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Preface

This book examines the importance and role of vitamin D in health and different
diseases. It is divided into four sections that cover vitamin D metabolism and 
deficiency; vitamin D, immune system and infections; vitamin D and dental 
medicine; and vitamin D and other diseases.

The first section includes three chapters. The first, by Özkan et al., examines
vitamin D metabolism and deficiency; the second, by Kanike et al., discusses
vitamin D deficiency in women and newborns; and the third, by Kupisz-Urbanska
et al., covers vitamin D in the elderly.

The second section includes three chapters. The first chapter by Vikram et al. 
describes the function and relation of vitamin D in the immune system, while the
second chapter by Čulić and the third by Ashraf et al. discuss the role of vitamin D 
in viral infections and the human coagulation system including influenza and, 
conventional coronaviruses, and specifically SARS-CoV-2 and its thrombotic
complications.

In the third section, the chapters by Jagelaviciene and Aydın discuss the role and 
importance of vitamin D in periodontal diseases and dentistry.

In the fourth section, the chapter by Macido describes how vitamin D plays a role in
modern diseases such as diabetes and diabetic foot ulcers. The chapter by Homann
examines the role of vitamin D in central nervous system pathological processes
such as different types of brain injuries and encephalopathies, stroke, meningitis, 
and autoimmunity including neurodegeneration. The final chapter in this section
by Savelkoul et al. describes the role of vitamin D in autism spectrum disorder.

The editor is grateful to his daughter Berrin Nikâme and his wife Seval Hülya for
their moral support and patience during the preparation of this book, especially
during this difficult time of the COVID-19 pandemic. He also wishes to thank
Author Service Manager Ms. Marijana Francetic at IntechOpen for her service.

Öner Özdemir, MD
Faculty of Medicine,

Department of Pediatrics,
Division of Allergy/Immunology,

Sakarya University,
Adapazarı, Turkey
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Chapter 1

Vitamin D Metabolism
Sezer Acar and Behzat Özkan

Abstract

Vitamin D plays an important role in bone metabolism. Vitamin D is a group of 
biologically inactive, fat-soluble prohormones that exist in two major forms: ergo-
calciferol (vitamin D2) produced by plants in response to ultraviolet irradiation and 
cholecalciferol (vitamin D3) derived from animal tissues or 7-dehydrocholesterol in 
human skin by the action of ultraviolet rays present in sunlight. Vitamin D, which 
is biologically inactive, needs two-step hydroxylation for activation. All of these 
steps are of crucial for Vitamin D to show its effect properly. In this section, we will 
present vitamin D synthesis and its action steps in detail.

Keywords: Vitamin D, Vitamin D characteristics

1. Introduction

Vitamin D plays an important role in calcium and phosphorus metabolism, 
which are essential for bone health and various biological functions. In vitamin D 
deficiency, clinical and biochemical rickets characterized by hypocalcemia (irrita-
bility, fatigue, muscle cramps, seizures), hypophosphatemia and skeletal manifes-
tations (delayed closure of fontanelles, craniotabes, frontal bossing, bowed legs, 
enlarged wrists, bone pain, and short stature) in children and adolescents or osteo-
malacia in adults may occur. Over the past several decades, it has been reported that 
the efficiency of vitamin D is not limited only to maintaining bone health by man-
aging the calcium homeostasis, but also seems to have anti-inflamatory, immune-
modulating and pro-apopitothic properties [1]. There are two different precursor 
molecules of vitamin D. The first is vitamin D3, or cholecalciferol, which is the main 
source of vitamin D in the body and is synthesized from the skin by exposure to 
sun. Vitamin D3 can also be obtained from dietary animal foods (fish, egg yolks) or 
medicines (vitamin supplements). The second precursor is vitamin D2, or ergocal-
ciferol, which can be used as a source of vitamin D via oral medication or through 
enriched foods. Vitamin D3 differs in molecular structure from vitamin D2 in that 
it has a double bond between the 22nd and 23rd carbon atoms and a methyl group 
on the 24th carbon atom [2]. These structural differences in vitamin D2 affect its 
catabolism. Compared to vitamin D3, vitamin D2 has a lower affinity for vitamin D- 
binding protein (VDBP), which leads to its easy removal from the circulation, a 
reduced formation of 25-hydroxy vitamin D2 (25OHD2) by the 25-hydroxylase 
enzyme, and increased inactivation by the action of 24-hydroxylase [3–5]. Although 
both vitamin D2 and D3 are used as drugs, studies have shown that a higher serum 
25OHD2 vitamin level is obtained when vitamin D3 is used in treatment compared 
to vitamin D2 [6]. In addition, it has been shown that active vitamin D obtained 
from vitamin D3 has a higher affinity for the vitamin D receptor (VDR) [4]. Despite 
these differences, vitamins D2 and D3 are both metabolized in substantially the 
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same way and are commonly referred to as vitamin D. Vitamin D is a prohormone 
and inactive, and to be activated, it must go through a series of enzymatic and non-
enzymatic steps.

