CRITICAL REVIEWS IN Taylor & Francis
CLINICAL e o sl
LABORAMORY oy . . - .
Taiavey Critical Reviews in Clinical Laboratory Sciences

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ilab20

Vitamin D: sources, physiological role, biokinetics,
deficiency, therapeutic use, toxicity, and overview
of analytical methods for detection of vitamin D
and its metabolites

Jifi JanousSek, Veronika Pilafova, Katefina Macakova, Anderson Nomura,
Jéssica Veiga-Matos, Diana Dias da Silva, Fernando Remiao, Luciano Saso,
Katefina Mala-Ladova, Josef Maly, Lucie Novakova & PFemysl Mladénka

To cite this article: Jifi Janousek, Veronika Pilafova, Katefina Macakova, Anderson Nomura,
Jéssica Veiga-Matos, Diana Dias da Silva, Fernando Remi&o, Luciano Saso, Katefina Mala-
Ladova, Josef Maly, Lucie Novakova & Pfemysl Mladénka (2022): Vitamin D: sources,
physiological role, biokinetics, deficiency, therapeutic use, toxicity, and overview of analytical
methods for detection of vitamin D and its metabolites, Critical Reviews in Clinical Laboratory
Sciences, DOI: 10.1080/10408363.2022.2070595

To link to this article: https://doi.org/10.1080/10408363.2022.2070595

8 © 2022 The Author(s). Published by Informa @ Published online: 16 May 2022.
UK Limited, trading as Taylor & Francis

Group.
"
[:4 Submit your article to this journal &' il Article views: 1231
A
& View related articles (&' @ View Crossmark data ('

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=ilab20


https://www.tandfonline.com/action/journalInformation?journalCode=ilab20
https://www.tandfonline.com/loi/ilab20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10408363.2022.2070595
https://doi.org/10.1080/10408363.2022.2070595
https://www.tandfonline.com/action/authorSubmission?journalCode=ilab20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ilab20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10408363.2022.2070595
https://www.tandfonline.com/doi/mlt/10.1080/10408363.2022.2070595
http://crossmark.crossref.org/dialog/?doi=10.1080/10408363.2022.2070595&domain=pdf&date_stamp=2022-05-16
http://crossmark.crossref.org/dialog/?doi=10.1080/10408363.2022.2070595&domain=pdf&date_stamp=2022-05-16

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES Taylor & Francis
https://doi.org/10.1080/10408363.2022.2070595 Taylor & Francis Group

INVITED REVIEW 8 OPEN ACCESS M Gheck forupdates)

Vitamin D: sources, physiological role, biokinetics, deficiency, therapeutic
use, toxicity, and overview of analytical methods for detection of vitamin D
and its metabolites

Jifi Janousek® (), Veronika Pilafova® (), Katetina Macakova® @, Anderson Nomura“®,
Jéssica Veiga-Matos“9, Diana Dias da Silva®®¢, Fernando Remiao“ (®, Luciano Saso' (®,
Katetina Mala-Ladova® @), Josef Maly® (@, Lucie Novakové® @ and Premysl Mladénka"

®Department of Pharmacognosy, Faculty of Pharmacy, Charles University, Hradec Kralové, Czech Republic; PDepartment of Analytical
Chemistry, Faculty of Pharmacy, Charles University, Hradec Kralové, Czech Republic; “UCIBIO - Applied Molecular Biosciences Unit,
REQUIMTE, Laboratory of Toxicology, Department of Biological Sciences, Faculty of Pharmacy, University of Porto, Porto, Portugal;
dAssociate Laboratory i4HB — Institute for Health and Bioeconomy, Faculty of Pharmacy, Universit¥ of Porto, Porto, Portugal; “TOXRUN
— Toxicology Research Unit, University Institute of Health Sciences, CESPU CRL, Gandra, Portugal; 'Department of Physiology and
Pharmacology “Vittorio Erspamer”, Sapienza University of Rome, Rome, Italy; °Department of Social and Clinical Pharmacy, Faculty of
Pharmacy, Charles University, Hradec Kralové, Czech Republic; "Department of Pharmacology and Toxicology, Faculty of Pharmacy,
Charles University, Hradec Kralové, Czech Republic

ABSTRACT ARTICLE HISTORY

Vitamin D has a well-known role in the calcium homeostasis associated with the maintenance of Received 18 November 2021

healthy bones. It increases the efficiency of the intestinal absorption of dietary calcium, reduces Revised 15 February 2022

calcium losses in urine, and mobilizes calcium stored in the skeleton. However, vitamin D recep- ~ Accepted 22 April 2022

tors are present ubiquitously in the human body and indeed, vitamin D has a plethora of non-

calcemic functions. In contrast to most vitamins, sufficient vitamin D can be synthesized in Calcitriol: I
. X ) X alcitriol; cholecalciferol;

human skin. However, its production can be markedly decreased due to factors such as clothing, ergocalciferol; rickets;

sunscreens, intentional avoidance of the direct sunlight, or the high latitude of the residence. calcium; immunity;

Indeed, more than one billion people worldwide are vitamin D deficient, and the deficiency is detection

frequently undiagnosed. The chronic deficiency is not only associated with rickets/osteomalacia/

osteoporosis but it is also linked to a higher risk of hypertension, type 1 diabetes, multiple scler-

osis, or cancer. Supplementation of vitamin D may be hence beneficial, but the intake of vitamin

D should be under the supervision of health professionals because overdosing leads to intoxica-

tion with severe health consequences. For monitoring vitamin D, several analytical methods are

employed, and their advantages and disadvantages are discussed in detail in this review.
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Introduction

At the end of the nineteenth century, it was known the
bones of rachitic children had a low content of calcium
and phosphate. However, supplementation with these
elements did not lead to the prevention or cure of the
disease. Rickets occurred mostly in cities in the northern
latitudes and this suggested the lack of sun exposure as
one of the possible explanations [1,2]. In some areas,
there has also been a long-standing folk tradition of
using cod liver oil as a powerful preventive agent [3]. In
the early twentieth century, the burst in experimenta-
tion and controlled studies confirmed the curative
effect of both direct sunlight and cod liver oil, and
“calcium-depositing vitamin” was discovered as the fac-
tor that cured rickets [4-7]. This “calcium-depositing
vitamin” later became known as vitamin D.

The name vitamin D covers a group of liposoluble
steroid compounds of different origins with similar
chemical structures and the same biological effects.
Two main forms of vitamin D are ergocalciferol (vitamin
D,) and cholecalciferol (vitamin Ds) (Figure 1). Vitamin
D, is a historical term for a mixture of vitamin D, with
lumisterol. Vitamin D, is synthesized by the irradiation
of ergosterol in yeast, while vitamin D3 is generated
from 7-dehydrocholesterol after ultraviolet (UV)-B irradi-
ation in the human skin—this being a unique property
among vitamins (Figure 2). Although vitamin D, and Ds
were considered equally active for many years, current
knowledge indicates that the potency of vitamin D, is
less than one-third of that of vitamin D3 [8-11]. The
potential responsible factors are different metabolic
pathways and/or different affinity of the active metabo-
lites of vitamins D, and Ds; toward vitamin D receptor
(VDR). Vitamin D3 is the main form of vitamin D in
humans, and indeed, it is estimated that about 80-90%
of the vitamin D requirements are covered by the
endogenous synthesis in the skin. The extent of the
skin vitamin D synthesis is dependent on the length of
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sun exposure, the season of the year, and latitude [12].
A 20-min long whole-body exposure to the summer
sun is able to produce up to 250pug of vitamin Ds
[13,14], which yields the recommended serum level
(>30ng/mL) of its metabolite and systemic indicator,
25-hydroxyvitamin D [25(0OH)D], which is also known as
calcifediol or calcidiol [15]. Vitamin Ds is also present in
small amounts in the diet of animal origin (e.g. fatty
fish and fish liver oil, egg yolk, or dairy products). For
the purposes of this review, the term ‘vitamin D’, unless
otherwise stated, means vitamin D, and/or vitamin Ds.
Over the past decade, another form of vitamin D was
discovered in mushrooms, particularly those exposed to
UV light. This so-called vitamin D, (22-dihydroergocalci-
ferol) is derived from its precursor, 22,23-dihydroergos-
terol [16].

A number of effects are attributed to vitamin D. The
most known and studied effect is linked to calcium and
phosphate homeostasis, with a crucial impact on bone
metabolism. In addition to mineral homeostasis, current
research has been investigating a plethora of different
activities of vitamin D. VDR, which interacts with the
active form of vitamin D, calcitriol or 1,25-dihydroxy-
cholecalciferol (1,25(0H),Ds), has been identified in
almost all human cells, even in those that do not play a
role in calcium metabolism, including the skin, brain,
immune cells, prostate cancer cells, and pancreas
[17,18]. Many preclinical, clinical, and epidemiological
studies have demonstrated a beneficial effect of vitamin
D on cardiovascular diseases [19], diabetes [20,21], can-
cer [22], depression [23], cognition [24], multiple scler-
osis [25], and even incidence of falls in the elderly
people [26]. Last but not least, in the recent COVID-19
pandemic, the most cited benefit is its immune-modu-
lating effect [27]. These data will be further discussed in
more detail in this review.

Current human living conditions differ significantly
from those of our evolutionary ancestors from equa-
torial Africa, avoiding direct sun exposure through the
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Figure 1. Chemical structure of vitamin D, (A), vitamin D3 (B), and vitamin D4 (C). In online version, differences are shown in blue.
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Figure 2. Synthesis of vitamin D. Upon UV-B radiation, the provitamins D ergosterol, 7-dehydrocholesterol, and 22,23-dihydroer-
gosterol are respectively converted to pre-vitamins D,, Ds, and D, which are further thermally transformed into ergocalciferol
(vitamin D,), cholecalciferol (vitamin D3), and 22,23-dihydroergocalciferol (vitamin D). Only structures of provitamin Ds, pre-vita-

min Ds, and vitamin Ds are depicted for better lucidity.

usage of clothes and living in a wide range of climate
conditions [28]. Therefore, deficiency of vitamin D is a
relatively common problem in modern civilization
[29,30] and supplementation may be beneficial in
many cases. The goal of this article is to provide
insight into vitamin D pathophysiology, pharmacog-
nosy, basic and clinical pharmacology, detection, and
toxicity.

Endogenous formation - photosynthesis of
vitamin D; in human skin

During the exposure to sunlight, UV-B photons pene-
trate the epidermis and the absorbed energy causes
the photolysis of 7-dehydrocholesterol, present in the
plasma membrane of keratinocytes, into the previtamin
D3 (Figure 2) [31-33]. The formed previtamin D3 is
thermodynamically unstable and rapidly isomerizes to
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vitamin D3 [34]. At 37°C, 80% of previtamin Djs is iso-
merized to vitamin Ds; within 8 h [32]. Generated vita-
min Ds is then released from the plasma membrane
into the extracellular space, wherefrom it moves into
the capillary bed and binds to plasma proteins [35].
As mentioned above, skin synthesis can create 80-90%
of the body's vitamin D pool under ideal condi-
tions [36].

Exogenous intake - dietary sources

Unfortunately, there are not many rich natural sources
of vitamin D. Vitamin D, is synthesized almost exclu-
sively by fungi, which includes both microscopic spe-
cies and fungi that form macroscopic fruiting bodies.
UV-B radiation is also needed for the synthesis of
vitamin D, from ergosterol (Figure 2), as in the case of
conversion of 7-dehydrocholesterol to vitamin Ds.
Additionally, various levels of vitamin D, have been
reported in algae, and its traces can also be found in
plants, probably as a result of fungal contamination.
Contrarily, vitamin Ds occurs mainly in animal sources
but can also be found in algae and plants. Due to the
symbiotic coexistence of fungi and microscopic algae,
both types of vitamin D are found in lichens [37-39].

The main food sources of vitamin D vary largely
according to eating habits and age. While meat and
meat products (excluding fish), followed by other ani-
mal products, predominate in the UK adult population,
fish by far outweighs vitamin D intake from other sour-
ces in Japan and chicken eggs in the Czech Republic
[40-42]. For non-breastfed infants, the main source of
vitamin D is formula milk, which is later replaced by
milk and dairy products. From the age of 4 to 10, meat
and meat products, together with cereals and fat
spreads, begin to predominate [41].

