration, polyuria and kidney stones [157].
Prolonged hypercalcaemia can lead to irreversible kidney
damage, cardiac arrhythmias and soft tissue calcification
[157]. Vitamin D toxicity is rare and usually results from
mega-doses due to prescription errors, supplement misuse, use
of unlicensed pharmaceutical products or manufacturing or
labelling errors [157, 159]. Doses up to 100001U/day (250 ug)
have generally not been associated with severe toxicity [160],
not even in children [161], although a recent meta-analysis re-
ported a small increase in hypercalcaemia risk with long-term
daily doses of 3200-40001U (80-100 png) in a small proportion
of the participants in RCTs [162]. However, no increase in the
incidence of hypercalciuria, kidney stones or mortality was
observed [162]. Finally, as already mentioned, high intermit-
tent bolus dosing has been associated with increased fall risk
[117] and is discouraged [56].

Although calcidiol is generally well tolerated, the greater po-
tency and the rapid increase in serum 25(OH)D concentrations
following calcidiol supplementation necessitate monitoring for
excessive 25(0OH)D concentrations, hypercalcaemia or hyper-
calciuria. Similarly, the use of the active form calcitriol and its
synthetic analogues requires careful monitoring because their
direct pharmacological action confers a higher risk of hypercal-
caemia, hypercalciuria and hyperphosphataemia [17]. Synthetic
analogues of calcitriol, such as paricalcitol and alfacalcidol,
have lower calcaemic activity, and their use is therefore recom-
mended over calcitriol [17].

7 | Conclusions and Future Perspectives

Vitamin D plays a critical role in skeletal health, and supplemen-
tation—often combined with calcium—is effective for prevent-
ing and treating deficiency-related skeletal disorders in at-risk
populations. For extra-skeletal outcomes, current evidence does
not support untargeted supplementation in vitamin D-replete
populations, although modest benefits have been observed in
specific contexts, such as reduced cancer mortality and preven-
tion of progression from prediabetes to Type 2 diabetes.

Future research must move beyond broad population studies
and focus on identifying specific population groups that would
benefit most from vitamin D supplementation, utilizing appro-
priate dosing strategies to clarify and harness the full therapeu-
tic potential of vitamin D. The current evidence suggests that
more frequent (daily) dosing with moderate amounts of vitamin
D, would be the preferred approach and especially large infre-
quent bolus doses should be avoided. The new approach should
prioritize subjects with lower baseline serum 25(OH)D concen-
trations, adopt treat-to-target approaches to establish definitive
thresholds and standardize protocols to facilitate individual
patient data meta-analyses capable of detecting modest effects
[163]. Standardization of 25(OH)D assays is essential to improve
comparability across studies and advance guideline develop-
ment. At the same time, given the continued global prevalence
of vitamin D insufficiency, public health strategies, such as food
fortification [164], should continue to ensure that at least the
current intake recommendations would be met at the popula-
tion level.

Acknowledgements

Open access publishing facilitated by Ita-Suomen yliopisto, as part of
the Wiley - FinELib agreement.

Funding

The author has nothing to report.

Conflicts of Interest

The author reports receiving travel support to vitamin D research meet-
ings from Abiogen Pharma.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated
or analysed during the current study.

14 of 20

Basic & Clinical Pharmacology & Toxicology, 2026

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peulenob afe sop e WO ‘8sN Jo S3|nJ oy Aleld17 8U1UO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1 ARIq 1 ]BU1|UO//SANY) SUONIPUOD pue SWiS 1 8U) 385 *[9202/0T/60] U0 Aid18UluO AS|IM ‘STE0L 140/ TTTT OT/I0P/L02 A8 | 1M Alelq1Bul|UD//:SANY WOJ) papeojumoq ‘S ‘9202 ‘sv8L2r.T



References

1.J. J. Neville, T. Palmieri, and A. R. Young, “Physical Determinants
of Vitamin D Photosynthesis: A Review,” JBMR Plus 5, no. 1 (2021):
€10460, https://doi.org/10.1002/jbm4.10460.

2. A. T. Slominski, T. K. Kim, Z. Janjetovic, et al., “Biological Effects of
CYP11A1-Derived Vitamin D and Lumisterol Metabolites in the Skin,”
Journal of Investigative Dermatology 144, no. 10 (2024): 2145-2161,
https://doi.org/10.1016/j.jid.2024.04.022.

3.R. C.Kift and A. R. Webb, “Globally Estimated UVB Exposure Times
Required to Maintain Sufficiency in Vitamin D Levels,” Nutrients 16, no.
10 (2024): 1489, https://doi.org/10.3390/nu16101489.

4.]. MacLaughlin and M. F. Holick, “Aging Decreases the Capacity of
Human Skin to Produce Vitamin D3,” Journal of Clinical Investigation
76, no. 4 (1985): 1536-1538, https://doi.org/10.1172/JC1112134.

5.J. R. Chalcraft, L. M. Cardinal, P. J. Wechsler, et al., “Vitamin D
Synthesis Following a Single Bout of Sun Exposure in Older and Younger
Men and Women,” Nutrients 12, no. 8 (2020): 2237, https://doi.org/10.
3390/nul2082237.

6.L. Y. Matsuoka, J. Wortsman, and B. W. Hollis, “Use of Topical
Sunscreen for the Evaluation of Regional Synthesis of Vitamin D3,”
Journal of the American Academy of Dermatology 22, no. 5 (1990): 772-
775, https://doi.org/10.1016/0190-9622(90)70107-S.

7. R.E. Neale, S. R. Khan, R. M. Lucas, M. Waterhouse, D. C. Whiteman,
and C. M. Olsen, “The Effect of Sunscreen on Vitamin D: A Review,”
British Journal of Dermatology 181, no. 5 (2019): 907-915, https://doi.
0rg/10.1111/bjd.17980.

8.V. Tran, B. L. Duarte Romero, H. Andersen, et al., “Effect of Daily
Sunscreen Application on Vitamin D: Findings From the Open-Label
Randomized Controlled Sun-D Trial,” British Journal of Dermatology
193, no. 6 (2025): 1128-1137, https://doi.org/10.1093/bjd/ljaf310.

9. E. Benedik, “Sources of Vitamin D for Humans,” International Journal
for Vitamin and Nutrition Research 92, no. 2 (2022): 118-125, https://doi.
0rg/10.1024/0300-9831/a000733.

10.J. Jakobsen, C. Smith, A. Bysted, and K. D. Cashman, “Vitamin
D in Wild and Farmed Atlantic Salmon (Salmo Salar)—What Do We
Know?,” Nutrients 11, no. 5 (2019): 982, https://doi.org/10.3390/nul10
50982.

11. C. Starck, T. Cassettari, J. Wright, P. Petocz, E. Beckett, and F. Fayet-
Moore, “Mushrooms: A Food-Based Solution to Vitamin D Deficiency
to Include in Dietary Guidelines,” Frontiers in Nutrition 11 (2024):
1384273, https://doi.org/10.3389/fnut.2024.1384273.

12. T. Jddskeldinen, S. T. Itkonen, A. Lundqvist, et al., “The Positive
Impact of General Vitamin D Food Fortification Policy on Vitamin D
Status in a Representative Adult Finnish Population: Evidence From an
11-Y Follow-Up Based on Standardized 25-Hydroxyvitamin D Data,”
American Journal of Clinical Nutrition 105, no. 6 (2017): 1512-1520,
https://doi.org/10.3945/ajcn.116.151415.

13. M. J. Bruins, “Contribution of Different Vitamin D Forms and
Fortified Foods to Vitamin D Intake in Europe: A Narrative Review,”
Journal of Steroid Biochemistry and Molecular Biology 251 (2025):
106761, https://doi.org/10.1016/.jsbmb.2025.106761.

14. Finnish Food Authority, “Vitamin D Recommendations. Vitamin
D,” Finnish Food Authority, (2025), May 2, 2025, https://www.ruoka
virasto.fi/en/foodstuffs/healthy-diet/nutrients/vitamin-d/.

15.M. B. Demay, A. G. Pittas, D. D. Bikle, et al., “Vitamin D for
the Prevention of Disease: An Endocrine Society Clinical Practice
Guideline,” Journal of Clinical Endocrinology and Metabolism 109, no. 8
(2024): 1907-1947, https://doi.org/10.1210/clinem/dgae290.

16.S. Christakos, P. Dhawan, A. Verstuyf, L. Verlinden, and G.
Carmeliet, “Vitamin D: Metabolism, Molecular Mechanism of Action,
and Pleiotropic Effects,” Physiological Reviews 96, no. 1 (2016): 365-408,
https://doi.org/10.1152/physrev.00014.2015.

17. A. Giustina, J. P. Bilezikian, R. A. Adler, et al., “Consensus Statement
on Vitamin D Status Assessment and Supplementation: Whys, Whens,
and Hows,” Endocrine Reviews 45, no. 5 (2024): 625-654, https://doi.org/
10.1210/endrev/bnae009.

18. R. Bouillon and J. M. Quesada Gomez, “Comparison of Calcifediol
With Vitamin D for Prevention or Cure of Vitamin D Deficiency,”
Journal of Steroid Biochemistry and Molecular Biology 228 (2023):
106248, https://doi.org/10.1016/j.jsbmb.2023.106248.