2. Vitamin D synthesis

2.1  The synthesis of vitamin D3 from the skin and the factors affecting this 
synthesis

Formation of vitamin D3, which is the first step of vitamin D synthesis, takes 
place in the epidermis by a non-enzymatic process (Figure 1). Vitamin D3 is the 
most important source of vitamin D in the body. 90–95% of vitamin D3 in the 
human body is produced from the skin with the effect of sunlight. Therefore, 
sunlight is the main source of vitamin D synthesis, and if there is sufficient expo-
sure to sunlight, there is no need to take additional vitamin D. The mechanism of 
non-enzymatic photolysis of vitamin D by ultraviolet B (UVB) rays with wave-
lengths in the range of 290–315 nm involves the breaking of a bond in the B ring of 
7-dehydrocholesterol (pro-vitamin D3), resulting in pre-vitamin D3 formation in 
the epidermis. Subsequently, two different double bonds are formed between the 
broken carbon atoms in the B ring by thermo-sensitive non-enzymatic process, and 
the formation of vitamin D3 from pre-vitamin D3 is completed (Figure 2) [7].

The synthesis of vitamin D3 from pro-vitamin D3 in the skin is adjusted 
according to the needs of the organism. In a period of just fifteen minutes, pre-
vitamin D3 is synthesized from pro-vitamin D3 with the effect of ultraviolet light. 
Conversion from pre-vitamin D3 to vitamin D3 occurs by isomerization in a rather 
slow and thermo-sensitive manner. In the case of exposure to UV rays or solar 
radiation for a long period, pre-vitamin D3 converts to a number of photolyzed 
inactive by-products, such as lumisterol (irreversible) or tachysterol (which can be 
converted back to pre-vitamin D3). These by-products have no biological effects 
(Figure 2). In other words, once pre-vitamin D3 is formed in the skin, it turns into 
either vitamin D3 or inactive metabolites. This is a physiological control mecha-
nism that protects the body from vitamin D intoxication by preventing unneces-
sary vitamin D synthesis [8, 9].

Some conditions that prevent UVB rays from reaching the skin cause a 
decrease in vitamin D production. One of these reasons is the ozone (O3) layer 
surrounding the atmosphere, which reflects some of the sun’s rays, preventing 
them from reaching the Earth and their harmful carcinogenic effects on the skin. 

Figure 1. 
Vitamin D metabolism.
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The peak UVB wavelength required for optimal vitamin D synthesis from the skin 
is 297 (290–315) nm [1, 8]. In addition, air pollution, aerosols, water vapors, and 
increased nitrogens in the air also play a role in preventing sunlight reaching the 
Earth, and consequently result in a potential reduced synthesis of vitamin D [8]. 
Another factor affecting the effectiveness of UVB rays in the synthesis of vitamin 
D in the skin is the solar zenith angle, which affects how UVB rays reach the world 
quantifiably. When the sun moves in a path closer to the horizon, which occurs in 
the northern latitudes in the winter season, vitamin D synthesis is more adversely 
affected (or reduced). In the summer time in the northern latitudes, a normal 
biosynthesis is more propitious or favorable. The narrowing of this angle indicates 
that the sun rays reach the Earth more steeply and intensely. The solar zenith angle 
is closely related to sunbathing time during the day, the seasons and the geographic 
region (latitude). Sunlight reaches the Earth most intensely in the “mid-day” 
when it is summer in the northern latitudes and the weather is clear. Finally, it 
is thought that sunlight exposure is sufficient for vitamin D synthesis in all geo-
graphic regions below 35 degrees north or south latitude all year round. In regions 
beyond this latitude toward the poles, especially in winter, sunlight is not sufficient 
for vitamin D synthesis. For example, UVB rays are not sufficient for vitamin D 
synthesis between October and April in Rome, which is located on 41.9 degrees 
north latitude, and between November and February in Berlin and Amsterdam, 
which are located on 52 degrees north latitude. For the reasons mentioned above, 
it is difficult to predict how much UVB rays reach the skin and how much of this 
increases serum vitamin D levels. In experimental studies, it has been reported that 
UVB rays that will cause minimal erythema in 25% of the skin are equivalent to 
1000 units of oral vitamin D intake [2, 3, 8].