An overview of the most important sources of vita-
min D (Table 1) shows that vitamin D3 dominates over
vitamin D, in natural dietary intake. Although fatty fish
and fish oil are the richest sources of vitamin Ds, they
do not account for a large proportion of vitamin D
intake in many countries (cod liver oil as a traditional
preparation for the treatment of rickets was described
in the eighteenth century) [64]. Liver oil from wild cod
fish contains up to 1,250ug of vitamin D3 per 100g.
Other fish liver oil, especially various tuna species, has
even higher vitamin D content than that from the cod.
Interestingly, in comparison with other fish (e.g. mack-
erel, salmon, herring), cod and tuna flesh usually con-
tain lower amounts of vitamin D3 [43-45,48]. Of the
freshwater fish, rainbow trout and tilapia have a signifi-
cant content of vitamin Ds;. Wild fish (marine and

Table 1. Vitamin D content in selected foodstuff and

preparations.

Cholecalciferol/

Foodstuff/preparation ergocalciferol content  Reference
Fish/fish liver oil

Tuna liver oil 25,000-112,500° [43]
Tuna liver 3,250° [44]
Tuna 1-10° [41,45,44]
Cod liver oil 85-1,250° [43,46]
Cod Traces (6.9°) [41,45,44]
Tilapia 45° [44]
Salmon 6-33° [45,44,47]
Herring 15-27.5° [44,48,49]
Mackerel 8-15.5 [41,44]
Rainbow trout 7.6-15° [44,47,50]
Eggs

Chicken eggs yolk 2-5° [44,51,52]
Chicken whole eggs 14-29° [44]
Meat

Pork fat fortified* 21-148° [53]
Pork fortified* 1-17.2° [53]
Pork 0.05-1.39° [44,54]
Chicken 0-0.3° [44,55,54]
Beef 0-0.3° [44,56]
Dairy products

Milk 0-0.08° [44,55]
Butter 0.18-1° [44,55]
Edam cheese 0.05-0.15" [44,55]
Whipping cream 0.06-0.1° [44,55]
Fungi

UV-irradiated baker’s yeast 45,000-87,500° [57]
UV-irradiated cultivated mushrooms 400-40,000° [58-60]
Wild mushrooms 0-58° [61,62]
Sunlight-irradiated cultivated 5-32° [63]

mushrooms

21g/100g of oil, °ug/100g of fresh sample, ug/100ml, 4ug/100g of dry
weight, *feed high in vitamin D. 1 ug corresponds to 40 IU of vitamin D.

freshwater) usually have a higher vitamin content than
farmed fish. An example is a salmon, where the content
of vitamin D3 in wild specimens is up to four times
higher than in farmed [44,47]. Other aquatic animals,
such as mussels, oysters, or shrimps, contain negligible
amounts of vitamin D3z compared to fish [45].

Another important source of vitamin Ds is eggs, in
which the majority is contained in the yolk. There are
no significant differences in vitamin D3 contents
between the individual animal species whose eggs are
commonly consumed (e.g. chicken, duck, goose, quail),
with values ranging from 2 to 5ug/100g of yolk. In
poultry, vitamin D3 supplementation is of huge import-
ance, as a significant increase in egg yolk vitamin D
content can be achieved [44,51,52,65].

Compared to eggs, chicken meat and liver have a
significantly lower vitamin D content. Of livestock meat,
the highest amount of vitamin Ds is reported in pork.
However, the variance of values is very wide because it
depends on the part of the body from which the meat
is taken as well as the animal’s diet and sun exposure.
Most vitamin D is in fat, where it is stored and retained
for several weeks after discontinuation of vitamin Ds
supplementation. Concerning beef, there is large



variability in the content of vitamin D; among studies.
Despite the fact that meat is not a rich source of vita-
min D; compared to fish, its consumption contributes
significantly to the total daily intake of this vitamin due
to the relatively large amount consumed [44,53-55,66].

Dairy products are also an important source of vita-
min D, especially in younger individuals. Milk naturally
does not contain as much vitamin D5 as other sources,
but some fatty dairy products like butter, whipping
cream, and cheese, contain significant amounts and
usually also contain some vitamin D,. Dairy products
are also among the foods most often fortified with vita-
min Ds. In some countries, such as Canada, milk fortifi-
cation is mandatory, whereas elsewhere it is optional
[44,55,67-70].

Although some plants contain significant amounts of
vitamin D3 (e.g. tomato and potato plants), they cannot
be considered dietary sources because the vitamin is
contained in inedible parts [38]. The main dietary
source of vitamin D, is mushrooms (Table 1). The hum-
ber of vitamins differ enormously because it strictly
depends on UV-B exposure. Most cultivated mushrooms
are grown in the dark, where ergosterol is not con-
verted to ergocalciferol, and therefore does not contain
any vitamin D,. However, this conversion can also be
achieved by post-harvest exposure. Exposure of mush-
rooms to the sun for 15min can result in significant
production of vitamin D,. The degree of conversion
depends on the intensity and length of UV-B radiation.
Artificial UV-B radiation is used for the production of
vitamin D, fortified mushrooms. Unlike cultivated
mushrooms, wild mushrooms contain vitamin D, natur-
ally, but the amount varies considerably depending on
growing conditions [58-63]. Processing can also affect
vitamin D, levels. Except for sun-dried mushrooms,
where the level of vitamin increases, there is typically a
loss of vitamin D, during drying and storage.
Regardless, dried mushrooms can still contain almost
70% of the original vitamin content after 18-month
storage [60,71].

In the case of vitamin D, relatively high retention
(60-100%) has been observed after various types of
heat treatment, such as baking, cooking, frying, or
microwaving [72-74]. There is generally no difference
between natural sources and fortified foods in terms of
heat-related vitamin D loss. Vitamin D is also stable dur-
ing the long-term maturation of cheese and storage of
fortified milk and dairy products with long shelf lives
[68-70,73].

As vitamin D deficiency is still an important issue
worldwide, there is an effort to promote vitamin D
intake by fortifying foods. Vitamin Ds for fortification is
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made mainly from cholesterol, which comes from lan-
olin. It is used as a feed supplement for livestock and
for fortification of foods for human consumption. The
most frequently fortified foods are dairy products, but
breakfast cereals, margarine, fruit juices, veggie alterna-
tives of dairy products, and other foods are also
enriched. Vitamin D of animal origin is not acceptable
for some specific diets, especially the vegan diet, which
lacks sufficient sources of this vitamin. Plant-based
alternatives such as vitamin D obtained from lichens or
algae are thus available. UV-B irradiated baker’s yeasts
are also a very rich source of vitamin D, (Table 1), which
can be used for supplementation of various food such
as bread. Yeast-derived ergosterol in bread can be con-
verted to vitamin D, by UV-B even after baking
[57,67,75-79].

Oral absorption

As mentioned above, the current human population is
more dependent on dietary intake of vitamin D to
achieve the recommended serum level due to the mod-
ern way of life [15]. Since vitamin D is liposoluble, it is
assumed to share the fate of lipids, especially with its
precursor cholesterol, in the human gastrointestinal
tract, including emulsification, solubilization in mixed
micelles, diffusion through the water layer, and perme-
ation through the enterocyte membrane. However, this
theory does not fully correspond to observed kinetics,
because the absorption efficiency of vitamin D is lower
and more variable than that of triacylglycerols [12,80].

Vitamin D absorption begins in the stomach, where
pepsin plays a role by releasing the associated protein
fraction. In the duodenum, proteases, amylases, and
lipases continue the process of vitamin D release from
the food matrix [12]. Bile acids initiate the emulsifica-
tion and formation of mixed micelles containing fat-sol-
uble substances that are then absorbed by enterocytes
[81,82]. Hydroxylated forms of vitamin D have a differ-
ent fate. They have better water-solubility not requiring
bile acids for absorption. Interestingly, oral 25(0H)D;
reached 3-4 fold higher plasma levels than oral vitamin
D3 within 6 h [83]. However, the exact absorption mech-
anisms of the hydroxylated form have yet to be discov-
ered. Regardless, this form may be utilized in the
vitamin D supplementation of the patients with fat mal-
absorption. Patients with intestinal resection, Crohn'’s
disease, cholestasis, or cystic fibrosis have significantly
lower absorption of non-hydroxylated vitamin D in con-
trast to absorption of hydroxylated form, which is rela-
tively well-preserved [84-88].
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Figure 3. Vitamin D absorption. Hydroxylated forms of vita-
min D are absorbed directly into the vena portae by an
unknown mechanism (1). Intact vitamin D is first built into
mixed micelles (2). The uptake of vitamin D at dietary concen-
trations is protein-mediated (3), while at higher pharmaco-
logical concentrations it is absorbed through passive diffusion
as well (4). Chylomicrons containing vitamin D are then
secreted into the lymphatic capillaries (5) before reaching sys-
temic circulation (6). C: cluster determinant 36 (CD36); D: vita-
min D; GIT: gastrointestinal; N: Niemann-Pick C1-Like 1
(NPC1L1); S: scavenger receptor class B type 1 (SR-B1).

Vitamin D is absorbed in the small intestine, but the
precise part of the intestine mediating the absorption is
not known in humans. In rats, the main site of absorp-
tion is the ileum. The uptake of non-hydroxylated vita-
min D at dietary concentrations is protein-mediated
(Figure 3). Proteins involved at the apical side include
three intestinal cell membrane proteins: scavenger
receptor class B type 1 (SR-B1), cluster of differentiation
36 (CD36), and Niemann-Pick C1-Like 1 (NPC1L1) [89].
However, at pharmacological concentrations (>pM),
passive diffusion also plays an important role in absorp-
tion. Based on a recent study with colorectal-derived
Caco-2 cells, the existence of active efflux of the
absorbed vitamin D from the intestine into the lumen
was also suggested [90].

Absorbed vitamin D is then incorporated into chylo-
microns secreted into the lymphatic capillaries, hence
bypassing the first-pass metabolism. A fraction of vita-
min D contained in chylomicrons might be transported
and immediately stored in skeletal muscles and adi-
pose tissues due to the action of lipoprotein lip-
ase [83].

Although vitamins D, and Ds differ significantly in
terms of the production of active metabolites, they pos-
sess equivalent intestinal absorption efficiency [8,89,91].
Most data suggest that the food matrix has no signifi-
cant effect on this parameter but there are other sev-
eral factors that may affect vitamin D bioavailability
[12]. Some drugs used to inhibit lipid absorption may
impair vitamin D absorption, for example, the anti-
obesity drug orlistat [92]. Plant phytosterols also com-
pete with vitamin D for micelle incorporation and apical
uptake in the intestine [93]. Similarly, other fat-soluble
vitamins A, E, and K may compete with vitamin D dur-
ing absorption. The interaction between absorption of
vitamin D and vitamin E was confirmed by Reboul et al.
[89]. As proteins are involved in vitamin D absorption,
genetic mutations may also affect this process.
Specifically, mutations in the gene promoter may affect
the protein expression [94] and mutations in amino
acid sequence may affect the protein activity [95].

Interestingly, most of the vitamin D, either taken
orally or synthesized in the skin, fails to become
25(0OH)D. Animal data showed that three-quarters of
the vitamin D dose taken orally is not used for 25(OH)D
synthesis [96]. A small fraction of unmetabolized vita-
min D is stored in adipose tissue and muscles. Less
than 5% of vitamin D synthesized in the skin was subse-
quently found in fat tissue in shaven mice, and the big-
gest portion of vitamin D entering circulation appeared
to be excreted into the bile [97]. The half-life of unme-
tabolized vitamin D in circulation is 2days [28].
However, in healthy individuals, the biological half-life
is much longer. Even with no supply, vitamin D; can be
continuously released from storage tissues for a period
of 2-3months [98]. A plasma half-life of 25(OH)D is
about 2 weeks [99]. But again, the biological half-life is
much longer due to synthesis from vitamin D3 stored in
the body. The biological half-life of the active form, cal-
citriol, is 12 h [28].