19. E.Jodar, C. Campusano, R. T. De Jongh, and M. F. Holick, “Calcifediol:
A Review of Its Pharmacological Characteristics and Clinical Use in
Correcting Vitamin D Deficiency,” European Journal of Nutrition 62, no.
4(2023): 1579-1597, https://doi.org/10.1007/s00394-023-03103-1.

20. A. Giustina, L. Di Filippo, A. Allora, et al.,, “Vitamin D and
Malabsorptive  Gastrointestinal =~ Conditions: A Bidirectional
Relationship?,” Reviews in Endocrine & Metabolic Disorders 24, no. 2
(2023): 121-138, https://doi.org/10.1007/s11154-023-09792-7.

21.J. Menger, Z. Y. Lee, Q. Notz, et al., “Administration of Vitamin D and
Its Metabolites in Critically Ill Adult Patients: An Updated Systematic
Review With Meta-Analysis of Randomized Controlled Trials,” Critical
Care 26, no. 1 (2022): 268, https://doi.org/10.1186/s13054-022-04139-1.

22.A. Giustina, L. Di Filippo, A. Facciorusso, et al.,, “Vitamin D
Status and Supplementation Before and After Bariatric Surgery:
Recommendations Based on a Systematic Review and Meta-Analysis,”
Reviews in Endocrine & Metabolic Disorders 24, no. 6 (2023): 1011-1029,
https://doi.org/10.1007/s11154-023-09831-3.

23. E. Reboul, A. Goncalves, C. Comera, et al., “Vitamin D Intestinal
Absorption Is Not a Simple Passive Diffusion: Evidences for Involvement
of Cholesterol Transporters,” Molecular Nutrition & Food Research 55,
no. 5(2011): 691-702, https://doi.org/10.1002/mnfr.201000553.

24.R. Bouillon, F. Schuit, L. Antonio, and F. Rastinejad, “Vitamin D
Binding Protein: A Historic Overview,” Frontiers in Endocrinology 10
(2020): 910, https://doi.org/10.3389/fendo.2019.00910.

25.N. E. Cooke and J. G. Haddad, “Vitamin D Binding Protein (Gc-
Globulin),” Endocrine Reviews 10, no. 3 (1989): 294-307, https://doi.org/
10.1210/edrv-10-3-294.

26.J. C. Fleet, “Differences in the Absorption and Metabolism of
Vitamin D2, Vitamin D3, and 25 Hydroxyvitamin D,” Journal of Steroid
Biochemistry and Molecular Biology 249 (2025): 106718, https://doi.org/
10.1016/j.jsbmb.2025.106718.

27.D. D. Bikle and J. Schwartz, “Vitamin D Binding Protein, Total and
Free Vitamin D Levels in Different Physiological and Pathophysiological
Conditions,” Frontiers in Endocrinology 10 (2019): 317, https://doi.org/
10.3389/fend0.2019.00317.

28. E. Cavalier, K. Makris, A. C. Heijboer, M. Herrmann, and J. C.
Souberbielle, “Vitamin D: Analytical Advances, Clinical Impact, and
Ongoing Debates on Health Perspectives,” Clinical Chemistry 70, no. 9
(2024): 1104-1121, https://doi.org/10.1093/clinchem/hvae056.

29. R. P. Heaney, R. L. Horst, D. M. Cullen, and L. A. G. Armas, “Vitamin
D3 Distribution and Status in the Body,” Journal of the American College
of Nutrition 28, no. 3 (2009): 252-256, https://doi.org/10.1080/07315724.
2009.10719779.

30. R. Bouillon and D. Bikle, “Vitamin D Metabolism Revised: Fall of
Dogmas,” Journal of Bone and Mineral Research 34, no. 11 (2019): 1985-
1992, https://doi.org/10.1002/jbmr.3884.

31.R. Shinkyo, T. Sakaki, M. Kamakura, M. Ohta, and K. Inouye,
“Metabolism of Vitamin D by Human Microsomal CYP2R1,” Biochemical
and Biophysical Research Communications 324, no. 1 (2004): 451-457,
https://doi.org/10.1016/j.bbrc.2004.09.073.

32. S.M. Aatsinki, M. S. Elkhwanky, O. Kummu, et al., “Fasting-Induced
Transcription Factors Repress Vitamin D Bioactivation, a Mechanism
for Vitamin D Deficiency in Diabetes,” Diabetes 68, no. 5 (2019): 918-
931, https://doi.org/10.2337/db18-1050.

Basic & Clinical Pharmacology & Toxicology, 2026

15 of 20

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peulenob afe sop e WO ‘8sN Jo S3|nJ oy Aleld17 8U1UO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1 ARIq 1 ]BU1|UO//SANY) SUONIPUOD pue SWiS 1 8U) 385 *[9202/0T/60] U0 Aid18UluO AS|IM ‘STE0L 140/ TTTT OT/I0P/L02 A8 | 1M Alelq1Bul|UD//:SANY WOJ) papeojumoq ‘S ‘9202 ‘sv8L2r.T


https://doi.org/10.1002/jbm4.10460
https://doi.org/10.1016/j.jid.2024.04.022
https://doi.org/10.3390/nu16101489
https://doi.org/10.1172/JCI112134
https://doi.org/10.3390/nu12082237
https://doi.org/10.3390/nu12082237
https://doi.org/10.1016/0190-9622(90)70107-S
https://doi.org/10.1111/bjd.17980
https://doi.org/10.1111/bjd.17980
https://doi.org/10.1093/bjd/ljaf310
https://doi.org/10.1024/0300-9831/a000733
https://doi.org/10.1024/0300-9831/a000733
https://doi.org/10.3390/nu11050982
https://doi.org/10.3390/nu11050982
https://doi.org/10.3389/fnut.2024.1384273
https://doi.org/10.3945/ajcn.116.151415
https://doi.org/10.1016/j.jsbmb.2025.106761
https://www.ruokavirasto.fi/en/foodstuffs/healthy-diet/nutrients/vitamin-d/
https://www.ruokavirasto.fi/en/foodstuffs/healthy-diet/nutrients/vitamin-d/
https://doi.org/10.1210/clinem/dgae290
https://doi.org/10.1152/physrev.00014.2015
https://doi.org/10.1210/endrev/bnae009
https://doi.org/10.1210/endrev/bnae009
https://doi.org/10.1016/j.jsbmb.2023.106248
https://doi.org/10.1007/s00394-023-03103-1
https://doi.org/10.1007/s11154-023-09792-7
https://doi.org/10.1186/s13054-022-04139-1
https://doi.org/10.1007/s11154-023-09831-3
https://doi.org/10.1002/mnfr.201000553
https://doi.org/10.3389/fendo.2019.00910
https://doi.org/10.1210/edrv-10-3-294
https://doi.org/10.1210/edrv-10-3-294
https://doi.org/10.1016/j.jsbmb.2025.106718
https://doi.org/10.1016/j.jsbmb.2025.106718
https://doi.org/10.3389/fendo.2019.00317
https://doi.org/10.3389/fendo.2019.00317
https://doi.org/10.1093/clinchem/hvae056
https://doi.org/10.1080/07315724.2009.10719779
https://doi.org/10.1080/07315724.2009.10719779
https://doi.org/10.1002/jbmr.3884
https://doi.org/10.1016/j.bbrc.2004.09.073
https://doi.org/10.2337/db18-1050

33.J. D. Roizen, C. Long, A. Casella, et al., “Obesity Decreases Hepatic
25-Hydroxylase Activity Causing Low Serum 25-Hydroxyvitamin
D,” Journal of Bone and Mineral Research 34, no. 6 (2019): 1068-1073,
https://doi.org/10.1002/jbmr.3686.

34.M. Hewison, F. Burke, K. N. Evans, et al, “Extra-Renal
25-Hydroxyvitamin D3-1a-Hydroxylase in Human Health and Disease,”
Journal of Steroid Biochemistry and Molecular Biology 103, no. 3-5
(2007): 316-321, https://doi.org/10.1016/j.jsbmb.2006.12.078.

35.A. Zittermann, “Regulation of Renal and Extrarenal Calcitriol
Synthesis and Its Clinical Implications,” International Journal of Molecular
Sciences 26, no. 12 (2025): 5570, https://doi.org/10.3390/ijms26125570.

36.D. D. Bikle, “Vitamin D Metabolism and Function in the Skin,”
Molecular and Cellular Endocrinology 347, no. 1-2 (2011): 80-89, https://
doi.org/10.1016/j.mce.2011.05.017.

37.J. M. Quesada-Gomez and R. Bouillon, “Is Calcifediol Better
Than Cholecalciferol for Vitamin D Supplementation?,” Osteoporosis
International 29, no. 8 (2018): 1697-1711, https://doi.org/10.1007/s0019
8-018-4520-y.