UVB rays are also affected by the individual’s clothing style, use of sunscreen, 
and skin colour determined by pigmentation with melanin. In dressing style, 
especially the type of the clothing fabric used is of great importance [10]. Non-
synthetic, light-colored, and linen garments play a less preventive role in UV rays 
reaching the skin than do garments made of silk, nylon, polyester, and wools. For 
example, black-dyed cotton clothing prevents 98.6% of UVB rays from reaching 
the skin compared to white (undyed) cotton clothing, which blocks 47.7% of UVB. 
Topical sunscreens also prevent UVB rays from reaching the skin by absorbing, 
reflecting or dispersing them. Topical creams with a sun protection factor of 8 
or higher block vitamin D synthesis above 95% [11]. Melanin is a large, opaque 
polymer synthesized by melanocytes in the skin through the stimulus of exposure 
to UVB rays. Melanin competes with dehydrocholesterol 7 in the skin to absorb 
UVB photons and thus inhibits vitamin D synthesis [12]. Individuals with dark skin 

Figure 2. 
Vitamin D3 synthesis from 7-dehydrocholesterol in the epidermis.
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colour have more melanin pigment in their epidermis than light-skinned individuals 
and require higher concentrations of sunlight for the same amount of vitamin D  
synthesis [12]. In addition, the 7-dehydrocholesterol level (provitamin D) in 
the epidermis can also affect the serum vitamin D concentration. For example, 
7-dehydrocholesterol levels in scar tissue caused by the burn are reduced by 42.5% 
of normal. In these cases, progressive vitamin D deficiency develops, especially 
if supplemental dietary vitamin D is not provided. Moreover, the content of pro-
vitamin D in the skin decreases with age. Skin temperature is also important for 
vitamin D synthesis. Vitamin D from pre-vitamin D by isomerization whose rate of 
formation is temperature- dependent. The rate decreases as the skin temperature 
decreases. In a healthy person, the skin temperature is lower than the central body 
temperature and varies between 29 and 35 degrees Celcius. When the skin tem-
perature is 37 degrees Celcius, the isomerization of vitamin D from pre-vitamin D 
occurs within 2.5 hours [13, 14].

2.1.1 Biosynthesis of 25OHD3 (25-hydroxylase) in liver

Vitamin D3 synthesized in the skin is released into the systemic circulation and 
all forms are transported by binding to VDBP in serum. A portion of vitamin D, a 
fat-soluble vitamin, is stored in adipose tissue for use when necessary. The ability 
of vitamin D to be stored in adipose tissue extends its total half-life in the body up 
to approximately 2 months. When vitamin D3 is transported to the liver, it is first 
converted into 25OHD3 by the cytochrome P450 25-hydroxylase enzyme. 25OHD3 
is the main circulating form of vitamin D, and it is the parameter that provides the 
best estimation about the body’s vitamin D pool [15]. Various enzymes that show 
25-hydroxylase properties have been described in the body. Among these, the first 
one is CYP27A1 located in mitochondria, and the second is microsomally located 
CYP2R1 [1, 6, 16]. CYP27A1 also exerts 27-hydroxylase effect and is involved in 
bile acid synthesis. Although CYP27A1 is expressed in different tissues of the body, 
the tissues where it is most commonly found are liver and skeletal muscle tissues 
[1, 2]. In experimental studies, it was reported that the serum 25OHD3 levels were 
increased in mice which possess an inactivated CYP27A1 gene, and that rickets 
did not occur in these mice [17]. Interestingly, in this study, it was shown that 
CYP2R1 expression increased after CYP27A1 gene inactivation, and consequently 
25-hydroxylation activity increased [17]. In addition, individuals with a CYP27A1-
inactivating mutation develop a cerebrotendinous xanthomatosis disease with bile 
and cholesterol synthesis disorders, but without rickets manifestation [18]. Besides 
CYP27A1, different CYP-450 enzymes with 25-hydroxylase activity (CYP2D25, 
CYP2J2, CYP2J3, and CYP2C11) have been identified in humans and animals, with 
the most important one in human being CYP2R1. It is assumed that enzymes other 
than CYP2R1 have effects only on serum 25OHD3 levels [2].