Distribution

Like steroid hormones, vitamin D and its metabolites
exhibit high binding affinity to plasma proteins. Vitamin
D binding protein (vDBP), earlier also known as a
group-specific component or transcalciferin, was
described in 1959, but its transport function was discov-
ered in 1975 [100-102]. The main physiological function
of vDBP is the regulation of total and free circulating
levels of vitamin D metabolites. The vDBP acts as their
circulating reservoir [103]. Dietary vitamin D is slowly
transferred from chylomicrons to vDBP. In contrast,



vitamin D synthesized in the skin is almost exclusively
bound to vDBP [104].

vDBP binds both unmetabolized vitamin D,,3 and all
their metabolites, being commonly present in plasma
in 50-fold excess over all vitamin D forms [105]. The
tightest binding to the vDPB is exhibited by 25(0OH)D
[28]. vDBP affinity to vitamin D, metabolites is lesser
than that for D3 metabolites [8].

vDBP has a half-life of 1.7days, which is much
shorter than that of 25(0OH)D, indicating that 25(OH)D
molecules are intensively recycled during their exist-
ence in the body. vDBP, either free or loaded with vita-
min D or its metabolites, is removed from circulation
mainly by the liver and kidneys. Thus, these organs
have preferential access to vDBP-bound metabolites of
vitamin D [28,106].

In normal individuals, approximately 85% of circulating
vitamin D metabolites are strongly bound to vDBP, 15%
are bound to the albumin with a much lower affinity, and
0.03% of 25(0H)D and 04% of the biologically active
form calcitriol are present in the free form in serum. Most
tissues are able to take up only free forms of calcitriol or
25(0H)D, therefore the regulation at this level is an
important step. This is in contrast to the kidneys, which
are capable of the uptake of 25(0H)D bound to vDBP due
to the presence of an active receptor-based transport
mechanism (megalin/cubulin complex) [107-110].

The distribution volume of vitamin D metabolites
decreases with higher water-solubility, with calcitriol
being present only in the plasma compartment [28].
Although the highest total concentration of vitamin D
and its metabolites occurs in plasma, the larger pool of
vitamin D and 25(0OH)D is found in fat and muscles
[111,112].

As obesity is commonly associated with low levels of
serum vitamin D metabolites, several studies were con-
ducted on this topic. Results showed that body mass
index inversely correlates with peak vitamin D serum
concentrations. Since the cutaneous production and
intestinal uptake are not impaired, it was concluded
that this phenomenon is caused simply by a larger
body mass associated with the larger volume of distri-
bution [113,114].

Other physiological and pathological conditions can
also influence vDBP levels. For example, during preg-
nancy levels of vDBP in the maternal blood increase.
This is associated with higher levels of 25(0OH)D bound
to vDBP in the mother. Contrarily, the concentration of
free 25(0OH)D is slightly higher in the cord serum [115].
On the other hand, during critical illness and inflamma-
tion, including COVID-19, levels of vDBP go down
[116-118].
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Metabolism

Both dietary and endogenously formed vitamin D,,3 are
two steps away from their active forms. The first activa-
tion step is the conversion of vitamin D,/ to its 25-
hydroxylated form, calcifediol, denoted 25(0OH)D,, in
the liver (Figure 4). There are many enzymes with 25-
hydroxylase activity, but evidence indicates that micro-
somal cytochrome P450 2R1 (CYP2R1) is the principal
vitamin D hydroxylase in humans. Mitochondrial
CYP27A1 can also carry out this reaction but only in the
case of vitamin D5 [119-122]. There is also a unique
alternative activation pathway for vitamin D, by hepatic
24-hydroxylase (CYP24A1) since formed 24(OH)D, may
undergo further activation to 1,24(OH)D, in the kidney
[123,124]. Contrarily, hydroxylation of biologically active
1,25(0H),D5 in position 24 results in its deactivation, as
mentioned below.

The second step in the activation of vitamin D is the
conversion of 25(0H)D,,; to its biologically active form
calcitriol [1,25(0OH),D,/5] by the CYP27B1. This conver-
sion takes place either in the kidneys or in a number of
extrarenal tissues. Inactivation of calcitriol is ensured by
the 24-hydroxylation, promoted by CYP24A1 (Figure 4).
This enzyme is expressed in most cells and is induced
by elevation in calcitriol plasma concentrations, repre-
senting negative feedback protection against hypercal-
cemia. The formed 1,24,25(0H)sD has low biological
activity and is further metabolized in the liver and kid-
neys into calcitroic acid, the major inactive vitamin D
metabolite, which is excreted into the bile [125].

Moreover, all the vitamin D metabolites may
undergo epimerization in position C3 by the enzyme 3-
epimerase. It is known that 3-epi-calcitriol has lower cal-
cemic effects than its non-epimeric form. This is likely
due to the fact that the affinity of C3-epimers to the
VDR is about 2-3% of the respective -calcitriol
[126-128]. This change in affinity is due to the different
configurations of one functional group at a carbon C3
[128]. 3-epi-calcitriol is the most potent one among all
epimeric forms. Interestingly, the final effects related to
calcemia and other vitamin D functions were compar-
able to calcitriol as it suppressed the parathyroid hor-
mone secretion in bovine parathyroid cells [129] and
stimulated the synthesis of surfactant phospholipids
and proteins in pulmonary alveoli [127], both with the
same potency as calcitriol. Contrarily, the CYP24A1 gene
is activated by 3-epi-calcitriol at a 7-8 times lower rate
than parent calcitriol [126]. On the other hand, 3-epi-
calcitriol has been proposed to have higher metabolic
stability than its parent compound [126,130]. C3-epi-
mers of calcifediol and calcitriol bind to the vDBP about
60% less often than corresponding non-epimers [128].
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Figure 4. Systemic vitamin D3 metabolism and its regulation. FGF23: fibroblast growth factor 23; PTH: parathyroid hormone.

The proportion of epimers to the total concentration of
vitamin D metabolites is significantly higher in adult
pregnant women and infants, and the concentration of
epimers is also inversely proportional to age in children
[131,132]. It is in these two groups where the epimer
metabolites concentration may have clinical relevance.
When epimer concentration was omitted from the
assessment of vitamin D levels, 38% of women and
80% of newborns were classified as having an insuffi-
cient concentration. However, with epimer concentra-
tion included in the measurement of insufficiency, 33%
of women and 73% of neonates were found to have
sufficient levels of vitamin D [133]. Finally, it is neces-
sary to mention that the biological activity of C3-epi-
mers has been demonstrated mainly with in vitro
models and their physiological functions remain
unclear. However, epimers are not the only vitamin D
metabolites. The list of potential metabolic cascades of
vitamin D is not yet fully deciphered, for example, 20-
hydroxycholecalciferol produced locally by CYP11A1
induces keratinocyte differentiation [134].

Returning to the main cascade, the production of
calcitriol in the kidneys is crucial for mineral homeosta-
sis and bone metabolism, and it is strictly controlled in
humans. Calcitriol directly inhibits CYP27B1 in the kid-
neys [135-138]. On the other hand, parathyroid hor-
mone (PTH), for which release is induced by

hypocalcemia, stimulates CYP27B1, resulting in eleva-
tion of calcitriol production. As negative feedback, calci-
triol suppresses PTH release from the parathyroid
glands by upregulation of calcium-sensing receptors
and increasing calcium levels in serum [139]. Direct
inhibition of PTH release by calcitriol/VDR complex has
also been discovered [140]. The other regulation path-
way is through fibroblast growth factor 23 (FGF23), pro-
duced by osteoblasts and osteocytes, that acts as a
regulator of vitamin D metabolism through phosphate
serum level. During hyperphosphatemia, FGF23
together with its cofactor o-klotho stimulates phos-
phate excretion in the kidneys, inhibits CYP27B1, and
increases expression of CYP24A1, therefore lowering
calcitriol concentration in plasma. In turn, calcitriol stim-
ulates FGF23 expression [141-143]. It has been shown
that CYP27A1 is downregulated by estrogens and upre-
gulated by testosterone in liver-based HepG2 cells
[144]. However, it must be emphasized that the regula-
tion by sex hormones is by far more complicated, and
contrarily, a decrease in calcium absorption and an
increase in urinary calcium loss have been described in
post-menopausal women [145]. Of note, it was reported
that estrogen loss may reduce VDR expression [146],
but evidence also shows that the estrogen effects in
calcium absorption are vitamin D-independent, medi-
ated by nuclear estrogen receptors [147]. In addition,



the metabolism of vitamin D is dependent on magne-
sium level, which is a cofactor for CYP2R1, 27B1, and
24A1 [148].

As mentioned previously, the regulation of plasma
levels of calcitriol is very meticulous. The enzymes
involved are able to maintain stable calcitriol levels
even during a number of pathophysiological processes.
Moreover, circulating calcitriol is the result of renal
metabolic activity and does not correspond to local cal-
citriol concentrations in the extrarenal tissues. These tis-
sues rely on the availability of the precursor metabolite
25(0OH)D in the plasma [149]. Therefore, the measure-
ment of calcitriol levels is of relatively low predictive
value during the symptoms of vitamin D deficiency (see
analytical methods section).

As mentioned previously, calcitriol produced by the
kidney is responsible for the regulation of life-sustain-
ing calcium homeostasis. However, other described
non-calcemic functions of vitamin D are consequences
of the local paracrine formation of calcitriol in non-renal
tissues, for which plasma levels of free 25(0H)Ds are
much more important than calcitriol levels [28]. Aside
from in the kidneys, the synthesis of calcitriol in non-
renal tissues expressing CYP27B1 is also regulated in
other ways. For example, the regulation is principally
driven by cytokines in epithelial and immune cells
[150]. The extrarenal tissues are also the first that
experience low levels of vitamin D. Extrarenal tissues
usually do not express the megalin/cubulin system,
therefore the uptake of 25(OH)D depends on passive
diffusion, which is severely limited when serum levels
of 25(0OH)D are low [151-154].

Vitamin
D-dependent
rickets type 1b

A~

CYP2R1

CYP27B1
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Malfunctions of any mentioned enzyme can cause
human disease [155]. With increasing age, the ability of
kidneys to activate 25(0OH)D; declines. Also, increased
expression of CYP24A1 and increased calcitriol clear-
ance have been described [156-158]. These factors may
contribute to age-related bone thinning. Inborn dis-
eases can also affect vitamin D metabolism. Vitamin D-
dependent rickets (VDDR) type 1 is caused by an inacti-
vating mutation in the CYP27B1 gene, subsequently
leading to insufficient T1a-hydroxylation and thus
reduced activation of 25(0OH)D5 [159]. There is also a
rare hereditary variant of VDDR called type 1b in which
the loss-of-function mutation occurs in CYP2R1, leading
to low levels of 25(0H)D [160]. VDDR type 3 is associ-
ated with the gain-of-function mutation in the sub-
strate recognition site of CYP3A4, which thereafter
starts to extensively deactivate calcitriol [161]. The
mechanisms of vitamin D metabolism-mediated rickets
as well as other genetically based rickets are schematic-
ally depicted in Figure 5 and summarized in Table 2.

Mechanism of action

From a molecular perspective, the effects of vitamin D
are mediated by VDR, a nuclear receptor. After entering
the cell, calcitriol triggers heterodimerization of VDR
with retinoid X receptor (RXR) and recruits other neces-
sary regulatory molecules. The formed VDR/RXR dimer
interacts with specific DNA sequences, known as vita-
min D response elements (VDREs), in regulated genes
and either activates or represses DNA transcription
(Figure 6) [162]. Recent research has discovered that

Vitamin Vitamin
D-dependent D-dependent
rickets type 1 rickets type 2

s

TR D calcifediol calcitriol  receptor binding
——
. 25(0H)D, 1,25(0OH),D,
biologically active
inactive metabolites
CYP3A4 CYP3A4
Vitamin
D-dependent
rickets type 3

Figure 5. Summary of genetic disorders in vitamin D; metabolism. Vitamin D-dependent rickets (VDDR) type 1 is caused by the
hypofunction of the activating enzyme CYP27B1. VDDR type 1b arises one step earlier due to the hypofunction of the activating
enzyme CYP2R1. VDDR type 2, also called vitamin D-resistant rickets, is caused by dysfunction of the substrate recognition site of
the vitamin D receptor (VDR). VDDR type 3 is caused by the gain-of-function mutation of CYP3A4, which starts to deactivate vita-

min D metabolites with even greater activity than CYP24A1.
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Table 2. Types of rickets induced by alterations in vitamin D metabolism.