38. C. Carlberg, “Vitamin D and Its Target Genes,” Nutrients 14, no. 7
(2022): 1354, https://doi.org/10.3390/nu14071354.

39.R. Bouillon, C. Marcocci, G. Carmeliet, et al.,, “Skeletal and
Extraskeletal Actions of Vitamin D: Current Evidence and Outstanding
Questions,” Endocrine Reviews 40, no. 4 (2019): 1109-1151, https://doi.
org/10.1210/er.2018-00126.

40. C. Hii and A. Ferrante, “The Non-Genomic Actions of Vitamin D,”
Nutrients 8, no. 3 (2016): 135, https://doi.org/10.3390/nu8030135.

41. O. P. Sharma, “Vitamin D, Calcium, and Sarcoidosis,” Chest 109, no.
2(1996): 535-539, https://doi.org/10.1378/chest.109.2.535.

42.]. D. Roizen, D. Li, L. O'Lear, et al.,, “CYP3A4 Mutation Causes
Vitamin D-Dependent Rickets Type 3,” Journal of Clinical Investigation
128, no. 5 (2018): 1913-1918, https://doi.org/10.1172/JCI98680.

43.K. S. Jones, S. Assar, D. Harnpanich, et al., “25(OH)D2 Half-
Life Is Shorter Than 25(0OH)D3 Half-Life and Is Influenced by DBP
Concentration and Genotype,” Journal of Clinical Endocrinology and
Metabolism 99, no. 9 (2014): 3373-3381, https://doi.org/10.1210/jc.
2014-1714.

44.G. Jones, “Pharmacokinetics of Vitamin D Toxicity,” American
Journal of Clinical Nutrition 88, no. 2 (2008): 582S-586S, https://doi.org/
10.1093/ajcn/88.2.5828.

45. E. Reboul, “Intestinal Absorption of Vitamin D: From the Meal to
the Enterocyte,” Food & Function 6, no. 2 (2015): 356-362, https://doi.
org/10.1039/c4f000579a.

46. P. Borel, D. Caillaud, and N. J. Cano, “Vitamin D Bioavailability:
State of the Art,” Critical Reviews in Food Science and Nutrition 55, no. 9
(2015): 1193-1205, https://doi.org/10.1080/10408398.2012.688897.

47. M. C. Silva and T. W. Furlanetto, “Intestinal Absorption of Vitamin
D: A Systematic Review,” Nutrition Reviews 76, no. 1 (2018): 60-76,
https://doi.org/10.1093/nutrit/nux034.

48. G. B. Mulligan and A. Licata, “Taking Vitamin D With the Largest
Meal Improves Absorption and Results in Higher Serum Levels of
25-Hydroxyvitamin D,” Journal of Bone and Mineral Research 25, no. 4
(2010): 928-930, https://doi.org/10.1002/jbmr.67.

49. G. K. Jain, V. Raina, R. Grover, et al., “Revisiting the Significance of
Nano-Vitamin D for Food Fortification and Therapeutic Application,”
Drug Development and Industrial Pharmacy 50, no. 2 (2024): 89-101,
https://doi.org/10.1080/03639045.2023.2301478.

50. A. Bano, S. Abrar, E. Brilli, et al., “A Comparative Absorption
Study of Sucrosomial Orodispersible Vitamin D3 Supplementation
vs. a Reference Chewable Tablet and Soft Gel Capsule Vitamin D3 in
Improving Circulatory 25(OH)D Levels in Healthy Adults With Vitamin
D Deficiency—Results From a Prospective Randomized Clinical Trial,”

Frontiers in Nutrition 10 (2023): 1221685, https://doi.org/10.3389/fnut.
2023.1221685.

51. M. L. Traub, J. S. Finnell, A. Bhandiwad, E. Oberg, L. Suhaila, and R.
Bradley, “Impact of Vitamin D3 Dietary Supplement Matrix on Clinical
Response,” Journal of Clinical Endocrinology and Metabolism 99, no. 8
(2014): 2720-2728, https://doi.org/10.1210/jc.2013-3162.

52. M. Satia, A. Mukim, K. Tibrewala, and M. Bhavsar, “A Randomized
Two Way Cross Over Study for Comparison of Absorption of Vitamin D3
Buccal Spray and Soft Gelatin Capsule Formulation in Healthy Subjects
and in Patients With Intestinal Malabsorption,” Nutrition Journal 14, no.
1(2015): 114, https://doi.org/10.1186/s12937-015-0105-1.

53. C.L.Wagner, J. R. Shary, P. J. Nietert, A. E. Wahlquist, M. D. Ebeling,
and B. W. Hollis, “Bioequivalence Studies of Vitamin D Gummies and
Tablets in Healthy Adults: Results of a Cross-Over Study,” Nutrients 11,
no. 5(2019): 1023, https://doi.org/10.3390/nu11051023.

54.M. A. Wyon, R. Wolman, C. Martin, and S. Galloway, “The Efficacy
of Different Vitamin D Supplementation Delivery Methods on Serum
25(0OH)D: A Randomised Double-Blind Placebo Trial,” Clinical Nutrition
40, no. 2 (2021): 388-393, https://doi.org/10.1016/j.clnu.2020.05.040.

55.Y. Zhuang, Z. Zhu, P. Chi, et al., “Efficacy of Intermittent Versus
Daily Vitamin D Supplementation on Improving Circulating 25(0H)
D Concentration: A Bayesian Network Meta-Analysis of Randomized
Controlled Trials,” Frontiers in Nutrition 10 (2023): 1168115, https://doi.
org/10.3389/fnut.2023.1168115.

56.R. B. Mazess, H. A. Bischoff-Ferrari, and B. Dawson-Hughes,
“Vitamin D: Bolus Is Bogus—A Narrative Review,” JBMR Plus 5, no. 12
(2021): 10567, https://doi.org/10.1002/jbm4.10567.

57.R. P. Heaney and L. A. Armas, “Quantifying the Vitamin D
Economy,” Nutrition Reviews 73, no. 1 (2015): 51-67, https://doi.org/10.
1093/nutrit/nuu004.

58.S. Abdul-jabbar, C. Nebechi, G. R. McClelland, et al., “Ethnic
Differences in Response to Oral Vitamin D Supplementation: A
Systematic Review and Meta-Analysis,” Nutrition Reviews 83, no. 7
(2025): e1372-e1382, https://doi.org/10.1093/nutrit/nuael50.

59.J. F. Aloia, M. Patel, R. DiMaano, et al., “Vitamin D Intake to Attain
a Desired Serum 25-Hydroxyvitamin D Concentration,” American
Journal of Clinical Nutrition 87, no. 6 (2008): 1952-1958, https://doi.org/
10.1093/ajcn/87.6.1952.

60.J. C. Gallagher, A. Sai, T. Templin, and L. Smith, “Dose Response to
Vitamin D Supplementation in Postmenopausal Women: A Randomized
Trial,” Annals of Internal Medicine 156, no. 6 (2012): 425-437, https://doi.
0rg/10.7326/0003-4819-156-6-201203200-00005.

61. M. Rupprecht, S. Wagenpfeil, J. Schope, R. Vieth, T. Vogt, and J.
Reichrath, “Meta-Analysis of European Clinical Trials Characterizing
the Healthy-Adult Serum 25-Hydroxyvitamin D Response to Vitamin D
Supplementation,” Nutrients 15, no. 18 (2023): 3986, https://doi.org/10.
3390/nu15183986.

62. R.K.Rude, J. S. Adams, E. Ryzen, et al., “Low Serum Concentrations
of 1,25-Dihydroxyvitamin D in Human Magnesium Deficiency,” Journal
of Clinical Endocrinology and Metabolism 61, no. 5 (1985): 933-940,
https://doi.org/10.1210/jcem-61-5-933.

63.F. Risco and M. L. Traba, “Influence of Magnesium on the
In Vitro Synthesis of 24,25-Dihydroxyvitamin D3 and 1 Alpha,
25-Dihydroxyvitamin D3,” Magnesium Research 5, no. 1 (1992): 5-14.

64. F. Risco and M. L. Traba, “Possible Involvement of a Magnesium
Dependent Mitochondrial Alkaline Phosphatase in the Regulation of
the 25-Hydroxyvitamin D3-1 Alpha- and 25-Hydroxyvitamin D3-24R-
Hydroxylases in LLC-PK1 Cells,” Magnesium Research 7, no. 3-4 (1994):
169-178.

65. V. Reddy and B. Sivakumar, “Magnesium-Dependent Vitamin-D-
Resistant Rickets,” Lancet 303, no. 7864 (1974): 963-965, https://doi.org/
10.1016/S0140-6736(74)91265-3.