Studies have suggested that CYP2R1 is the major enzyme responsible for 
25-hydroxylation in the human body. This enzyme is expressed in many tissues, 
mainly liver, skin, and testis [1, 2, 17]. The 25-hydroxylase encoded by the CYP2R1 
gene was first described by Cheng et al. [19]. It was first reported by Chen et al. [20] 
that homozygous inactivating mutations of this gene lead to clinically observed 
rickets (vitamin D-dependent rickets type IB) in Nigerian families. It has been 
reported that these cases gave suboptimal response to standard vitamin D (inactive 
vitamin D2 or D3 forms) treatment [21]. The CYP2R1 enzyme has equal affinity for 
the different forms of vitamin D precursors (D2 or D3) [19]. Studies have shown 
that 25-hydroxylase effect increased in male rats given estrogen, whereas this activ-
ity decreased in female rats given testosterone [21]. Despite experimental studies, 
the effect of sex steroids on 25-hydroxylase enzyme activity in humans is unknown. 
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It has been shown that in CYP2R1-null mice, the level of 25OHD3 decreases by 50%, 
when both CYP2R1 and CYP27A1 are inactivated, and that serum 25OHD3 levels 
decrease by 70%, and serum 25OHD3 level remains at a measurable level in both 
cases [2, 17]. This supports the view that serum vitamin D level is compensated by 
other enzymes with recruitable 25-hydroxylase enzyme activity.

2.1.2  Formation of active vitamin D [1,25 (OH) 2D3] by 1-alpha hydroxylase 
(CYP27B1) in the kidney

The final step of active vitamin D formation takes place in the proximal tubules 
of the kidney, led by the enzyme 1-alpha hydroxylase. 25OHD3, which is bound to 
VDBP, is taken into tubule cells and metabolized (1-alpha hydroxylation) through 
megalin and cubilin, which are transmembrane proteins located in renal tubules 
and act as surface receptors for VDBP in tubules. 25OHD3, which then undergoes 
1-alpha hydroxylation [1, 2]. The 1-alpha hydroxylase enzyme hydroxylates the 
first carbon atom in the A ring of 25OHD3, resulting in the formation of 1,25 (OH) 
2D3 [1]. CYP27B1 is the only enzyme that has 1-alpha hydroxylase activity. This 
enzyme, which belongs to the cytochrome P-450 enzyme system, is located in the 
inner mitochondrial membrane and carries out electron transport to NADPH via 
ferrodoxin-ferrodoxin reductase [1, 2]. The gene for the enzyme consists of nine 
exons and is located 12q14.1 chromosomal region. Four different groups reported 
the cloning and sequencing of the gene from rats, mice and humans [22–26]. In 
biallelic inactivating mutations of this enzyme, which is highly homologous to 
some mitochondria located cytochrome P-450 enzymes (CYP27A1 and CYP24A1), 
25OHD3 cannot be converted to 1.25 (OH) 2D3, which is the active vitamin D 
form. In this case, the clinical picture of vitamin D-dependent rickets type 1A (also 
called pseudo-vitamin D deficiency rickets) occurs [23]. This disease is typically 
characterized by rickets, with clinically observed very low 1.25 (OH) 2D3, low 
serum calcium/phosphorus, and high parathyroid hormone (PTH) levels. CYP27B1 
is expressed mainly in the renal proximal tubules and in the placenta during 
pregnancy [27]. While the expression of the gene encoding this enzyme increases 
with the effect of PTH, it decreases with FGF23 (fibroblast growth factor 23) and 
1.25 (OH) 2D3. CYP27B1 gene is also expressed in lung, brain, breast and intestinal 
system epithelial cells, immune system cells (macrophage, T/B lymphocytes and 
dendritic cells), osteoblasts, chondrocytes, and some tumor cell types [1, 2]. The 
regulation of the extra-renal localized 1-alpha hydroxylase enzyme differs. In 
some granulomatous diseases where monocyte/macrophage cells play an impor-
tant role (sarcoidosis, tuberculosis, Chron’s disease, etc.), with the effect of IL-1, 
TNF-α, IFN-γ, 1-alpha hydroxylase enzyme activity increases and 1,25 (OH) 2D3 
is synthesized in greater quantities than normal, and consequently, hypercalcemia 
and hypercalciuria emerge [28–30]. Additionally, since cells in these tissues do not 
have PTH receptors, it is not yet understood how PTH exerts its enhancing effect 
on the 1-alpha hydroxylase enzyme activity in these cells. In one study, it has been 
suggested that this enhancing effect of PTH may have occurred through post-
transcriptional effects [31]. Moreover, 1-alpha hydroxylase enzyme in these cells is 
not inhibited by 1,25 (OH) 2D3 or hypercalcemia, unlike the renal tubules.