Type Cause Result Treatment
VDDR type 1 CYP27B1 gene mutation Low or no synthesis of calcitriol in Calcitriol supplementation
the kidneys
VDDR type 1b CYP2R1 gene mutation Decreased synthesis of 25(0H)Ds in ~ 25(0OH)Ds supplementation
the liver
VDDR type 2 (Vitamin D-resistant VDR gene mutation Low response of VDR in target Administration of high doses of
rickets) tissues vitamin D
VDDR type 3 CYP3A4 gene gain-of-function Fast inactivation of vitamin D Administration of high doses of
mutation metabolites vitamin D

Heritable hypophosphatemic
rickets

FGF23 or PHEX gene mutation

Elevated FGF23 — phosphaturia —
inhibition of CYP27B1 —
induction of CYP24A1 — low
levels of calcitriol and
hypophosphatemia

Supplementation with calcitriol,
phosphate salts, borusumab, and
FGF23 receptor antagonists

FGF23: fibroblast growth factor 23; PHEX: phosphate-regulating neutral endopeptidase, X-linked; VDDR: vitamin D-dependent rickets; VDR: vitamin D

receptor.
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Figure 6. Mechanism of vitamin D (calcitriol) action. In this figure vitamin D should be understood as its active form - calcitriol.
The majority of circulating vitamin D is bound to vitamin D binding protein (vDBP) (1). This complex may only enter cells with
the megalin/cubulin system (LRP2) (2). Free vitamin D can enter any cell through passive diffusion (3). vDBP-bound vitamin D is
released inside the cells (4). In the cytoplasm, vitamin D interacts with its receptor (VDR) and creates a heterodimer with retinoid
X receptor (RXR) (5). The active VDR complex enters the nucleus (6) and binds to the responsive elements (VDRE) of regulated

genes.

VDREs are present not only at proximal promoters of
the target gene but can also be situated within introns
or intergenic regions with many kilobases in front or
behind the regulated gene [138,163].

Biological effects of vitamin D

The most well-known physiological role of vitamin D is
in the control of calcium homeostasis. When hypocalce-
mia occurs, the increase in calcium levels mediated by
vitamin D is ensured by several pathways. In the intes-
tine, the increased absorption of calcium is crucially
dependent on vitamin D. With low levels of vitamin D,
the small intestine absorbs only 10-15% of dietary cal-
cium. When vitamin D levels are adequate, the absorp-
tion rises to 30-40% [164,165]. Calcitriol stimulates the
synthesis of transient receptor potential vanilloid chan-
nel 6 (TRPV6), an apical epithelial calcium channel that

facilitates calcium entry into the enterocyte, and calbin-
din-Dgy, an intracellular calcium-binding protein that
buffers potentially toxic levels of calcium in the entero-
cytes (Figure 7). Both these proteins are expressed in
the duodenum [166]. In experiments with TRPV6 and
calbindin-Dg, knockout mice, the absorbed amount of
the calcium was reduced but not fully diminished [1671].
This suggests another calcium absorption pathway,
which is likely independent of vitamin D. Moreover,
most of the ingested calcium is absorbed in the distal
intestine where VDR and common transcellular media-
tors are also expressed [168,169]. These findings sug-
gest that calcium absorption mediated by vitamin D in
the intestine is a very complex process and more
involved proteins have yet to be discovered [170]. In
the final step, the plasma membrane calcium pump
(PMCA), whose isoform PMCA1b in the intestine is upre-
gulated by calcitriol, transports calcium from
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Figure 7. Calcium absorption in the enterocyte. In hypocalcemia, calcitriol upregulates calcium transient receptor potential vanil-
loid channel 6 (TRPV6) and calbindin-Dgy in the enterocyte, thus stimulating the calcium absorption in the intestine. Also, the
expression of plasma membrane calcium pump type 1b (PMCAT1b) is increased by calcitriol. GIT: gastrointestinal tract.

enterocytes into the circulation [171,172]. In the kidney,
calcitriol stimulates calcium reabsorption in the distal
tubule. This process is achieved by an increase in
expression of the apical calcium channel TRPV5 and
protein calbindin-Dogy [137,173].

When increased absorption is not sufficient to main-
tain calcium homeostasis, preservation of blood calcium
levels is prioritized over skeletal integrity. Calcitriol
upregulates the receptor activator of nuclear factor kB
ligand in osteoblastic cells, increasing osteoclastogene-
sis and promoting the release of calcium from the
bones [137,138,174]. The antirachitic effect of vitamin D
is primarily indirect, caused by sufficient calcium plasma
levels.

VDR is present in numerous tissues and cells that are
not involved in calcium homeostasis (e.g. immune cells,
the pancreas, brain, colon, breast, and skin). However,
data on the non-classical effects of vitamin D are less
documented. Calcitriol actively participates in the upre-
gulation of genes encoding proteins required for the
tight, gap, and adherens junctions located in epithelial
cells in the skin, gut, respiratory and urinary tract, thus,
boosting their barrier function [175-178]. Moreover, it
induces the expression of cathelicidin, a peptide with a
broad range of antimicrobial activity in monocytes,
lung and intestinal epithelium cells, keratinocytes, and
placenta [179,180]. The active form of vitamin D acti-
vates hydrogen peroxide secretion in human mono-
cytes, increasing oxidative burst potential [178,181].
Calcitriol  also  influences adaptive  immunity.
Specifically, it suppresses the production of inflamma-
tory cytokines (IL-2, interferon-vy, IL-12, and IL-17), sup-
presses antigen-presentation by dendritic cells, and
stimulates T-regulatory cells involved in the inhibition
of inflammation [137,179,182]. These effects are likely
responsible for the beneficial effect of vitamin D in
some autoimmune diseases [182].

The most recent discoveries suggest that vitamin D
may have a more specific effect in patients with SARS-
CoV-2 infection than just boosting immunity, as a fatty
acid-binding pocket was discovered in the spike protein
trimer of the virus. The binding of linoleate in this
pocket stabilizes the spike protein in the “locked” con-
formation and reduces the chance of receptor-medi-
ated cell entry of SARS-CoV-2 via binding to
angiotensin-converting enzyme-2, thus reducing infect-
ivity [183]. Therefore, the fatty acid-binding pocket rep-
resents one of the therapeutic targets in COVID-19
patients, and in silico simulations identified vitamin D as
a potential ligand of this pocket [184]. Further research
must be conducted on this topic to verify the real clin-
ical impact of these findings.

In an animal model, calcitriol exhibited a suppressing
effect on cancer cell growth, more specifically on skin,
colon, mammary, and prostate cancer cells [185]. The
topical application of calcitriol is beneficial also in psor-
iasis, a disease that is characterized by hyperprolifera-
tion and abnormal differentiation of keratinocytes [186].
In the skin, vitamin D regulates keratinocyte prolifer-
ation, differentiation, and apoptosis through VDR [187].
The effects are dose-dependent. The physiological con-
centration of vitamin D promotes keratinocyte growth
and protects against apoptosis. However, pharmaco-
logical concentrations inhibit keratinocyte proliferation
and stimulate their selective apoptosis [188]. The regu-
lation of keratinocytes is also influenced by local
metabolism, since 20-hydroxycholecalciferol produced
by CYP11A1 induces keratinocyte differentiation [134],
as previously mentioned. Moreover, vitamin D corrects
the altered distribution of CD26, intercellular adhesion
molecule 1 (ICAM-1), and human leukocyte antigen DR
isotype (HLA-DR) integrins in psoriatic skin [189].

Many other effects of vitamin D have been proposed
but extensive clinical studies are needed to verify these
hypotheses and thorough research has to be carried
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out in order to identify the potential biological rele-
vance of these novel data.

Vitamin D deficiency: causes and symptoms

Although vitamin D3 can be endogenously synthesized
in the human body, there are many factors that could
impair the synthesis of the vitamin. The major cause of
vitamin D deficiency is insufficient sun exposure and
thus reduced skin synthesis. Limited sun exposure can
occur due to a number of factors: (i) season and high
latitude, where above 40° latitude the UV-B photons
reaching the skin surface are reduced by more than
80% in the winter months [190]. In general, low inten-
sity of sunshine inadequate for sufficient vitamin D pro-
duction lasts from October to March in the northern
hemisphere at latitudes greater than 40° north and
from April to September in the southern hemisphere
above latitude 40° south; (ii) increased amount of skin
pigment melanin [191]; (iii) whole-body clothing related
to climate or cultural tradition; and (iv) impaired mobil-
ity [192]. Sunscreen with a sun protection factor of only
15 decreases the vitamin D synthetic capacity of the
skin by 98% [193]. On the other hand, sunscreens pro-
tect against burn injury, which substantially lowers the
synthesis of vitamin D even after proper sun exposure
[194]. Additionally, aging decreases the concentration
of 7-dehydrocholesterol, the vitamin D3 precursor, in
human skin, therefore vitamin D synthesis is also
reduced with age [195]. The impact of sun exposure on
vitamin D levels in infants and the elderly is very
important and thus intake of this vitamin from dietary
sources or supplements is very relevant for these popu-
lations [40,41,44]. As the majority of foods containing
vitamin D are of animal origin, individuals on a vegetar-
ian and/or vegan diet may be at higher risk of vitamin
D deficiency. Additional causes of vitamin D deficiency
include various gastrointestinal and renal disorders,
genetic mutations of involved enzymes, vDBP polymor-
phisms, tumors, pregnancy and therapeutic drug inter-
actions, as briefly discussed below.

Orally administered vitamin D is absorbed in the gut;
therefore, gastrointestinal disorders may cause vitamin
D malabsorption and subsequent deficiency. In addition
to bile acid production needed for vitamin D absorp-
tion, the liver is crucial for vitamin D metabolism due to
the 25-hydroxylation step. Some examples of gastro-
intestinal disorders that may lead to vitamin D defi-
ciency are obstructive liver disease, food allergies, celiac
disease, cholestasis, biliary obstructions, inflammatory
bowel syndrome, and cystic fibrosis. Patients after gas-
trectomy may also experience vitamin D deficiency due

to the loss of acidity and malfunction of the proximal
part of the small intestine [196,197].

Since the kidneys are the main site of vitamin D acti-
vation, chronic renal diseases are also associated with a
low vitamin D activation rate, particularly due to loss of
CYP27B1 and suppression of this enzyme as a conse-
quence of hyperphosphatemia [198]. Moreover,
patients with nephrotic syndrome may develop vitamin
D deficiency due to loss of 25(0OH)D bound to vDBP in
urine [199,200].

As shown in Table 2, genetic mutations of enzymes
responsible for vitamin D metabolism may cause vita-
min D deficiency due to low synthesis or high catabol-
ism of active metabolites. The most common causes are
a mutation of CYP27B1, 2R1, and 3A4 leading to VDDR
type 1, 1b, and 3, respectively [159-161]. Another site
of potential detrimental mutations is VDR. In this case,
serum levels of vitamin D are usually preserved, how-
ever, the response of target tissues is insufficient due to
defective VDR. This disease is classified as VDDR type 2
[201]. Other possibilities are the mutations in the FGF23
gene, leading to high concentrations of FGF23 and
therefore decreased kidney synthesis of calcitriol
[202,203].

There are at least 120 identified isoforms of vDBP
[204]. These isoforms differ in the affinity to vitamin D
metabolites and as a consequence, the level of free
25(0OH)D in the plasma is different [205,206]. The clinical
impact of these polymorphisms is not yet fully under-
stood. However, the presence of certain isoforms is an
additional risk factor for vitamin D deficiency independ-
ent of other factors like age, sex, or bodyweight [207].
Vitamin D insufficiency can also be caused by small and

otherwise often benign tumors that produce
FGF23 [208].
Primary hyperparathyroidism affects vitamin D

metabolism, decreasing the the serum 25(0OH)D level
[209]. Hyperthyroidism also reduces 25(OH)D plasma
concentration due to enhanced catabolism of the
metabolites [210,211].