16 of 20

Basic & Clinical Pharmacology & Toxicology, 2026

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peulenob afe sop e WO ‘8sN Jo S3|nJ oy Aleld17 8U1UO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1 ARIq 1 ]BU1|UO//SANY) SUONIPUOD pue SWiS 1 8U) 385 *[9202/0T/60] U0 Aid18UluO AS|IM ‘STE0L 140/ TTTT OT/I0P/L02 A8 | 1M Alelq1Bul|UD//:SANY WOJ) papeojumoq ‘S ‘9202 ‘sv8L2r.T


https://doi.org/10.1002/jbmr.3686
https://doi.org/10.1016/j.jsbmb.2006.12.078
https://doi.org/10.3390/ijms26125570
https://doi.org/10.1016/j.mce.2011.05.017
https://doi.org/10.1016/j.mce.2011.05.017
https://doi.org/10.1007/s00198-018-4520-y
https://doi.org/10.1007/s00198-018-4520-y
https://doi.org/10.3390/nu14071354
https://doi.org/10.1210/er.2018-00126
https://doi.org/10.1210/er.2018-00126
https://doi.org/10.3390/nu8030135
https://doi.org/10.1378/chest.109.2.535
https://doi.org/10.1172/JCI98680
https://doi.org/10.1210/jc.2014-1714
https://doi.org/10.1210/jc.2014-1714
https://doi.org/10.1093/ajcn/88.2.582S
https://doi.org/10.1093/ajcn/88.2.582S
https://doi.org/10.1039/c4fo00579a
https://doi.org/10.1039/c4fo00579a
https://doi.org/10.1080/10408398.2012.688897
https://doi.org/10.1093/nutrit/nux034
https://doi.org/10.1002/jbmr.67
https://doi.org/10.1080/03639045.2023.2301478
https://doi.org/10.3389/fnut.2023.1221685
https://doi.org/10.3389/fnut.2023.1221685
https://doi.org/10.1210/jc.2013-3162
https://doi.org/10.1186/s12937-015-0105-1
https://doi.org/10.3390/nu11051023
https://doi.org/10.1016/j.clnu.2020.05.040
https://doi.org/10.3389/fnut.2023.1168115
https://doi.org/10.3389/fnut.2023.1168115
https://doi.org/10.1002/jbm4.10567
https://doi.org/10.1093/nutrit/nuu004
https://doi.org/10.1093/nutrit/nuu004
https://doi.org/10.1093/nutrit/nuae150
https://doi.org/10.1093/ajcn/87.6.1952
https://doi.org/10.1093/ajcn/87.6.1952
https://doi.org/10.7326/0003-4819-156-6-201203200-00005
https://doi.org/10.7326/0003-4819-156-6-201203200-00005
https://doi.org/10.3390/nu15183986
https://doi.org/10.3390/nu15183986
https://doi.org/10.1210/jcem-61-5-933
https://doi.org/10.1016/S0140-6736(74)91265-3
https://doi.org/10.1016/S0140-6736(74)91265-3

66. S. Fatemi, E. Ryzen, J. Flores, D. B. Endres, and R. K. Rude, “Effect of
Experimental Human Magnesium Depletion on Parathyroid Hormone
Secretion and 1,25-Dihydroxyvitamin D Metabolism*” Journal of
Clinical Endocrinology and Metabolism 73, no. 5 (1991): 1067-1072,
https://doi.org/10.1210/jcem-73-5-1067.

67.M. M. Cheung, R. D. Dall, P. A. Shewokis, et al., “The Effect of
Combined Magnesium and Vitamin D Supplementation on Vitamin
D Status, Systemic Inflammation, and Blood Pressure: A Randomized
Double-Blinded Controlled Trial,” Nutrition 99-100 (2022): 111674,
https://doi.org/10.1016/j.nut.2022.111674.

68.Q. Dai, X. Zhu, J. E. Manson, et al., “Magnesium Status and
Supplementation Influence Vitamin D Status and Metabolism: Results
From a Randomized Trial,” American Journal of Clinical Nutrition 108,
no. 6 (2018): 1249-1258, https://doi.org/10.1093/ajcn/nqy274.

69. K. Afitska, J. Clavel, K. Kisters, J. Vormann, and T. Werner,
“Magnesium Citrate Supplementation Decreased Blood Pressure and
HbAlc in Normomagnesemic Subjects With Metabolic Syndrome: A
12-Week, Placebo-Controlled, Double-Blinded Pilot Trial,” Magnesium
Research 34, no. 3 (2021): 130-139, https://doi.org/10.1684/mrh.
2021.0489.

70. H. Véazquez-Lorente, L. Herrera-Quintana, J. Molina-Lépez,
et al., “Response of Vitamin D After Magnesium Intervention in a
Postmenopausal Population From the Province of Granada, Spain,”
Nutrients 12, no. 8 (2020): 2283, https://doi.org/10.3390/nu12082283.

71.J. T. Pinto and A. J. L. Cooper, “From Cholesterogenesis to
Steroidogenesis: Role of Riboflavin and Flavoenzymes in the
Biosynthesis of Vitamin D,” Advances in Nutrition 5, no. 2 (2014): 144-
163, https://doi.org/10.3945/an.113.005181.

72.7Z. Wang, E. G. Schuetz, Y. Xu, and K. E. Thummel, “Interplay
Between Vitamin D and the Drug Metabolizing Enzyme CYP3A4,”
Journal of Steroid Biochemistry and Molecular Biology 136 (2013): 54-58,
https://doi.org/10.1016/j.jsbmb.2012.09.012.

73. K. Robien, S. J. Oppeneer, J. A. Kelly, and J. M. Hamilton-Reeves,
“Drug-Vitamin D Interactions: A Systematic Review of the Literature,”
Nutrition in Clinical Practice 28, no. 2 (2013): 194-208, https://doi.org/
10.1177/0884533612467824.

74.M. Wakeman, “A Literature Review of the Potential Impact of
Medication on Vitamin D Status,” Risk Management and Healthcare
Policy 14 (2021): 3357-3381, https://doi.org/10.2147/RMHP.S316897.

75.D. Cozma, C. Tudoran, and C. Vacarescu, “Statins, Vitamin D, and
Cardiovascular Health: A Comprehensive Review,” Biomedicine 13, no.
10 (2025): 2515, https://doi.org/10.3390/biomedicines13102515.

76.S. Baumgartner, R. T. Ras, E. A. Trautwein, R. P. Mensink, and J.
Plat, “Plasma Fat-Soluble Vitamin and Carotenoid Concentrations
After Plant Sterol and Plant Stanol Consumption: A Meta-Analysis of
Randomized Controlled Trials,” European Journal of Nutrition 56, no. 3
(2017): 909-923, https://doi.org/10.1007/s00394-016-1289-7.

77.C. Carlberg and A. Haq, “The Concept of the Personal Vitamin D
Response Index,” Journal of Steroid Biochemistry and Molecular Biology
175 (2018): 12-17, https://doi.org/10.1016/jjsbmb.2016.12.011.

78.C. W. Bishop, J. Choe, S. A. Strugnell, S. Tabash, and A. Ashfaq,
“Effect of Race, Gender and Age on Intrinsic Diurnal Variation of
Serum Calcifediol: Insights Into Vitamin D Toxicity,” Journal of Steroid
Biochemistry and Molecular Biology 256 (2026): 106897, https://doi.org/
10.1016/j,jsbmb.2025.106897.

79.]. B. Schwartz, J. C. Gallagher, R. Jorde, et al., “Determination of
Free 25(0H)D Concentrations and Their Relationships to Total 25(0H)
D in Multiple Clinical Populations,” Journal of Clinical Endocrinology
and Metabolism 103, no. 9 (2018): 3278-3288, https://doi.org/10.1210/jc.
2018-00295.

80.C. Sempos and N. Binkley, “25-Hydroxyvitamin D Assay
Standardisation and Vitamin D Guidelines Paralysis,” Public Health

Nutrition 23, no. 7 (2020): 1153-1164, https://doi.org/10.1017/S1368
980019005251.

81. IOM (Institute of Medicine), Dietary Reference Intakes for Calcium
and Vitamin D (National Academics Press, 2011).

82. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA),
“Dietary Reference Values for Vitamin D,” EFSA Journal 14, no. 10
(2016): 4547, https://doi.org/10.2903/j.efsa.2016.4547.

83. R. Blomhoff, R. Andersen, E. K. Arnesen, et al., Nordic Nutrition
Recommendations 2023 (Nordic Council of Ministers, 2023), https://doi.
org/10.6027/nord2023-003.

84. German Nutrition Society, Bonn, Germany, “New Reference Values
for Vitamin D,” Annals of Nutrition & Metabolism 60, no. 4 (2012): 241-
246, https://doi.org/10.1159/000337547.

85. C. A. Nowson, J. J. McGrath, P. R. Ebeling, et al., “Vitamin D and
Health in Adults in Australia and New Zealand: A Position Statement,”
Medical Journal of Australia 196, no. 11 (2012): 686-687, https://doi.org/
10.5694/mjal1.10301.

86. M. F. Holick, “Revisiting Vitamin D Guidelines: A Critical Appraisal
of the Literature,” Endocrine Practice 30, no. 12 (2024): 1227-1241,
https://doi.org/10.1016/j.eprac.2024.10.011.

87. R. Bouillon, “Comparative Analysis of Nutritional Guidelines for
Vitamin D,” Nature Reviews. Endocrinology 13, no. 8 (2017): 466-479,
https://doi.org/10.1038/nrendo.2017.31.

88. EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA), D.
Turck, T. Bohn, et al., “Scientific Opinion on the Tolerable Upper Intake
Level for Vitamin D, Including the Derivation of a Conversion Factor for
Calcidiol Monohydrate,” EFSA Journal 21, no. 8 (2023): e08145, https://
doi.org/10.2903/j.efsa.2023.8145.