2.1.3 Inactivation of vitamin D by 24-hydroxylase (CYP24A1)

The 24-hydroxylase enzyme is located in the mitochondrial inner membrane 
of the cells located in the proximal kidney and, like CYP27B1, uses the electron 
transport system that enables electron transport to NADPH via ferrodoxine-
ferrodoxin reductase. It is known that CYP24A1, which is the only enzyme showing 
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suggested that this enhancing effect of PTH may have occurred through post-
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24-hydroxylase enzyme activity in humans, can also exhibit 23-hydroxylase enzyme 
activity [2]. Which enzyme will be more prominent varies according to the species 
[32]. The 23-hydroxylase, another enzyme that degrades vitamin D, is the first step 
activity in the conversion of 1,25 (OH) 2D3 to 1,25 (OH) 2D3-23,26-lactone.

The CYP24A1 enzyme, encoded in 20q13 chromosomal region and having 
24-hydroxylase enzyme activity, initiates catabolic processes that lead to the 
inactivation of vitamin D by hydroxylating the 24th carbon atom. This enzyme 
can use both 25OHD3 and 1.25 (OH) 2D3 as substrates, but has a higher affinity 
for 1.25 (OH) 2D3. As a result of a series of enzymatic reactions, calcitroic acid is 
formed, which becomes biologically inactive. On the other hand, it has been sug-
gested that the 1,25 (OH) 2D3-23,26-lactone, which is formed in the 23-hydroxy-
lase pathway, lowers serum calcium level, inhibits bone resorption induced by 
1.25 (OH) 2D3, and stimulates the formation of collagen tissue in bone tissue [33]. 
In addition, it has been suggested that 24,25 (OH) 2D3 is not only a degradation 
product, but has an important role in bone metabolism, especially in endochon-
dral bone formation [34].

There are two vitamin D response elements (VDRE) in the promoter region of 
the CYP24A1 gene [35]. When active vitamin D is bound to the these one of VDRE 
after heterodimerization with various molecules, thus initiates the inactivation 
process of vitamin D. In addition, it has been shown that CYP24A1 gene expression 
decreases with the effect of PTH, whereas it increases with increased FGF23 con-
centrations [1, 32, 36, 37]. Inactivating mutations in CYP24A1 lead to an idiopathic 
infantile hypercalcemia clinic characterized by hypercalcemia, hypercalciuria, 
nephrocalcinosis, low PTH, low 24.25 (OH) 2D3 and high 1.25 (OH) 2D3 levels 
[37]. As a result, CYP24A1 is a critical enzyme that protects the body from excessive 
accumulation and possible intoxication of vitamin D.

2.1.4 3-epimerization of Vitamin D

3-epimerase activity was first demonstrated in 2001, with the detection of the 
3-epi form of 1,25 (OH) 2D3 in keratinocytes [38]. In the following years, epimer 
forms of 25OHD3 and other vitamin D metabolites were discovered. However, the 
enzyme or enzymes involved in epimerization has not yet been identifiedpurified 
or cloned. This enzyme changes the hydroxyl group in the 3rd carbon of the A ring 
from the alpha orientation to the beta orientation, causing the three-dimensional 
structure to change and consequently alter the activity of CYP27B1 and CYP24A1 
enzymes on vitamin D metabolism. These epimers can be detected by special 
liquid chromatography-mass spectroscopy (LC-MC) measurement methods [2]. 
C-3 epimer forms of 25OHD3 and 1,25 (OH) 2D3 have been shown to have lower 
affinity for VDR and VDBP compared to non-epimer forms [38]. The C-3 epimer 
form of 1,25 (OH) 2D3 has been shown to cause PTH suppression similar to the 
non-epimer form, but its effects on bone tissue are not clear. In addition, epimer 
forms have also been shown to have non-calcium effects (anti-proliferative effect, 
surfactant synthesis) [39]. It has been shown that the serum levels of vitamin C-3 
epimer forms are found to be 60% higher in the period between the neonatal period 
and one year old, and decrease after one year of age and decrease to very low levels 
in adulthood [2, 38]. The reason why epimer forms with limited biological activity 
are important is that they cause interference and false high results in serum 25OHD3 
and 25OHD2 measurement. Therefore, it is important to prefer the method (espe-
cially LC–MS / MS) that can exclude this effect of epimer forms that cause serum 
vitamin D measurement interference. However, the use of LC–MS/MS method in 
the measurement of vitamin D has not become widespread in the world, and the use 
of this method is only recommended in selected cases.
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2.1.5 Transport of Vitamin D