Moreover, during pregnancy, vitamin D is trans-
ported across the placenta into the fetus and increased
intake of vitamin D is needed to prevent deficiency in
both the mother and fetus. Also, infants receiving solely
breast milk are at risk of vitamin D deficiency due to its
low content [212,213].

Lastly, certain drugs are capable of altering vitamin
D metabolism and hence cause vitamin D deficiency.
Phenytoin, carbamazepine, isoniazid, and rifampicin can
bring about vitamin D deficiency due to induction CYP
enzymes and subsequently enhanced catabolism of
25(OH)D and calcitriol. Cholestyramine and similar



drugs that decrease absorption of fats as well as orlistat
may reduce vitamin D absorption. In addition, ketocon-
azole blocks the activation of 25(0OH)D in the kidneys
and higher doses of vitamin D are needed during con-
comitant administration to achieve proper plasma lev-
els of the active metabolite [214-216].

The diagnosis of vitamin D deficiency is often carried
out by measuring plasma calcifediol. An optimal con-
centration of 25(0OH)D is still the subject of debate,
although 32 ng/mL (80 nmol/L) or higher is considered
by scientific consensus to be sufficient to fulfill its
physiological functions [217,218]. Around this concen-
tration, the level of PTH starts to drop and intestinal cal-
cium absorption is about 60% more effective than at a
25(0OH)D level of 20 ng/mL [219,220]. If we accept the
optimal level of calcifediol to be 32 ng/mL, the preva-
lence of vitamin D deficiency is about 1 billion people
worldwide [217,221].

Symptoms of vitamin D deficiency are logically
linked to the malfunction of vitamin D-dependent
processes. The deficit causes decreased absorption of
dietary calcium and phosphate, which affects the
quality of bones. In childhood, vitamin D deficiency
manifests as rickets. This disease is characterized by a
delay in closure of the fontanels, bowing of long
bones, malformations in knees and wrists, scoliosis or
kyphosis, and poor growth [192,213,222]. Additionally,
hypocalcemic seizures may often occur in the first
year of life [222]. In adults, vitamin D deficiency
causes osteomalacia and osteoporosis, diseases char-
acterized by demineralization of bones with an
increased risk of fractures [216,223]. Bone deformities
are not common symptoms in adults, in contrast to
children [192]. Unlike osteoporosis, osteomalacia is
accompanied by isolated or generalized bone pain
[224,225].

Other vitamin D deficiency symptoms are muscle
weakness and fatigue [26,213,216], increased suscepti-
bility to infectious diseases [226-228], and slower heal-
ing of epidermal wounds [229]. Several studies have
shown that profound vitamin D deficiency is even asso-
ciated with the atrophy of type Il muscle fibers
[230,231]. Localized hair loss (i.e. alopecia areata) has
also been reported [232].

In the brain, VDR and vitamin D metabolizing
enzymes are expressed, especially in the hypothalamus
and large neurons of the substantia nigra. Since vitamin
D regulates calcium transients in the brain and neur-
onal development as well as protects against reactive
oxygen species, this vitamin deficiency may be involved
in neurological disorders such as multiple scler-
osis [233].
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Use of vitamin D in therapeutics

Guidelines for vitamin D supplementation are partly
based on the recommended intake values to prevent
vitamin D deficiency or to achieve target 25(OH)D lev-
els. In addition, some more recent findings show that in
addition to maintaining certain levels of 25(0OH)D, it is
also important to limit any significant fluctuations. This
is because extrarenal tissue that lacks complex regula-
tion mechanisms like the kidneys is sensitive to those
fluctuations, and even bolus doses of 25(0H)D may
lead to adverse effects [234,235].

Vitamins D, and Ds; are generally preferred for the
treatment of simple vitamin D deficiencies, including
those due to inadequate exposure of the skin to UV
sunlight or lack of vitamin D in the diet. Individuals sus-
ceptible to these factors include the elderly with limited
mobility and thus decreased sunlight exposure, obese
patients, and people with fat malabsorption syndromes
or chronic liver diseases [236,237]. The primary preven-
tion of vitamin D deficiency is debated across national
health policies, even though undiagnosed deficiency of
vitamin D is not uncommon and the risk of bone dis-
ease as well as other chronic health disturbances may
occur [221,238]. In particular, vitamin D deficiency may
appear in infants who are breastfed without supple-
mental vitamin D; therefore, vitamin D supplementation
of 4001U/day for up to six months in infants at higher
risk of lack of vitamin D reduces the risk of vitamin D
insufficiency. These infants can also be supported by
maternal vitamin D supplementation. Nevertheless, the
influence of vitamin D supplementation on bone
markers is still unclear [239].

Vitamin D in all its forms together with calcium is
employed as a standard treatment of vitamin D defi-
ciency and hypocalcemia due to primary or secondary
hypoparathyroidism [240]. Secondary hypoparathyroid-
ism can be commonly caused by thyroidectomy when
patients with severe preoperative vitamin D deficiency
are at much higher risk of permanent hypoparathyroid-
ism. However, the evidence that supplementation of
vitamin D in patients undergoing this surgery can
reduce this risk is not robust [241]. When large doses or
fast potent onset of vitamin D action are required in
hypoparathyroidism, it is preferable to use one of the
more potent derivatives. In particular, the use of vita-
min D derivatives, such as synthetic drugs (i.e. alfacalci-
dol or calcitriol), is necessary for conditions when renal
function is impaired (e.g. hyperparathyroidism associ-
ated with chronic renal failure) as they do not require
renal hydroxylation for activation [240,242,243].

The important use of vitamin D plus calcium lies in
the management of bone mass disorders, such as the
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prevention of osteoporosis fractures or osteomalacia in
men and women [244]. Vitamin D derivatives can serve
as alternatives in these conditions in overcoming resist-
ance to calcitriol due to age-related decline in the
expression of VDR, especially in postmenopausal
women. On the other hand, they can be related to a
risk of hypercalcemia with hypercalciuria [245,246]. The
risk of hypercalcemia caused by vitamin D and its deri-
vates can be even higher in the primary prevention of
osteoporosis in people without specific risk factors of
vitamin D deficiency, and in these cases, supplementa-
tion is rather inappropriate because of side effects such
as nephrolithiasis or calcinosis [247-249]. Among the
active vitamin D analogs, calcitriol and alfacalcidol have
been introduced to the European market, particularly
for postmenopausal osteoporosis and renal bone dis-
ease indications. Additionally, they can be used in off-
label regimens for bone loss due to chronic long-term
corticosteroid or antiepileptic drug administration or for
male osteoporosis [248,250].

Vitamin D supplements may play a beneficial role in
the direct protection of bones and skeletal muscles,
increasing bone mineral density and muscle strength,
performance, and balance, thus decreasing the inci-
dence of falls and fractures [248]. However, this issue is
still controversial as it is unknown whether and to what
extent vitamin D may influence muscle strength since
the indication of fall prophylaxis in the elderly is men-
tioned just by some international databases [251]. Of
note, muscle strength and performance are associated
with the lower range of serum 25(0OH)D levels and may
not necessitate elevations to the normal or higher
range [252]. Moreover, the use of excessive daily doses
(2000 or 40001U) of vitamin D3 should even be reeval-
uated in the elderly due to an apparent relationship
with increased risk of falls in this population [253].

Other diseases may require increased vitamin D
intake. Patients with severe renal failure can suffer from
impaired activation of vitamin D. A special risk group is
represented by patients with moderate to severe
chronic renal insufficiency, dialysis patients, and
patients after kidney transplantation, respectively.
Kidney Disease: Improving Global Outcomes (KDIGO)
recommends supplementing vitamin D,,3 with individu-
alized monitoring of vitamin D levels, usually with an
annual frequency. Indeed, the importance of vitamin D
supplementation in these patients is highlighted
because they must maintain significant dietary restric-
tions and avoid sunbathing, the latter of which causes
reduced cutaneous synthesis of vitamin D [254-256]. If
patients have concomitant elevation in serum PTH

levels, it is recommended to directly supplement active
forms of vitamin D [257].

Lastly, topical therapies with vitamin D or analogues
(e.g. calcitriol) belong among the first-line treatment in
the management of mild to moderate psoriasis. For bet-
ter efficacy, a combination with synergistic topical corti-
costeroids can be used [258]. Moreover, oral forms of
vitamin D, such as vitamin D,, vitamin D5, or calcitriol
have been reported as effective and safe treatment
options for plaque psoriasis, similar to UV-B photother-
apy and sunshine [259].

Vitamin D in specific health conditions

In addition to the proven indications of vitamin D men-
tioned above, the clinical use of this vitamin in other
health conditions or diseases is currently being inten-
sively investigated.

COVID-19

To mitigate the huge health and socioeconomic conse-
quences of the COVID-19 pandemic, the immunopa-
thology of COVID-19 requires new therapeutic options
such as vitamin D, which could be an effective and safe
strategy for the management of this disease [260]. As
described in this review, apart from maintaining bone
integrity, vitamin D can stimulate immune cell matur-
ation and regulate inflammatory processes in the body.
Experimental animal studies suggested a possible
higher risk of acute viral infections with vitamin D
depletion [261]. A current meta-analysis of randomized
controlled trials (RCTs) supports that regular vitamin D
supplementation can prevent such infections and its
efficacy was more pronounced in people with defi-
ciency [262]. Nevertheless, studies on the use of vitamin
D in humans to prevent viral respiratory infections are
inconsistent and the results, which are influenced by
diverse variables and limits arising from the variability
of in vitro and in vivo studies and the design of clinical
trials, cannot be extrapolated to all types of infections,
including SARS-CoV-2, or to all population groups [263].
So far, there is no clear evidence of the clinical benefit
of vitamin D supplementation in COVID-19 patients due
to a lack of RCTs [260].

Cardiovascular diseases

Vitamin D deficiency plays an important role in the eti-
ology and pathogenesis of cardiovascular disease; how-
ever, systematic reviews have brought conflicting
conclusions in relation to vitamin D supplementation in



cardiovascular disease prevention. Lack of vitamin D
has been described as a risk factor for arterial hyperten-
sion, but no clinically significant effect on blood pres-
sure was observed during vitamin D supplementation
in hypertensive patients with low levels of 25(OH)D
[264]. The relationship between vitamin D deficiency
and the risk of heart disease has also been demon-
strated, although administration of vitamin D has not
been shown to be an effective therapeutic intervention.
Currently published reviews and meta-analyses of RCTs
did not confirm the benefit of vitamin D supplementa-
tion for incidence of coronary heart disease and stroke,
risk of serious cardiovascular adverse events, individual
cardiovascular disease outcomes (myocardial infarction,
stroke, cardiovascular mortality), or all-cause mortality
[265-267]. Although, positive impacts may be expected
in patients with a history of heart failure as vitamin D
supplementation improved left ventricular function.
Nevertheless, future RCTs are needed to investigate if
patients without vitamin D deficiency can benefit from
routine vitamin D administration [268]. One of the rea-
sons vitamin D supplementation fails to elicit cardiovas-
cular protection could be the fact that both high and
low levels of vitamin D can be associated with vascular
calcification [269].

Inflammatory bowel disease

Inflammatory bowel disease (IBD) is a multifactorial dis-
ease and vitamin D deficiency is considered a risk factor
[270]. The prevalence of vitamin D deficiency in IBD is
about 30-40%. It may be caused by limited sun expos-
ure, malabsorption, or inadequate dietary intake, the
latter of which may be partly related to the fact that
patients with IBD must be careful with their diet and
may hence avoid food fortified with vitamin D
[271,272]. Although a recent meta-analysis demon-
strated that vitamin D supplementation significantly
increased 25(OH)D levels in patients with IBD [273], the
impact of this adjuvant treatment on inflammation and
the course of IBD is not yet clearly proven, nor is the
target level of vitamin D known. Regardless, vitamin D
supplementation should be considered in patients with
vitamin D deficiency or those taking corticoste-
roids [274].