89. Institute of Medicine, Dietary Reference Intakes for Calcium and
Vitamin D (National Academy Press, 2010).

90. K. D. Cashman, “Global Differences in Vitamin D Status and Dietary
Intake: A Review of the Data,” Endocrine Connections 11, no. 1 (2022):
€210282, https://doi.org/10.1530/EC-21-0282.

91. A. Cui, T. Zhang, P. Xiao, Z. Fan, H. Wang, and Y. Zhuang, “Global
and Regional Prevalence of Vitamin D Deficiency in Population-
Based Studies From 2000 to 2022: A Pooled Analysis of 7.9 Million
Participants,” Frontiers in Nutrition 10 (2000): 1070808, https://doi.org/
10.3389/fnut.2023.1070808.

92.K. D. Cashman, K. G. Dowling, Z. Skrabakova, et al., “Vitamin
D Deficiency in Europe: Pandemic?,” American Journal of Clinical
Nutrition 103, no. 4 (2016): 1033-1044, https://doi.org/10.3945/ajcn.115.
120873.

93.F. A. Adebayo, S. T. Itkonen, E. Lilja, et al., “Prevalence and
Determinants of Vitamin D Deficiency and Insufficiency Among Three
Immigrant Groups in Finland: Evidence From a Population-Based
Study Using Standardised 25-Hydroxyvitamin D Data,” Public Health
Nutrition 23, no. 7 (2020): 1254-1265, https://doi.org/10.1017/S1368
980019004312.

94. L. C. Kahwati, E. LeBlanc, R. P. Weber, et al., “Screening for Vitamin
D Deficiency in Adults: Updated Evidence Report and Systematic
Review for the US Preventive Services Task Force,” Journal of the
American Medical Association 325, no. 14 (2021): 1443, https://doi.org/
10.1001/jama.2020.26498.

95.J. Zemp, C. Erol, E. Kaiser, C. E. Aubert, N. Rodondi, and E.
Moutzouri, “A Systematic Review of Evidence-Based Clinical Guidelines
for Vitamin D Screening and Supplementation Over the Last Decade,”
Archives of Public Health 83, no. 1 (2025): 221, https://doi.org/10.1186/
$13690-025-01709-x.

96. M. Breth-Petersen, K. Bell, K. Pickles, F. McGain, S. McAlister,
and A. Barratt, “Health, Financial and Environmental Impacts of
Unnecessary Vitamin D Testing: A Triple Bottom Line Assessment

Basic & Clinical Pharmacology & Toxicology, 2026

17 of 20

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peulenob afe sop e WO ‘8sN Jo S3|nJ oy Aleld17 8U1UO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1 ARIq 1 ]BU1|UO//SANY) SUONIPUOD pue SWiS 1 8U) 385 *[9202/0T/60] U0 Aid18UluO AS|IM ‘STE0L 140/ TTTT OT/I0P/L02 A8 | 1M Alelq1Bul|UD//:SANY WOJ) papeojumoq ‘S ‘9202 ‘sv8L2r.T


https://doi.org/10.1210/jcem-73-5-1067
https://doi.org/10.1016/j.nut.2022.111674
https://doi.org/10.1093/ajcn/nqy274
https://doi.org/10.1684/mrh.2021.0489
https://doi.org/10.1684/mrh.2021.0489
https://doi.org/10.3390/nu12082283
https://doi.org/10.3945/an.113.005181
https://doi.org/10.1016/j.jsbmb.2012.09.012
https://doi.org/10.1177/0884533612467824
https://doi.org/10.1177/0884533612467824
https://doi.org/10.2147/RMHP.S316897
https://doi.org/10.3390/biomedicines13102515
https://doi.org/10.1007/s00394-016-1289-7
https://doi.org/10.1016/j.jsbmb.2016.12.011
https://doi.org/10.1016/j.jsbmb.2025.106897
https://doi.org/10.1016/j.jsbmb.2025.106897
https://doi.org/10.1210/jc.2018-00295
https://doi.org/10.1210/jc.2018-00295
https://doi.org/10.1017/S1368980019005251
https://doi.org/10.1017/S1368980019005251
https://doi.org/10.2903/j.efsa.2016.4547
https://doi.org/10.6027/nord2023-003
https://doi.org/10.6027/nord2023-003
https://doi.org/10.1159/000337547
https://doi.org/10.5694/mja11.10301
https://doi.org/10.5694/mja11.10301
https://doi.org/10.1016/j.eprac.2024.10.011
https://doi.org/10.1038/nrendo.2017.31
https://doi.org/10.2903/j.efsa.2023.8145
https://doi.org/10.2903/j.efsa.2023.8145
https://doi.org/10.1530/EC-21-0282
https://doi.org/10.3389/fnut.2023.1070808
https://doi.org/10.3389/fnut.2023.1070808
https://doi.org/10.3945/ajcn.115.120873
https://doi.org/10.3945/ajcn.115.120873
https://doi.org/10.1017/S1368980019004312
https://doi.org/10.1017/S1368980019004312
https://doi.org/10.1001/jama.2020.26498
https://doi.org/10.1001/jama.2020.26498
https://doi.org/10.1186/s13690-025-01709-x
https://doi.org/10.1186/s13690-025-01709-x

Adapted for Healthcare,” BMJ Open 12, no. 8 (2022): €056997, https://
doi.org/10.1136/bmjopen-2021-056997.

97.M. J. Bolland, A. Avenell, K. Smith, M. D. Witham, and A. Grey,
“Vitamin D Supplementation and Testing in the UK: Costly but
Ineffective?,” BMJ 372 (2021): n484, https://doi.org/10.1136/bmj.n484.

98. T. Jadskeldinen, P. Knekt, J. Marniemi, et al., “Vitamin D Status Is
Associated With Sociodemographic Factors, Lifestyle and Metabolic
Health,” European Journal of Nutrition 52, no. 2 (2013): 513-525, https://
doi.org/10.1007/s00394-012-0354-0.

99. S. R. Khan, M. Claeson, A. Khan, and R. E. Neale, “The Effect of
Physical Activity on Vitamin D: A Systematic Review and Meta-Analysis
of Intervention Studies in Humans,” Public Health in Practice (Oxford,
England) 7 (2024): 100495, https://doi.org/10.1016/j.puhip.2024.100495.

100. L. Yang, H. Zhao, K. Liu, et al., “Smoking Behavior and Circulating
Vitamin D Levels in Adults: A Meta-Analysis,” Food Science & Nutrition
9, no. 10 (2021): 5820-5832, https://doi.org/10.1002/fsn3.2488.

101. P. Autier, M. Boniol, C. Pizot, and P. Mullie, “Vitamin D Status and
11l Health: A Systematic Review,” Lancet Diabetes and Endocrinology 2
(2014): 76-89.

102. The Vitamin D Assessment Study (ViDA), “The Vitamin D
Assessment Study (ViDA),” The Vitamin D Assessment Study (ViDA),
(2026), accessed September 22, 2026, https://www.anzctr.org.au/Trial/
Registration/TrialReview.aspx?ACTRN=ACTRN12611000402943.

103.J. Peto, “Vitamin D and Longevity (VIDAL) Trial: Randomised
Feasibility Study,” https://doi.org/10.1186/ISRCTN46328341.

104. Vitamin D3 - Omega3 - Home Exercise - Healthy Ageing and
Longevity Trial (DO-HEALTH), “Vitamin D3 - Omega3 - Home Exercise
- Healthy Ageing and Longevity Trial (DO-HEALTH),” accessed
September 22, 2026, https://www.clinicaltrials.gov/study/NCT01745263.

105. Vitamin D and Omega-3 Trial (VITAL), “Vitamin D and Omega-3
Trial (VITAL),” accessed September 22, 2026, https://clinicaltrials.gov/
study/NCT01169259.

106. Finnish Vitamin D Trial (FIND), “Finnish Vitamin D Trial
(FIND),” accessed September 22, 2026, https://clinicaltrials.gov/study/
NCT01463813.

107. Vitamin D and Type 2 Diabetes Study (D2d), “Vitamin D and Type
2 Diabetes Study (D2d),” accessed September 22, 2026, https://clinicaltr
ials.gov/study/NCT01942694.

108. The International Polycap Study 3 (TIPS-3), “The International
Polycap Study 3 (TIPS-3),” accessed September 22, 2026, https://clini
caltrials.gov/study/NCT01646437.

109. The D-Health Trial, “The D-Health Trial,” accessed September 22,
2026, https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?
id=364534.

110. P. Lips, “Vitamin D Deficiency and Secondary Hyperparathyroidism
in the Elderly: Consequences for Bone Loss and Fractures and
Therapeutic Implications,” Endocrine Reviews 22, no. 4 (2001): 477-
50471, https://doi.org/10.1210/edrv.22.4.0437.

111.C. F. Munns, N. Shaw, M. Kiely, et al., “Global Consensus
Recommendations on Prevention and Management of Nutritional
Rickets,” Journal of Clinical Endocrinology and Metabolism 101, no. 2
(2016): 394-415, https://doi.org/10.1210/jc.2015-2175.