The largest part of the circulating vitamin D is in the form of 25OHD3, and 
its serum concentration is in equilibrium with the level of vitamin D stored 
in muscle and adipose tissues. The parameter that gives the best information 
about the whole vitamin D pool in the body is 25OHD3 and its known half-life 
of 15–20 days. Most of all forms of vitamin D in circulation (85–88%) are trans-
ported by binding to VDBP and the remaining part (12–15%) to albumin [2, 40]. 
The serum concentration of VDBP is 4–8 nM and only 2% of it is bound with 
vitamin D metabolites [2]. Moreover, the affinity of VDBP to 25OHD3 is 20 times 
higher than 1.25 (OH) 2D3 [3]. 0.03% of 25OHD3 and 0.4% of 1.25 (OH) 2D3 
are in free form [2]. In chronic liver disease or nephrotic syndrome, VDBP and 
albumin levels and thus total serum 25OHD3 and 1.25 (OH) 2D3 levels decrease, 
but the levels of free forms are not affected [41]. Likewise, since the VDBP level 
may decrease during the acute disease period, evaluating the body’s vitamin D 
pool by measuring the serum 25OHD3 level with standard immunoassays may 
lead to misinterpretations [42]. In conclusion, while the total levels of vitamin D 
forms are affected by the VDBP level, there is no relationship between VDBP and 
free vitamin D forms, which are essential for biological activity. It was shown 
that both 25OHD3 and 1.25 (OH) 2D3 levels in VDBP-null mice were lower than 
wild type mice, but serum PTH and calcium levels were similarly normal in both 
groups [43]. This supports the view that serum vitamin D level measured by the 
standard method may not be an indicator of biologically active vitamin D pool. 
In addition, the predisposition of VDBP-null mice to the development of osteo-
malacia after a vitamin D-restricted diet suggests that VDBP may play a role in 
maintaining the existing vitamin D pool [44]. In addition, some single nucleotide 
polymorphisms (GC1F, GC1S, GC2) in the VDBP gene have been shown to impact 
the affinity of VDBP on vitamin D metabolites [1, 45, 46].

3. The mechanism of Vitamin D actions

Vitamin D provides its biological effect in two different ways. The first is by 
directly affecting gene transcription (genomic effect) as other steroid hormones. 
This effect is relatively slow and usually occurs within hours or days. The second 
is the non-genomic pathway whose biological effect is relatively faster (within 
minutes). Vitamin D exerts its non-genomic effect by directly altering the trans-
membrane passage of some ions (Ca, Cl) or by affecting intracellular signaling 
pathway activities (cAMP, PKA, PLC, PI-3 kinase and MAP kinase) [1, 2]. 
Genetic studies on vitamin D support that active vitamin D directly or indirectly 
regulates 0.8–5% of the total genome, suggesting the role of active vitamin D in 
many actions such as regulation of cellular growth, DNA repair, differentiation, 
apoptosis, membrane transport, cellular metabolism, adhesion and oxidative 
stress [1–3, 47].