Rheumatoid arthritis

It is assumed that vitamin D does not play an important
role in the pathogenesis of rheumatoid arthritis. This
fact was supported by a recent meta-analysis, which
showed that there are insufficient data to demonstrate
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the effect of vitamin D on rheumatoid arthritis activity
(DAS-28 or pain) or flares [275]. On the contrary, vitamin
D supplementation can be employed to prevent mus-
culoskeletal complications in patients suffering from
rheumatoid arthritis with a deficiency of this vitamin.

Cancer

The role of vitamin D in the pathogenesis of cancer has
been discussed for a long time, but the conclusions are
still unclear. The strongest evidence was demonstrated
in colorectal cancer [276,277]. A meta-analysis of epi-
demiological studies has shown that vitamin D defi-
ciency is associated with a higher incidence of
colorectal cancer, and the highest risk was found in
individuals with 25(0OH)D levels lower than 20ng/ml
(50 nmol/L) [278]. Indeed, causality modeling supports a
relationship between low levels of 25(0OH)D and a
higher risk of colorectal cancer [279]. These findings
align with a review of prospective cohort studies, in
which circulating 25(0OH)D levels were measured and
showed a high prevalence of vitamin D deficiency in
colorectal cancer patients [280]. On the contrary,
patients with higher levels of 25(0OH)D had longer sur-
vival, although this phenomenon may be related to the
stage of colorectal cancer [281]. The longer survival of
patients with colorectal cancer treated with vitamin D
was confirmed by a recent meta-analysis of RCTs [282]
and long-term vitamin D supplementation was shown
to confer some additional benefits to patients suffering
from this cancer [283]. Still, all these results need to be
further analyzed in larger high-quality cohort studies,
also focusing on determining an adequate daily dose of
vitamin D for these patients. Currently, the therapeutic
administration of vitamin D3 and its analogues is con-
sidered appropriate in patients with a history of clinic-
ally significant vitamin D deficiency. Regarding the
preventive administration of vitamin Ds, even a daily
dose of 2000 1U was not associated with a reduced risk
of invasive cancer compared to a placebo, although a
non-significant benefit on the incidence of colorectal
cancer was reported [284].

For other types of cancers, clear evidence for the
therapeutic administration of vitamin D is missing. As
an example, a systematic review and meta-analysis by
Shahvazi et al. demonstrated no benefit of vitamin D in
patients with prostate cancer [285]. In contrast, a study
by Nair-Shalliker et al. indicated the therapeutic poten-
tial of vitamin D even with an impact on the mortality
of patients with prostate cancer [286]. Therefore, any
discrepancy needs to be resolved in the future by sum-
marizing data from large RCTs. Finally, it should be
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Figure 8. Vitamin D overdose. Excessive intake of vitamin D due to intentional or inadvertent incorrect dosing (e.g. prescribing
errors, supplementation with products that have low or no quality control) may increase plasma 25-hydroxyvitamin D [25(0OH)D]
to concentrations susceptible to causing toxicity. NOAEL: no observed adverse effect level; UL: tolerable upper intake level.

mentioned that the administration of vitamin D is suit-
able for androgen deprivation therapy in patients with
prostate cancer because vitamin D reduces the adverse
effects of this therapy on the musculoskeletal system
[287,288].

Vitamin D toxicity

Vitamin D displays a wide therapeutic window, with
toxicity being observed only at extremely high doses
[289]. As such, the number of cases of vitamin D intoxi-
cation reported is low but affects all age groups (see
intoxication cases section) [290-292].

To date, there is no consensus on the dose of vita-
min D that causes toxicity or the upper safe limit of
serum/plasma levels of 25(0H)D3 [293], possibly as dis-
tinct populations are differently affected by several fac-
tors (e.g. geography, lifestyle, genetics). Nonetheless,
most studies have shown that hypercalcemia appears
when serum 25(0OH)Ds; concentration is higher than
150 ng/mL (375 nmol/L) [294-296]. As such, a concen-
tration of 100ng/mL is accepted by the Endocrine
Society [297] as posing no risk of developing hypercal-
cemia. In terms of intake, the 2011 report on dietary ref-
erence intakes for calcium and vitamin D from the
Institute of Medicine set the no observed adverse effect
level at 10,000IU/day, from which a tolerable upper
intake level of 40001U/day could be extrapolated for

adults (Figure 8), reflecting acceptable
chronic intake for general public health [298].
Certain diseases make patients more prone to vita-
min D toxicity. Individuals suffering from idiopathic
infantile hypercalcemia, lymphoma, and granulomatous
disorders such as sarcoidosis, tuberculosis, leprosy, fun-
gal diseases, infantile subcutaneous fat necrosis, giant
cell polymyositis, and berylliosis are hypersensitive to
vitamin D increases both from exogenous sources or
endogenous synthesis [290,299]. In granulomatous dis-
eases, hypervitaminosis D and hypercalcemia are the
results of abnormal local synthesis of calcitriol in macro-
phages [296,300]. The rise in the active form of vitamin
D in idiopathic infantile hypercalcemia patients is
related to the malfunction of deactivating enzyme
CYP24A1, while in patients with lymphoma, the causes
of vitamin D toxicity are not yet fully understood [290].
Since the number of scientific reports on the poten-
tial benefits of vitamin D on different diseases is large
and continues to increase, fortified food and vitamin D
supplements have become easily obtainable over-the-
counter in pharmacies, supermarkets, and online stores
[296], and this market has been growing all over the
world [301]. As such, in addition to iatrogenic factors,
the causes of vitamin D overdose and subsequent tox-
icity are mainly associated with self-medication, acci-
dental incorrect doses (for instance due to prescribing
errors), or the use of unlicensed and/or poorly standar-
dized products [289,295]. The latter was associated with

long-term



the urgent need for vitamin D products to be certified
by highly harmonized analytical methodologies [302].
Several validated methods and standardized protocols
have been provided by international authorities, includ-
ing the United States Pharmacopeia in the Vitamin D
Assay Monography (581) [303] and European Standard
approved by the European Committee on
Standardization [304], to increase the quality of dietary
supplements. These guidelines summarize analytical
procedure conditions for various formulations, which
are described in detail with acceptable tolerance limits
[305]. Nevertheless, it should be emphasized, that the
regulation and quality control of dietary supplements
differ in individual countries based on the current law
and recommendations, thus in some cases, there is a
lack of dietary supplement control that can lead to
poor quality products. Indeed, two adult cases of
chronic vitamin D intoxication caused by manufacturing
errors have been reported [289,295]. In both cases, the
real vitamin D level was 1000-fold higher than the daily
dose level declared by the manufacturer, which points
to a failure in quality control.

Clinical manifestations

Clinical signs of vitamin D toxicity (Figure 9) can vary
from asymptomatic to coma [296]. An excessive high
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intake of vitamin D, is correlated to increased
25(0OH)D in the blood, which may lead to augmented
calcium absorption by the gut and bone resorption
[41,295]. For these reasons, the main conditions associ-
ated with hypervitaminosis D are hypercalcemia and
hypercalciuria; subsequent hyperphosphatemia also
commonly occurs [291,306].

The deleterious consequences of increasing circulat-
ing calcium vary and are specific to each organ system
(Figure 9). These include (i) gastrointestinal symptoms
such as nausea, vomiting, constipation, loss of appetite,
abdominal pain, polydipsia, and pancreatitis; (ii) other
effects such as hypercalciuria, nephrocalcinosis,
polyuria, dehydration, and acute kidney injury; (iii)
hypertension, dysrhythmias, shortened QT interval and
ST-segment elevation, calcification of coronary vessels
and heart valves; (iv) musculoskeletal weakness, bone,
muscle, and joint pains; as well as (v) neurological
effects such as confusion, psychosis, and coma
[289,301,3071.

Mechanisms of toxicity

As proposed by Jones et al. [307] and supported by
other authors [290,296,301,307,308], there are three
major theories to explain the mechanisms underlying
vitamin D toxicity (Figure 10). All of these theories are

Hypervitaminosis D

Nervous system
Confusion,
psychosis, coma

—

Gastrointestinal system
Nausea, vomiting,
constipation, loss of
appetite, abdominal pain,
polydipsia, pancreatitis

Musculoskeletal system
Weakness, bone pain,
muscle, joint pain

CLINICAL MANIFESTATIONS |

Cardiovascular system
Hypertension,
dysrhythmias, shortened
QT interval, ST segment
elevation, calcification of
coronary vessels, heart
valves

Renal system
Hypercalciuria,
nephrocalcinosis,
polyuria, dehydration,
acute kidney injury

Figure 9. Clinical manifestations of hypervitaminosis D.
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Figure 10. Theories proposed by Jones et al. [307] for the mechanisms of toxicity of vitamin D. The first mechanism proposed
for explaining vitamin D toxicity involves a plasma increase in calcitriol [1,25(0H),D]. This active form of vitamin D has low affin-
ity to the vitamin D binding protein (vDBP) and high affinity to the vitamin D receptor (VDR), leading to a critical increase in cal-
citriol in the target cells and subsequent overstimulation of the gene expression machinery. A second theory proposes an
increase in plasma vitamin D metabolites to concentrations that saturate vDBP, allowing high free levels of these metabolites to
enter the target cells, in particular 25-hydroxyvitamin D [25(0OH)D] that has a greater affinity to VDR. The last mechanism is
related to the release of calcitriol from vDBP because it has the lowest affinity for this plasma protein compared to other vitamin
D metabolites. 24,25(0H),D: 24,25-dihydroxyvitamin D; 25,26(0H),D: 25,26-dihydroxyvitamin D; 25(0H)D-26,23-lactone: 25-hydrox-

yvitamin D-26,23-lactone.

related to high plasma concentrations of vitamin D
metabolites and the activation of nuclear VDR in the
target cells, stimulating transcriptional machinery.

The first theory involves an increase in plasma calci-
triol concentration with a subsequent increase in the
target cells, for instance, due to the inability to suppress
the 1-hydroxylase in response to high 25(0OH)D levels
[299]. Calcitriol has low affinity to the transport protein,
vDBP, and high affinity to VDR, leading to critical over-
stimulation of the gene expression machinery. This
hypothesis appears to be the most probable for
explaining vitamin D toxicity in patients with already
elevated plasma calcitriol levels (e.g. certain granuloma-
tous disorders with unregulated 1-hydroxylase). Of
note, disturbances in the calcitriol catabolic system (e.g.
genetic defects in 24-hydroxylase) also make certain
individuals particularly susceptible to vitamin D toxicity.
The “free calcitriol concept” was clinically substantiated
by Pettifor et al. [309] who showed that free calcitriol
was responsible for toxicity, despite no elevated plasma
concentration of the active metabolite being observed

in their cases of vitamin D toxicity, in line with other
human and animal data.

The second theory postulates the increased plasma
levels of vitamin D metabolites following vitamin D
intoxication, especially 25(0OH)D, to concentrations that
saturate vDBP, allowing high levels of free 25(0H)D to
enter the target cells. Compared to others, this metab-
olite has a greater affinity to VDR, stimulating gene
expression in a concentration-dependent manner [279].

The last hypothesis is related to the presence of vita-
min D and metabolites at levels so high that vDBP is
saturated [273,279]. Of note, in such a case, calcitriol is
released from vDBP due to its lower affinity for this
protein compared to other vitamin D metabolites,
including 25(0H)D, 24,25(0OH),D, 25,26(0H),D, and
25(0H)D-26,23-lactone, or even vitamin D itself, which
will be found at higher concentrations after vitamin D
intake. The active metabolite is then free to enter cells
and bind to VDR [299]. Nevertheless, Deluca et al. [310]
reported that both wild-type controls and 1-hydroxy-
lase knockout mice (i.e. unable to produce calcitriol)
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Figure 11. Treatment approaches for hypervitaminosis D.

suffered from vitamin D toxicity after a high dose of
vitamin D, suggesting that other vitamin D metabolites
may also contribute to hypercalcemia. In fact, VDDR
type 1 patients (Figure 5 or Table 2) respond therapeut-
ically to extreme doses of 25(0H)D [311,312].

Treatment of intoxication

The treatment of vitamin D toxicity includes different
approaches (Figure 11), taking into consideration sev-
eral factors, such as the patient’s age, physiological sta-
tus (e.g. pregnancy, presence of other comorbidities),
and duration and severity of hypercalcemia [313].