112. M. Chakhtoura, D. S. Bacha, C. Gharios, et al., “Vitamin D
Supplementation and Fractures in Adults: A Systematic Umbrella
Review of Meta-Analyses of Controlled Trials,” Journal of Clinical
Endocrinology and Metabolism 107, no. 3 (2022): 882-898, https://doi.
org/10.1210/clinem/dgab742.

113. O. Massé, C. M. Mercurio, S. Dupuis, et al., “Calcium, Vitamin D, or
Combined Supplementation to Prevent Fractures and Falls: Systematic
Review and Meta-Analysis,” BMJ 393 (2026): 088050, https://doi.org/
10.1136/bm;j-2025-088050.

114. A. Giustina, L. Di Filippo, A. Aleksova, et al., “Consensus Statement
on Vitamin D Role in Metabolic Health,” Metabolism 176 (2026): 156484,
https://doi.org/10.1016/j.metabol.2025.156484.

115. L. S. Bislev, D. Grove-Laugesen, and L. Rejnmark, “Vitamin D and
Muscle Health: A Systematic Review and Meta-Analysis of Randomized
Placebo-Controlled Trials,” Journal of Bone and Mineral Research 36,
no. 9 (2020): 1651-1660, https://doi.org/10.1002/jbmr.4412.

116. S. H.Kong, H. N.Jang, J. H. Kim, S. W.Kim, and C. S. Shin, “Effect of
Vitamin D Supplementation on Risk of Fractures and Falls According to
Dosage and Interval: A Meta-Analysis,” Endocrinology and Metabolism
37,no0. 2 (2022): 344-358, https://doi.org/10.3803/EnM.2021.1374.

117. S. K. Myung and H. Cho, “Effects of Intermittent or Single High-
Dose Vitamin D Supplementation on Risk of Falls and Fractures: A
Systematic Review and Meta-Analysis,” Osteoporosis International 34,
no. 8 (2023): 1355-1367, https://doi.org/10.1007/s00198-023-06761-3.

118. L. A. Beveridge, A. D. Struthers, F. Khan, et al., “Effect of Vitamin
D Supplementation on Blood Pressure: A Systematic Review and
Meta-Analysis Incorporating Individual Patient Data,” JAMA Internal
Medicine 175, no. 5 (2015): 745-754, https://doi.org/10.1001/jamaintern
med.2015.0237.

119. M. Barbarawi, B.Kheiri, Y. Zayed, etal., “Vitamin D Supplementation
and Cardiovascular Disease Risks in More Than 83000 Individuals in 21
Randomized Clinical Trials: A Meta-Analysis,” JAMA Cardiology 4, no.
8 (2019): 765-776, https://doi.org/10.1001/jamacardio.2019.1870.

120.X. Cheng, Z. Chen, Y. Fang, et al., “Effect of Vitamin D
Supplementation for Major Adverse Cardiovascular Events: A Meta-
Analysis Based on Randomised Controlled Trials,” British Journal of
Nutrition 134, no. 2 (2025): 124-133, https://doi.org/10.1017/S000711452
5103954.

121. B. Thompson, M. Waterhouse, D. R. English, et al., “Vitamin
D Supplementation and Major Cardiovascular Events: D-Health
Randomised Controlled Trial,” BMJ 381 (2023): 075230, https://doi.org/
10.1136/bmj-2023-075230.

122.].K. Virtanen, S. Hantunen, C. Lamberg-Allardt, et al., “The Effect of
Vitamin D3 Supplementation on Atrial Fibrillation in Generally Healthy
Men and Women: The Finnish Vitamin D Trial,” American Heart Journal
264 (2023): 177-182, https://doi.org/10.1016/j.ahj.2023.05.024.

123. K. K. Witte, R. Byrom, J. Gierula, et al., “Effects of Vitamin D on
Cardiac Function in Patients With Chronic HF,” Journal of the American
College of Cardiology 67, no. 22 (2016): 2593-2603, https://doi.org/10.
1016/jjacc.2016.03.508.

124.D. D. Bikle, “Vitamin D Regulation of Immune Function,” Current
Osteoporosis Reports 20, no. 3 (2022): 186-193, https://doi.org/10.1007/
$11914-022-00732-z.

125.D. A. Jolliffe, C. A. Camargo, J. D. Sluyter, et al., “Vitamin D
Supplementation to Prevent Acute Respiratory Infections: Systematic
Review and Meta-Analysis of Stratified Aggregate Data,” Lancet
Diabetes and Endocrinology 13, no. 4 (2025): 307-320, https://doi.org/10.
1016/52213-8587(24)00348-6.

126.D. A. Jolliffe, N. Brustad, B. Chawes, et al., “Association Between
Maternal Vitamin D Supplementation During Pregnancy and the Risk
of Acute Respiratory Infections in Offspring: A Systematic Review and
Meta-Analysis,” EClinicalMedicine 90 (2025): 103682, https://doi.org/10.
1016/j.eclinm.2025.103682.

127.7. P. Bilezikian, N. Binkley, H. F. De Luca, et al., “Consensus and
Controversial Aspects of Vitamin D and COVID-19,” Journal of Clinical
Endocrinology and Metabolism 108, no. 5 (2023): 1034-1042, https://doi.
org/10.1210/clinem/dgac719.

128. M. C. Silva and T. W. Furlanetto, “Does Serum 25-Hydroxyvitamin
D Decrease During Acute-Phase Response? A Systematic Review,”
Nutrition Research 35, no. 2 (2015): 91-96, https://doi.org/10.1016/j.nu-
tres.2014.12.008.

18 of 20

Basic & Clinical Pharmacology & Toxicology, 2026

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peulenob afe sop e WO ‘8sN Jo S3|nJ oy Aleld17 8U1UO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1 ARIq 1 ]BU1|UO//SANY) SUONIPUOD pue SWiS 1 8U) 385 *[9202/0T/60] U0 Aid18UluO AS|IM ‘STE0L 140/ TTTT OT/I0P/L02 A8 | 1M Alelq1Bul|UD//:SANY WOJ) papeojumoq ‘S ‘9202 ‘sv8L2r.T


https://doi.org/10.1136/bmjopen-2021-056997
https://doi.org/10.1136/bmjopen-2021-056997
https://doi.org/10.1136/bmj.n484
https://doi.org/10.1007/s00394-012-0354-0
https://doi.org/10.1007/s00394-012-0354-0
https://doi.org/10.1016/j.puhip.2024.100495
https://doi.org/10.1002/fsn3.2488
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?ACTRN=ACTRN12611000402943
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?ACTRN=ACTRN12611000402943
https://doi.org/10.1186/ISRCTN46328341
https://www.clinicaltrials.gov/study/NCT01745263
https://clinicaltrials.gov/study/NCT01169259
https://clinicaltrials.gov/study/NCT01169259
https://clinicaltrials.gov/study/NCT01463813
https://clinicaltrials.gov/study/NCT01463813
https://clinicaltrials.gov/study/NCT01942694
https://clinicaltrials.gov/study/NCT01942694
https://clinicaltrials.gov/study/NCT01646437
https://clinicaltrials.gov/study/NCT01646437
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=364534
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=364534
https://doi.org/10.1210/edrv.22.4.0437
https://doi.org/10.1210/jc.2015-2175
https://doi.org/10.1210/clinem/dgab742
https://doi.org/10.1210/clinem/dgab742
https://doi.org/10.1136/bmj-2025-088050
https://doi.org/10.1136/bmj-2025-088050
https://doi.org/10.1016/j.metabol.2025.156484
https://doi.org/10.1002/jbmr.4412
https://doi.org/10.3803/EnM.2021.1374
https://doi.org/10.1007/s00198-023-06761-3
https://doi.org/10.1001/jamainternmed.2015.0237
https://doi.org/10.1001/jamainternmed.2015.0237
https://doi.org/10.1001/jamacardio.2019.1870
https://doi.org/10.1017/S0007114525103954
https://doi.org/10.1017/S0007114525103954
https://doi.org/10.1136/bmj-2023-075230
https://doi.org/10.1136/bmj-2023-075230
https://doi.org/10.1016/j.ahj.2023.05.024
https://doi.org/10.1016/j.jacc.2016.03.508
https://doi.org/10.1016/j.jacc.2016.03.508
https://doi.org/10.1007/s11914-022-00732-z
https://doi.org/10.1007/s11914-022-00732-z
https://doi.org/10.1016/S2213-8587(24)00348-6
https://doi.org/10.1016/S2213-8587(24)00348-6
https://doi.org/10.1016/j.eclinm.2025.103682
https://doi.org/10.1016/j.eclinm.2025.103682
https://doi.org/10.1210/clinem/dgac719
https://doi.org/10.1210/clinem/dgac719
https://doi.org/10.1016/j.nutres.2014.12.008
https://doi.org/10.1016/j.nutres.2014.12.008

129. P. Autier, G. Doi, P. Mullie, P. Vankrunkelsven, O. D'Ecclesiis, and S.
Gandini, “Vitamin D, Acute Respiratory Infections, and Covid-19: The
Curse of Small-Size Randomised trials. A Critical Review With Meta-
Analysis of Randomised Trials,” PLoS ONE 20, no. 1 (2025): e0303316,
https://doi.org/10.1371/journal.pone.0303316.

130. F. Vincenzi, C. Smirne, S. Tonello, and P. P. Sainaghi, “The Role of
Vitamin D in Autoimmune Diseases,” International Journal of Molecular
Sciences 27, no. 1 (2026): 555, https://doi.org/10.3390/ijms27010555.

131.J. Hahn, N. R. Cook, E. K. Alexander, et al., “Vitamin D and Marine
Omega 3 Fatty Acid Supplementation and Incident Autoimmune
Disease: VITAL Randomized Controlled Trial,” BMJ 376 (2022):
€066452, https://doi.org/10.1136/bmj-2021-066452.

132. E. Thouvenot, D. Laplaud, C. Lebrun-Frenay, et al., “High-Dose
Vitamin D in Clinically Isolated Syndrome Typical of Multiple Sclerosis:
The D-Lay MS Randomized Clinical Trial,” Journal of the American
Medical Association 333, no. 16 (2025): 1413-1422, https://doi.org/10.
1001/jama.2025.1604.

133. H. Tang, D. Li, Y. Li, X. Zhang, Y. Song, and X. Li, “Effects of
Vitamin D Supplementation on Glucose and Insulin Homeostasis and
Incident Diabetes Among Nondiabetic Adults: A Meta-Analysis of
Randomized Controlled Trials,” International Journal of Endocrinology
2018 (2018): 1-9, https://doi.org/10.1155/2018/7908764.

134. M. Barbarawi, Y. Zayed, O. Barbarawi, et al., “Effect of Vitamin
D Supplementation on the Incidence of Diabetes Mellitus,” Journal of
Clinical Endocrinology and Metabolism 105, no. 8 (2020): 2857-2868,
https://doi.org/10.1210/clinem/dgaa335.

135. A. G. Pittas, T. Kawahara, R. Jorde, et al., “Vitamin D and Risk
for Type 2 Diabetes in People With Prediabetes: A Systematic Review
and Meta-Analysis of Individual Participant Data From 3 Randomized
Clinical Trials,” Annals of Internal Medicine 176, no. 3 (2023): 355-363,
https://doi.org/10.7326/M22-3018.

136.S. Kuznia, A. Zhu, T. Akutsu, et al., “Efficacy of Vitamin D3
Supplementation on Cancer Mortality: Systematic Review and
Individual Patient Data Meta-Analysis of Randomised Controlled
Trials,” Ageing Research Reviews 87 (2023): 101923, https://doi.org/10.
1016/j.arr.2023.101923.

137.G. A. S. Casseb, M. P. Kaster, and A. L. S. Rodrigues, “Potential
Role of Vitamin D for the Management of Depression and Anxiety,”
CNS Drugs 33, no. 7 (2019): 619-637, https://doi.org/10.1007/s40263-
019-00640-4.

138.Y. Liu, Z. Zhong, J. Xie, B. Ni, and Y. Wu, “Neuroprotective
Roles of Vitamin D: Bridging the Gap Between Mechanisms and
Clinical Applications in Cognitive Decline,” International Journal of
Molecular Sciences 26, no. 15 (2025): 7146, https://doi.org/10.3390/
ijms26157146.

139. T. Mikola, W. Marx, M. M. Lane, et al., “The Effect of Vitamin D
Supplementation on Depressive Symptoms in Adults: A Systematic
Review and Meta-Analysis of Randomized Controlled Trials,” Critical
Reviews in Food Science and Nutrition 63, no. 33 (2023): 11784-11801,
https://doi.org/10.1080/10408398.2022.2096560.

140. W. Y. Chen, Y. C. Cheng, C. C. Chiu, et al., “Effects of Vitamin D
Supplementation on Cognitive Outcomes: A Systematic Review and
Meta-Analysis,” Neuropsychology Review 34 (2023): 568-580, https://doi.
0rg/10.1007/s11065-023-09598-z.

141. E. Lonnroos, M. Ylilauri, C. Lamberg-Allardt, et al., “The Effect of
Vitamin D3 Supplementation on the Incidence of Diagnosed Dementia
Among Healthy Older Adults—The Finnish Vitamin D Trial,” Journals
of Gerontology, Series A: Biological Sciences and Medical Sciences 80, no.
7 (2025): glaf077, https://doi.org/10.1093/gerona/glaf077.

142.N. M. Ahl, S. Hantunen, T. P. Tuomainen, et al., “Vitamin D
Supplementation and Incidence of Major Depressive Disorder - A
Randomized Clinical Trial,” Clinical Nutrition 57 (2026): 106570,
https://doi.org/10.1016/j.clnu.2025.106570.

143. H. Zhu, J. E. Manson, N. R. Cook, et al., “Vitamin D3 and Marine
w-3 Fatty Acids Supplementation and Leukocyte Telomere Length:
4-Year Findings From the Vitamin D and OmegA-3 TriaL (VITAL)
Randomized Controlled Trial,” American Journal of Clinical Nutrition
122, no. 1 (2025): 39-47, https://doi.org/10.1016/j.ajcnut.2025.05.003.

144. H. A. Bischoff-Ferrari, S. Gidngler, M. Wieczorek, et al., “Individual
and Additive Effects of Vitamin D, Omega-3 and Exercise on DNA
Methylation Clocks of Biological Aging in Older Adults From the DO-
HEALTH Trial,” Nature Aging 5, no. 3 (2025): 376-385, https://doi.org/
10.1038/543587-024-00793-y.

145. S. N. Karras, C. L. Wagner, and V. D. Castracane, “Understanding
Vitamin D Metabolism in Pregnancy: From Physiology to
Pathophysiology and Clinical Outcomes,” Metabolism 86 (2018): 112-
123, https://doi.org/10.1016/j.metabol.2017.10.001.

146.P. D. Papapetrou, “The Interrelationship of Serum
1,25-Dihydroxyvitamin D, 25-Hydroxyvitamin D and
24,25-Dihydroxyvitamin D in Pregnancy at Term: A Meta-Analysis,”
Hormones 9, no. 2 (2010): 136-144, https://doi.org/10.14310/horm.
2002.1263.

147. C. Palacios, L. L. Kostiuk, A. Cuthbert, and J. Weeks, “Vitamin D
Supplementation for Women During Pregnancy,” Cochrane Database of
Systematic Reviews 7, no. 7 (2024): CD008873, https://doi.org/10.1002/
14651858.CD008873.pub5.

148. W. C. Yang, R. Chitale, K. M. O'Callaghan, C. R. Sudfeld, and E. R.
Smith, “The Effects of Vitamin D Supplementation During Pregnancy
on Maternal, Neonatal, and Infant Health: A Systematic Review and
Meta-Analysis,” Nutrition Reviews 83, no. 3 (2025): €892-e903, https://
doi.org/10.1093/nutrit/nuae065.

149.Y. Wang, S. Sha, T. Gwenzi, B. Schottker, and H. Brenner, “Impact
of Vitamin D Supplementation on All-Cause Mortality: Randomized
Trials Revisited,” Clinical Nutrition 58 (2026): 106597, https://doi.org/
10.1016/j.clnu.2026.106597.

150. Y. Wang, S. Sha, T. Gwenzi, B. Schéttker, and H. Brenner, “Effect of
Vitamin D Supplementation on Cardiovascular Outcomes: Randomized
Trials Revisited,” European Journal of Epidemiology (2026), https://doi.
0rg/10.1007/s10654-026-01438-7.

151. H. T. May, V. T. Le, J. L. Anderson, et al., “Targeted Vitamin D
Supplementation and Major Adverse Cardiovascular Events After
Myocardial Infarction: The TARGET-D Trial,” European Heart Journal
(2026): ehag611, https://doi.org/10.1093/eurheartj/ehag611.

152. A. Amos and M. S. Razzaque, “Zinc and Its Role in Vitamin D
Function,” Current Research in Physiology 5 (2022): 203-207, https://doi.
org/10.1016/j.crphys.2022.04.001.

153. H. H. Conaway, P. Henning, and U. H. Lerner, “Vitamin A
Metabolism, Action, and Role in Skeletal Homeostasis,” Endocrine
Reviews 34, no. 6 (2013): 766-797, https://doi.org/10.1210/er.2012-1071.

154.C. M. Rohde, M. Manatt, M. Clagett-Dame, and H. F. DeLuca,
“Vitamin A Antagonizes the Action of Vitamin D in Rats,” Journal of
Nutrition 129, no. 12 (1999): 2246-2250, https://doi.org/10.1093/jn/129.
12.2246.

155. M. E. Rusu, G. Bigman, A. S. Ryan, and D. S. Popa, “Investigating the
Effects and Mechanisms of Combined Vitamin D and K Supplementation
in Postmenopausal Women: An Up-to-Date Comprehensive Review of
Clinical Studies,” Nutrients 16, no. 14 (2024): 2356, https://doi.org/10.
3390/nul6142356.