As a first-line approach, the patient should stop tak-
ing vitamin D and reduce calcium intake from the diet.
For granulomatous disorders, lymphoma, and idiopathic
intracranial hypertension patients, sunlight and other
UV-B light exposures are not recommended [290].

To treat hypercalcemia, isotonic intravenous fluids to
correct dehydration and restore kidney function should
be considered. Furthermore, loop diuretics (e.g. fur-
osemide) can be added to increase calcium excretion;
however, this approach has its limitations due to poten-
tial adverse reactions [313]. Therapy with glucocorti-
coids (e.g. prednisone) can also be successfully applied
to reduce serum calcium levels. These steroid hormones
prevent active reabsorption of calcium in the kidneys
and also alter vitamin D metabolism, favoring the syn-
thesis of inactive metabolites, which lowers plasma cal-
citriol concentration and consequently reduces
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intestinal calcium absorption. Nevertheless, it should be
noted that chronic glucocorticoid treatments are also
associated with adverse effects, such as secondary
osteoporosis, osteonecrosis, and muscle weakness,
among others. Calcitonin and bisphosphonate therapies
(e.g. pamidronate and alendronate) can be useful in
severe cases to reduce calcium serum levels by inhibit-
ing bone resorption. In some reports, bisphosphonates
are described as the most effective treatment of vitamin
D toxicity in children. As a last resort, when no other
treatment has been successful, hemodialysis can be
used to rapidly lower calcium levels [314].

The treatment for pregnant women is more compli-
cated as some of the available medicines are not indi-
cated or are even contraindicated in this case.
Therefore, it seems judicious to focus on calcium restric-
tion and hydration [315]. Importantly, vitamin D accu-
mulates, especially after megadoses, in adipose tissue
due to its lipophilicity. Consequently, in cases of signifi-
cant weight loss, vitamin D is mobilized from fat and
slowly released into the circulation, with toxicity symp-
toms such as hypercalcemia lasting for a long period of
time, from several weeks to up to 18 months, even after
vitamin D discontinuation [290]. Hence, it is prudent to
follow up with such patients regularly, paying particular
attention to serum calcium levels [301,314].

Intoxication cases

As discussed, the reports of vitamin D intoxication pre-
sent in the literature are rare, with recent publications
describing mild toxicity cases [316] and intoxications in
adults [289,295]. A summary of these intoxications is
presented in Table 3, with further information on cases
prior to 1999 compiled in the publication from Vieth
[340]. Overall, the majority of vitamin D intoxications
occurred in children younger than one year and con-
sisted of accidental overdoses resulting from adminis-
tration of a high dose carried out by the parents, by
virtue of misinterpretation of the product label or phys-
ician instructions (e.g. erroneous administration of the
product by the full milliliter dropper instead of giving it
by the drop [341]), as well as deliberated self-medica-
tion cases, where parents thought that vitamin adminis-
tration would be beneficial and harmless to children.
There are also a few reported cases concerning iatro-
genic intoxications. Overall, analysis of these case
reports highlights the urge to establish cutoff limits,
especially for the youngest population, tightly regulate
the production and sale of vitamin D products, and
increase the awareness of the medical and non-medical
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population on the risks of vitamin D intoxication
[295,335].

Analytical methods for the determination of
vitamin D and its metabolites with emphasis
to clinical practice

Only a few vitamin D metabolites are analyzed in com-
mon clinical practice despite the fact that more metab-
olites have been described in the last decades,
including monohydroxylated, dihydroxylated, and trihy-
droxylated forms with their epimers, esters, lactones,
and sulfates [342]. Among them, 25(0OH)D; and
25(0OH)D, are the most frequently studied vitamin D
metabolites in human serum or plasma [343-345]. They
were assumed as the main vitamin D status biomarkers
due to their longer half-life in plasma, better stability,
and relatively high concentration compared to other
vitamin D metabolites [345]. Other biological fluids,
including saliva, urine, cerebrospinal fluid, milk, and tis-
sues can be also used for vitamin D analysis, but they
are not typically used in clinical practice [346]. Despite
calcitriol being the active metabolite of vitamin D, it is
not recommended to be used as a biomarker due to its
short half-life and tight physiological regulation of its
concentration [347]. In fact, Biancuzzo et al. [91] dem-
onstrated that the serum calcitriol concentration meas-
ured in volunteers did not significantly vary across the
11-week period of 1000IU daily administration of vita-
min D, or Ds. Indeed, calcitriol will be within the refer-
ence range even if the test subject is vitamin D
deficient with associated symptoms. However, specific
clinical scenarios may require the examination of
1,25(0H),D plasma level, including (i) suspicion of 1a-
hydroxylase deficiency, (ii) exclusion of disorders pre-
senting as hypophosphatemic syndromes mediated by
FGF23, where normal to low 1,25(0H),D concentrations
are found, from non-FGF23-mediated disorders with
normal to high 1,25(0H),D concentrations, and (iii)
presence of excessive extrarenal 1a-hydroxylation by
granulomatous or lymphoproliferative diseases or her-
editary vitamin D-resistant rickets (VDDR type 2, see
Figure 5 or Table 2) where very high concentrations of
calcitriol occur [348]. On the other hand, as 25(0H)D;
reflects the variations resulting from both dietary intake
and endogenous synthesis, it is considered a good bio-
marker to monitor vitamin D status in adults and chil-
dren [347].

The concentration of 25(0OH)D,,; in serum is often
expressed as a sum of both, reflecting a total of
25(0OH)D. Since the 2000s, there has been an increase in
clinical testing of 25(0OH)D,/; levels in serum due to

accumulated experimental and clinical evidence that
vitamin D deficiency can be associated with several dis-
eases. Thus, the Endocrine Society Task Force recom-
mends supplementation, depending on age and clinical
circumstances, when low vitamin D levels are measured
via the 25(0OH)D,,; diagnostic test [289,349]. To allow
clinical decision-making, the limit of the quantification
should be <25nmol/L and the imprecision should be
<10% in the concentration range of 50-150 nmol/L,
according to the guideline EPO5 from the Clinical
Laboratory Standard Institute that is mandatory in the
clinical analysis [350]. The guideline EPO5 differs from
guidelines typically used for the validation of bioanalyti-
cal methods such as the European Agency Medicine
Guideline for bioanalytical method validation, where
accuracy and precision with different requirements are
defined [351]. In recent years, there has been growing
interest in other metabolites, including 24,25(0H),D,
and the Cz-epimer of 25(0OH)D, denoted 3-epi-25(0OH)D
[346,352]. In addition to free 25(0OH)D circulating in
plasma, the vitamin D metabolite ratio, calculated as a
ratio of 24,25(0OH),D and total 25(0OH)D concentrations,
has been proposed as a new serum biomarker
[345,353]. Indeed, there is a strong correlation between
24,25(0H),D and 25(0OH)D as a consequence of vitamin
D metabolism, where 25(0OH)D and 1,25(0OH),D are
degraded by CYP24A1 into 24,25(0H),D. The catabol-
ism of 25(0OH)D increases due to the increased activa-
tion of VDR. Thus, only small variations in 24,25(0OH),D
have a dramatic effect on this ratio. Furthermore, the
ratio can predict the 25(0OH)D increase in response to
vitamin D supplementation and can hence have clinical
utility as a marker for vitamin D catabolism as well as a
CYP24A1 deficiency, including various mutations
[353,354].

In general, analysis of vitamin D in clinical routine is
challenging, regardless of the method used, due to sev-
eral issues such as (i) lipophilic nature of compounds
with log P varying in the range of 4.49-7.03 (values
predicted by ChemDraw 20.0 software), (ii) very low
concentrations in biological fluids, (iii) short biological
half-life in blood, (iv) binding to plasma proteins, (v)
presence of multiple vitamin D metabolites as well as
isobaric and isomeric interferences that can lead to
inaccurate results, and (vi) chemical instability toward
the light, oxygen, and temperature [342,344,355,356].
The measurement of vitamin D in serum is currently
carried out using different analytical approaches such
as competitive protein-binding assay (CPBA), radio-
immunoassay (RIA), chemiluminescence immunoassay
(CLIA), enzyme-linked immunoassay (ELISA), liquid chro-
matography (LC) with UV detection, and LC with mass



spectrometry (LC-MS) or tandem mass spectrometry
(LC-MS/MS) detection [344,357].

The first immunoassays enabling the measurement
of a total of 25(0OH)D included RIA and CPBA [358,359].
In RIA, 25(0OH)D is separated from vDBP by an organic
solvent, typically acetonitrile, and a radionucleotide is
used as a tracer [353,357]. RIA is commercially available
from DiaSorin (Italy), Tecan (Switzerland), IBL America
(USA), and Demeditec (Germany) for the determination
of a total of 25(0OH)D in plasma. CPBA based on the
competition of labeled and unlabeled ligand binding to
target protein exhibited several drawbacks, including
manual processing, cross-reaction with other vitamin D
metabolites, need for solvent extraction and chroma-
tography prior to the assay, and variable results.
Moreover, the use of radionucleotides in RIA was found
to be disadvantageous. Thus, these approaches have
been mostly replaced by automatic assays that are
more suitable for clinical practice [353].

Currently, CLIA is designed based on the competitive
assay format. 25(OH)D present in serum competes with
labeled 25(0OH)D conjugate for binding to the specifier,
designated as a 25(0OH)D binding component, which is
typically an antibody against 25(OH)D or vDBP. The
unbound material is removed after incubation, and a
complex of conjugate-binding components is detected
after the chemiluminescent reaction. The signal
decreases with increasing 25(OH)D levels [350,353,3601].
Several commercial CLIA kits using different reagents
are available from different vendors, including
Immunodiagnostic Systems (IDS, United Kingdom,
Germany), Abbott (USA), Siemens Healthineers
(Germany), Tosoh (India), Roche (Germany), Fujirebio
(Japan), and Bio-Ras Laboratories (USA) [353]. Most of
the assays measure the total amount of 25(OH)D and
are not able to distinguish between D; and D, forms,
thus they can lead to the overestimation or underesti-
mation of results [353]. It needs to be emphasized that
immunoassays differ from each other in cross-reactivity
with different D3 metabolites such as 25(0OH)Ds, calci-
triol, 24,25(0OH),Ds, as well as Cs-epimers. ELISA is also
based on a competitive design. The endogenous
25(0OH)D dissociated from vDBP competes for binding
with standards or controls and a fixed amount of conju-
gated biotin-25(OH)D with 25(0OH)D antibody-coated
wells. Free biotin-25(0OH)D is detected after a washing
step, with streptavidin-HRP using spectrophotometry.
The concentration of a total 25(0OH)D increases with a
decrease in streptavidin-HRP [355,357]. Similar to CLIA,
a total of 25(0OH)D levels are determined and the cross-
reactivity with other D metabolites is reported
[355,360]. ELISA kits are available from Diagnostika
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GmbH (Germany), Beckman Coulter (USA), and ABCam
(United Kingdom) [353]. Calcitriol assays, including RIA
and ELISA, that enable the determination of pmol/L in
human serum or plasma, are also commercially avail-
able. These kits are burdened with similar problems
such as overestimation and underestimation caused by
cross-reactivity [346]. To get more detailed information
about single assays, the reader is referred to these refer-
ences [353,355,357]. Despite the mentioned disadvan-
tages, automated immunoassays still belong among
the most frequently used methods in clinical laborato-
ries, providing very rapid results.

The first chromatography-based methods for vitamin
D determination were developed in the 1970s, using
both normal phases silica columns and reversed-phase
Cig columns with UV detection at 254 nm [361-363].
These methods enabled simultaneous determination of
vitamin D,, vitamin D3, 25(OH)D,, and 25(0OH)Ds in bio-
logical sample extracts. Nowadays, the C;g reversed-
phase [364-366] and a combination of acetonitrile with
methanol in different ratios, alone or with phosphate
buffer as a mobile phase in isocratic elution, are used
for the simultaneous analysis of vitamin D,, vitamin Ds,
25(0H)D,, and 25(OH)D3 in human serum at the
selected wavelength of 265 nm. However, the selectivity
in high-performance liquid chromatography with UV
detection (HPLC-UV) is achieved only via chromato-
graphic resolution of observed compounds and suffers
from samples variability and nonspecific interferences
such as lipids and epimers, despite the fact that meth-
ods using carefully optimized conditions can fully dis-
tinguish 25(0OH)D, and 25(0OH)Ds as well as vitamin D,,
vitamin D3, and the dihydroxylated metabolites. Thus,
there is a risk of misinterpreting spurious peaks and
overestimation of results [355].