156.J. O. Aaseth, T. E. Finnes, M. Askim, and J. Alexander, “The
Importance of Vitamin K and the Combination of Vitamins K and D for
Calcium Metabolism and Bone Health: A Review,” Nutrients 16, no. 15
(2024): 2420, https://doi.org/10.3390/nu16152420.

157. L. Cianferotti, J. P. Bilezikian, G. Bifolco, E. Fini, and C. Cipriani,
“Too Much Vitamin D? A Drug Safety Review,” Reviews in Endocrine
& Metabolic Disorders 27, no. 1 (2026): 167-181, https://doi.org/10.1007/
$11154-025-10011-8.

Basic & Clinical Pharmacology & Toxicology, 2026

19 of 20

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peulenob afe sop e WO ‘8sN Jo S3|nJ oy Aleld17 8U1UO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1 ARIq 1 ]BU1|UO//SANY) SUONIPUOD pue SWiS 1 8U) 385 *[9202/0T/60] U0 Aid18UluO AS|IM ‘STE0L 140/ TTTT OT/I0P/L02 A8 | 1M Alelq1Bul|UD//:SANY WOJ) papeojumoq ‘S ‘9202 ‘sv8L2r.T


https://doi.org/10.1371/journal.pone.0303316
https://doi.org/10.3390/ijms27010555
https://doi.org/10.1136/bmj-2021-066452
https://doi.org/10.1001/jama.2025.1604
https://doi.org/10.1001/jama.2025.1604
https://doi.org/10.1155/2018/7908764
https://doi.org/10.1210/clinem/dgaa335
https://doi.org/10.7326/M22-3018
https://doi.org/10.1016/j.arr.2023.101923
https://doi.org/10.1016/j.arr.2023.101923
https://doi.org/10.1007/s40263-019-00640-4
https://doi.org/10.1007/s40263-019-00640-4
https://doi.org/10.3390/ijms26157146
https://doi.org/10.3390/ijms26157146
https://doi.org/10.1080/10408398.2022.2096560
https://doi.org/10.1007/s11065-023-09598-z
https://doi.org/10.1007/s11065-023-09598-z
https://doi.org/10.1093/gerona/glaf077
https://doi.org/10.1016/j.clnu.2025.106570
https://doi.org/10.1016/j.ajcnut.2025.05.003
https://doi.org/10.1038/s43587-024-00793-y
https://doi.org/10.1038/s43587-024-00793-y
https://doi.org/10.1016/j.metabol.2017.10.001
https://doi.org/10.14310/horm.2002.1263
https://doi.org/10.14310/horm.2002.1263
https://doi.org/10.1002/14651858.CD008873.pub5
https://doi.org/10.1002/14651858.CD008873.pub5
https://doi.org/10.1093/nutrit/nuae065
https://doi.org/10.1093/nutrit/nuae065
https://doi.org/10.1016/j.clnu.2026.106597
https://doi.org/10.1016/j.clnu.2026.106597
https://doi.org/10.1007/s10654-026-01438-7
https://doi.org/10.1007/s10654-026-01438-7
https://doi.org/10.1093/eurheartj/ehag611
https://doi.org/10.1016/j.crphys.2022.04.001
https://doi.org/10.1016/j.crphys.2022.04.001
https://doi.org/10.1210/er.2012-1071
https://doi.org/10.1093/jn/129.12.2246
https://doi.org/10.1093/jn/129.12.2246
https://doi.org/10.3390/nu16142356
https://doi.org/10.3390/nu16142356
https://doi.org/10.3390/nu16152420
https://doi.org/10.1007/s11154-025-10011-8
https://doi.org/10.1007/s11154-025-10011-8

158.E.  Marcinowska-Suchowierska, M. Kupisz-Urbanska, J.
Lukaszkiewicz, P. Ptudowski, and G. Jones, “Vitamin D Toxicity-A
Clinical Perspective,” Frontiers in Endocrinology 9 (2018): 550, https://
doi.org/10.3389/fendo.2018.00550.

159. K. Galior, S. Grebe, and R. Singh, “Development of Vitamin D
Toxicity From Overcorrection of Vitamin D Deficiency: A Review of
Case Reports,” Nutrients 10, no. 8 (2018): 953, https://doi.org/10.3390/
nul0080953.

160. J. N. Hathcock, A. Shao, R. Vieth, and R. Heaney, “Risk Assessment
for Vitamin D,” American Journal of Clinical Nutrition 85, no. 1 (2007):
6-18.

161. N. Brustad, S. Yousef, J. Stokholm, K. Bennelykke, H. Bisgaard, and
B. L. Chawes, “Safety of High-Dose Vitamin D Supplementation Among
Children Aged 0 to 6 Years: A Systematic Review and Meta-Analysis,”
JAMA Network Open 5, no. 4 (2022): €227410, https://doi.org/10.1001/
jamanetworkopen.2022.7410.

162. A. Zittermann, C. Trummer, V. Theiler-Schwetz, and S. Pilz,
“Long-Term Supplementation With 3200 to 4000 IU of Vitamin D
Daily and Adverse Events: A Systematic Review and Meta-Analysis of
Randomized Controlled Trials,” European Journal of Nutrition 62, no. 4
(2023): 1833-1844, https://doi.org/10.1007/s00394-023-03124-w.

163. R. Jorde, “Why Did We End up Having so Few Vitamin D Answers
and What Can We Do About It? A Provocative and Narrative Review,”
Journal of Steroid Biochemistry and Molecular Biology 256 (2026):
106895, https://doi.org/10.1016/j.,jsbmb.2025.106895.

164. B. Czyzniewski, J. Chmielowiec, K. Chmielowiec, and M. Gibas-
Dorna, “Vitamin D Fortification Strategies and Policy Landscape in
Selected European Countries,” Nutrients 18, no. 8 (2026): 1194, https://
doi.org/10.3390/nu18081194.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Examples of guidelines for
vitamin D supplementation in various diseases and conditions.

20 of 20

Basic & Clinical Pharmacology & Toxicology, 2026

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peulenob afe sop e WO ‘8sN Jo S3|nJ oy Aleld17 8U1UO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1 ARIq 1 ]BU1|UO//SANY) SUONIPUOD pue SWiS 1 8U) 385 *[9202/0T/60] U0 Aid18UluO AS|IM ‘STE0L 140/ TTTT OT/I0P/L02 A8 | 1M Alelq1Bul|UD//:SANY WOJ) papeojumoq ‘S ‘9202 ‘sv8L2r.T


https://doi.org/10.3389/fendo.2018.00550
https://doi.org/10.3389/fendo.2018.00550
https://doi.org/10.3390/nu10080953
https://doi.org/10.3390/nu10080953
https://doi.org/10.1001/jamanetworkopen.2022.7410
https://doi.org/10.1001/jamanetworkopen.2022.7410
https://doi.org/10.1007/s00394-023-03124-w
https://doi.org/10.1016/j.jsbmb.2025.106895
https://doi.org/10.3390/nu18081194
https://doi.org/10.3390/nu18081194

	Vitamin D: Physiology, Pharmacology and Clinical Evidence for Supplementation—A Narrative Review
	ABSTRACT
	Plain Language Summary
	1   |   Introduction
	2   |   Sources of Vitamin D
	2.1   |   Vitamin D Production in the Skin
	2.2   |   Vitamin D in Diet
	2.3   |   Vitamin D Supplements
	2.4   |   Other Vitamin D Sources

	3   |   Physiology of Vitamin D
	3.1   |   Absorption and Distribution
	3.2   |   Metabolism
	3.3   |   Physiological Effects
	3.4   |   Excretion

	4   |   Pharmacokinetics of Vitamin D
	4.1   |   Pharmacokinetic Differences Between Vitamin D, Calcidiol and Calcitriol

	5   |   Clinical Relevance and Health Effects
	5.1   |   Skeletal Health, Muscle Function and Fall Risk
	5.2   |   Non-Skeletal Health Effects
	5.2.1   |   Cardiovascular Health
	5.2.2   |   The Immune System, Infections and Autoimmunity
	5.2.2.1   |   Acute Respiratory Infections.  
	5.2.2.2   |   COVID-19.  
	5.2.2.3   |   Autoimmune Diseases.  

	5.2.3   |   Glycaemic Control and Diabetes Prevention
	5.2.4   |   Cancer
	5.2.5   |   Neurological Disorders and Depression
	5.2.6   |   Molecular Biomarkers of Biological Ageing
	5.2.7   |   Maternal, Neonatal and Infant Health

	5.3   |   Reconciling the Evidence: Why Do Supplementation Trials Yield Mixed Results?
	5.4   |   Disease-Specific or Condition-Specific Guidelines for Vitamin D Supplementation
	5.4.1   |   Chronic Kidney Disease and Liver Disease
	5.4.2   |   Malabsorptive Conditions
	5.4.3   |   Osteoporosis
	5.4.4   |   Hypoparathyroidism
	5.4.5   |   Disorders of Vitamin D Metabolism
	5.4.6   |   Frailty
	5.4.7   |   Administration of Vitamin D Versus Calcidiol Versus Calcitriol and Its Synthetic Analogues


	6   |   Safety
	7   |   Conclusions and Future Perspectives
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