In recent years, LC-MS/MS with a triple quadrupole
or quadrupole-linear ion trap has been considered the
gold standard method for the quantification of vitamin
D and its metabolites in human samples. The selectivity
of this method is increased due to the detection of ana-
lytes based on their mass-to-charge ratio (m/z).
Typically, the m/z of two different product ions, derived
from a precursor, are monitored as selected reaction
monitoring transitions. This data acquisition mode ena-
bles a significant increase in method selectivity. LC-MS/
MS thus allows us to distinguish multiple compounds
with various masses (384-428 Da) in one run compared
to traditional immunoassays, which suffer from cross-
reactivity between different D, and D3 forms
[356,367,368]. Vitamin D and its metabolites are small
naturally lipophilic compounds that lack protonation
sites and charged groups that could facilitate ionization,
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which is necessary for the first step of MS detection
[369]. As a result, they exhibit low ionization efficiency
under electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI) [342]. Nevertheless,
APl (atmospheric pressure ionization) techniques are
the most frequently used ionization techniques in vita-
min D analysis. It is necessary to emphasize that LC-MS/
MS is still able to provide very sensitive results, espe-
cially due to important technological advances in cur-
rent instrumentation that have improved the limits of
detection. A chemical derivatization step is another way
to improve sensitivity. Typically, Diels-Alder derivatiza-
tion with Cookson-type reagent such as 4-phenyl-1,2,4-
triazoline-3,5-dione (PTAD) [369-374] and 4-(4-dimethy-
laminophenyl)-1,2,4-triazoline-3,5-dione (DAPTAD) [375]
is used to introduce a polar ionizable group to the vita-
min D structure, which finally enables 100- to 1000-fold
increase in sensitivity [356]. In addition, m/z shifts to
higher values with lower chemical noise from solvent
ions, and characteristic fragment ions unique to derivat-
ized compounds have been observed [356,367].
However, the derivatization technique is a laborious
sample preparation step, and thus it is not very suitable
for routine clinical practice. The formation of two epi-
mers after PTAD derivatization that can lead to the loss
of signal has also been reported [374,376]. The use of
atmospheric pressure photoionization (APPI) has been
shown as a tool to significantly increase sensitivity com-
pared to APCI [377], but more studies are needed to
confirm the results. Despite the specificity and sensitiv-
ity of LC-MS/MS, another challenge in vitamin D quanti-
fication is the presence of interfering compounds,
including epimers and isobars that have the same exact
mass and fragmentation pattern as the compounds
being analyzed. Cs-epimers of 25(OH)D are naturally
produced by metabolism and they are present in all
samples. Their higher concentration has been con-
firmed in infants, contributing to 8.7-61.1% of the total
25(0H)D [352,378]. Exogenous pharmaceutical com-
pound, Ds-calcitriol [1a,25(0OH),Ds], and endogenous
bile acid precursor, 7a-OH-4-cholestene-3-one, are two
known isobaric interferences of 25(0OH)D; [128,379]. To
avoid overestimation of 25(0H)D levels, baseline separ-
ation and sufficient resolution have to be achieved
for these known interferences. Thus, various column
chemistries, including  pentafluorophenyl  (PFP)
[373,375,380-383] and cyanopropyl [384], provide dif-
ferent selectivity and are commonly used in practice to
distinguish vitamin D forms. On the other hand, Cyz is
used when epimeric and isobaric forms are not being
monitored [365,370-372,374,385-389]. C;, [390], Cg
[391], and PFP-propyl [371] also provide different

selectivity compared to the previously mentioned
chemistries but are not commonly used. A carefully
optimized gradient can be also helpful to achieve sep-
aration. Typically, gradient elution is used for the separ-
ation, with methanol or acetonitrile as an organic
component of the mobile phase and water with addi-
tives such as formic acid, ammonium formate, and
methanoic acid as an aqueous component [367].
Supercritical fluid chromatography (SFC) with MS/MS
detection also has the potential to distinguish all com-
monly analyzed forms and Csz-epimer forms in a very
short time [373,392,393]. SFC is a complementary
method to LC that uses compressed nonpolar carbon
dioxide as a major part of the mobile phase, usually
with the addition of a polar organic modifier that
affects the physical and chemical properties of the
mobile phase, solubility of analytes, and selectivity of
the separation [394]. Despite the undoubted advan-
tages, SFC-MS/MS s still niche in clinical applications.

Common interferences present in human plasma
and serum such as lipids, phospholipids, and salts often
cause ion suppression of target analytes, especially in
ESI and APCI LC-MS and SFC-MS. To avoid this phenom-
enon, sample preparation is crucial. Protein precipita-
tion (PP) using acetonitrile, methanol, and ethanol,
alone or in combination with selective liquid-liquid
extraction (LLE), supported liquid extraction (SLE), or
solid-phase extraction (SPE), represent the preferable
methods for sample preparation. Hexane, heptane,
ethyl-acetate, methanol, chloroform, and their combina-
tions enable direct, fast, and easy LLE or SLE from liquid
sample or precipitate. SPE can be carried out in off-line
or on-line modes. Cg, C;5, and hydrophilic-lipophilic bal-
anced copolymer sorbents are typically used for the
extraction [345,395,396]. Finally, stable an isotopically
labeled internal standard (SIL-IS) should be used for
vitamin D LC-MS quantification to compensate for
losses during the sample preparation step, prevent
matrix effects, and increase method selectivity
[352,368]. However, it is necessary to emphasize that
SIL-IS are very expensive and some are not commer-
cially available. The main benefits and limitations of
vitamin D assays used in clinical practice are summar-
ized in Table 4.

With the increasing clinical measurement and vari-
able results between laboratories, the Vitamin D
External Quality Assessment Scheme (DEQAS) was
established in 1989 to reduce the variability and poor
performance of the 25(0OH)D assays [368]. In recent
years, the number of in-house optimized LC-UV and LC-
MS/MS methods for vitamin D analysis has increased,
followed by studies showing discrepancies such as
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Table 4. Summary of the main benefits and limitations of the different immunoassays and chromatographic approaches to ana-

lyze vitamin D and its metabolites®.

Type of
Method Analytes sample Benefits Limitations
Immunoassays
RIA 25(0OH)D (total) Plasma Simple Manual
Calcitriol Serum Accurate Radioactive waste
Cost-effective Cross-reactivity with vitamin D metabolites
CPBA 25(0OH)D (total) Plasma High throughput Cross-reactivity with vitamin D metabolites
Serum Easy to perform
CLIA 25(0H)D (total) Plasma Automated Cross-reactivity with vitamin D metabolites
Serum High throughput Some assays detect only 25(0H)D3
Simple Affected by vDBP from sample
Fast
ELISA 25(0OH)D (total) Plasma Simple Manual in most cases
Calcitriol Serum Cost-effective Affected by sample matrix
Cross-reactivity with vitamin D metabolites
Chromatographic methods
HPLC-UV Dy Plasma Multiple compound analysis Co-eluted interferences (lipids, matrix
25(0H)D Serum Separation of D,/D; and individual metabolites compounds, isobars, epimers)
24,25(0H),D Accurate Demanding sample preparation prior the
Automated or semiautomated process analysis (PP, SPE, LLE, etc.)
Relatively low sample throughput
Experienced analyst required
LC-MS/MS  Dys3 Plasma Multiple compound analysis Demanding sample preparation prior to the
25(0H)D Serum Separation of D,/D3 and individual analysis (derivatization, PP, SPE, LLE, etc.)
24,25(0H),D Urine metabolites, epimers, and isobars Relatively low sample throughput
Calcitriol Cerebrospinal fluid Separation of interferences from matrix Experienced analyst required
10,25(0H),D3 Tissues Stable isotopically-labeled standard use for High cost
Sulfates selectivity increase

3-epi-25(0H)D
Non-targeted analysis

High sensitivity
High selectivity

Automated or semiautomated process
Possibility of metabolomic studies when

HRMS used

*The information was summarized from [344,346,352,353,355-357].

CLIA: chemiluminescence immunoassay; CPBA: competitive protein-binding assay; ELISA: enzyme-linked immunoassay; HPLC-UV: high performance liquid
chromatography with ultraviolet; HRMS: high resolution mass spectrometry; LC-MS/MS: liquid chromatography with tandem mass spectrometry; LLE:
liquid-liquid extraction; PP: protein precipitation; RIA: radioimmunoassay; SPE: solid-phase extraction; vDBP: vitamin D binding protein.

overestimation and underestimation of 25(OH)D levels
between immunoassay, HPLC, and LC-MS/MS methods
[397-402]. These data revealed the need to harmonize
all  developed procedures. The Vitamin D
Standardization Program was established in 2010 to
standardize laboratory 25(0OH)D measurements as well
as improve the accuracy and comparability of commer-
cial or in-house assays used in clinical and research lab-
oratories [403]. Thus, vitamin D standard reference
materials (SRMs) and reference method procedures
(RMPs) were developed by the National Institute of
Standards and Technology (NIST). NIST SRMs include
solvent calibrators and pooled serum material. SRM
2972a 25(0H)D Calibration Solutions is a set of etha-
nolic solutions for the preparation of LC-UV and LC-MS/
MS instrument calibration curves. The most recent NIST
SRM for method validation is SRM 972a, which includes
25(0OH)Ds, 25(0OH)D,, 3-epi-25(0OH)Ds, and 24,25(0H),Ds
in pooled serum materials at different concentration
levels, and SRM 973, which contains only 25(0OH)D5; and
3-epi-25(0OH)D3 at high concentration levels. Both of
these SRMs can also be used as quality control samples

for all optimized methods. The SRMs are commercially
available, and they are supplied with certified reference
values assigned using NIST RPMs [368,403]. Vitamin D
analysis in clinical practice is not an easy task. However,
with the available SRMs, increasing use of the LC-MS/
MS method, good laboratory practice compliance, and
complex knowledge about vitamin D metabolism, it
can provide very accurate, precise, and reliable results.

Conclusions

Vitamin D is one of the oldest vitamins made in living
organisms, as the earliest life forms were capable of its
synthesis. Since humans are able to produce vitamin D
in the skin, it is often referred to as a hormone. Vitamin
D is crucial for the growth and development of healthy
bones from birth until death. Its major function has
always been considered the control of calcium homeo-
stasis. However, its non-calcemic functions are of crucial
importance too. The ability to synthesize vitamin D in
the skin should have been an evolutionary advantage
for maintaining adequate plasma levels of vitamin D.
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However, the modern lifestyle might not be associated
with sufficient endogenous synthesis of vitamin D by
sun exposure. Surprisingly, even in the twenty-first cen-
tury with all the knowledge and advances in medicine,
we still do not know the precise quantity of vitamin D
that is needed for normal homeostasis and its associ-
ated calcium-dependent and calcium-independent
effects. Regardless, chronic vitamin D deficiency does
not only cause rickets in children and osteomalacia/
osteoporosis in adults but may have severe long-lasting
adverse consequences such as the increased risk of
hypertension, type 1 diabetes, multiple sclerosis, and
several cancer types.

With the outburst of the SARS-CoV-2 pandemic, vita-
min D came into massive interest among researchers
and the lay public for its immunity-boosting effect and
a number of new findings were reported. The supple-
mentation of vitamin D may be beneficial or even
necessary depending on the season and latitude.
However, it must be emphasized that high doses of
vitamin D are not always associated with positive
impacts on human health and can very rarely lead to
intoxication with serious health consequences.

In conclusion, vitamin D is crucial for overall health.
These days, it might be difficult to achieve the ideal
plasma level in a natural way. However, supplementa-
tion is not always associated with a benefit; therefore,
supplementation and proper dosage should be dis-
cussed with a health professional.
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