3.1 Genomic effect of Vitamin D

The active form of vitamin D displays this effect through the vitamin D recep-
tor (VDR). VDR is a member of the nuclear hormone receptor superfamily, which 
includes steroid, thyroid hormone, and retinoic acid receptors [48]. The VDR gene 
located on chromosome 12 consists of 427 amino acids encoded by. The structure of 
the VDR consists of a relatively short N-terminal domain compared to other nuclear 
receptors, two zinc-fingers that allow the receptor to bind to DNA, and a highly 
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variable C-terminal region, and the hinge region connecting binding these domains 
(Figure 3) [2]. The DNA-binding region of the receptor is rich in cysteine, and 
the sequence of this region is largely conserved between species. The zinc-finger 
structure close to the C-terminal part of VDR determines the specificity for the 
VDRE (vitamin D response element), which is the binding site on the DNA. The 
other zinc-finger structure is involved in the heterodimerization of VDR with RXR 
(retinoid X receptor) [1, 2]. The ligand-binding part of the receptor consists of 12 
α-helix structures (H1-12; the H12 part is also called AF2) and 3 β-sheet structures 
(S1-3) [49]. The AF-2 region located at the end of the C-terminal is the binding site 
of co-activator complex structures such as SRC (steroid receptor coactivator) and 
DRIP (vitamin D receptor interacting protein). Transcription is initiated by binding 
co-activators to this region [50]. Apart from these functional domains, there are 
NLS (nuclear localization signal) regions within the DNA binding region of VDR, 
which are necessary for maintaining transcriptional activity [2]. In addition, there 
is a hinge region between the ligand-binding and DNA-binding domains of the VDR 
that ensures molecule stabilization.

After active vitamin D crosses the target cell membrane, it interacts with the 
ligand-binding domain of its own receptor (VDR) in the cytoplasm of the cell. 
Vitamin D is embedded in the ligand-binding domain, and subsequently, in the 
H12 alpha-helix H12 (AF-2) region, which is located at the end of the ligand 
binding part [51]. This critical conformational change of AF-2 facilitates the 
binding of co-activators in later stages [52]. In the next step, vitamin D-bound 
VDR binds to RXRα to form a VDR/RXR heterodimer structure that binds to 
cognate VDR elements (VDRE) in the promoter region in the target genes with 
a high affinity to initiate gene activation or inhibition. There are many gene-
specific VDREs associated with bone metabolism, xenobiotic detoxification, 
drug resistance, cell growth and differentiation, angiogenesis, mammalian hair 
growth cycle, lipid synthesis regulation, apoptosis, and immune functions, sug-
gesting that vitamin D has numerous regulatory roles in various organs or tissues 
in the body [53].

After active vitamin D-VDR-RXR-VDRE interaction, the progression of 
transcription is controlled by co-activator and co-repressors. The best known 
co-activators are the p160 co-activator family (eg CBP/p300 and p/CAF) and 
SRC 1,2,3. Both bind to the AF-2 part and have histone acetyl transferase (HAT) 
activity, which enables the opening of the histone structure and thus facilitates 
gene expression [54]. The SRC complex has three NR regions that facilitate 
binding and contain LxxLL (L, leucine; x, any amino acid) motifs. Likewise, the 
DRIP complex (Mediator) also has NR regions with LxxLL motifs consisting of 15 
or more amino acids [55]. Unlike SRC, DRIP complex does not have HAT activity. 
This suggests the fact that both protein complexes play a complementary role in 
the initiation of transcription. The mediator multi-protein complex DRIP205/
MED1 (also known as MED1) accumulates around RNA polymerase 2of the initia-
tion complex. This complex then interacts with the TATA region in the promoter 

Figure 3. 
The structure of the Vitamin D receptor (VDR).
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region and enables transcription to be initiated [56]. Co-repressors (eg SMRT and 
NCoR) have histone de-acetylase activity and inhibit transcription by preventing 
unfolding of the histone core.

3.2 Non-genomic effects of vitamin D

Some of the hormones that act on the nuclear hormone receptor can also exert 
their biological effects on the membrane receptor without the need for additional 
gene regulation [2]. The non-genomic effect occurs through messenger-mediated 
pathways. Estrogen, progesterone, testosterone, corticosteroids and thyroid 
hormones have been reported to exert their effects by using both genomic and non-
genomic pathways [2]. Vitamin D has been shown to directly regulate the activation 
or distribution of various ion-transport channel proteins (for calcium and chloride) 
and of enzymes (protein kinase C and phospholipase C) through the membrane 
receptor in osteoblast, liver, muscle, and intestinal cells (Figure 4) [57–62]. In 
order to demonstrate the non-genomic effect of vitamin D, many studies have 
been conducted on intestinal calcium absorption. Rapid vesicular calcium absorp-
tion (also called transcaltachia) has been shown in the chick intestinal tract [63]. 
Further experimental studies have shown that intestinal calcium transport cannot 
be blocked by the administration of actinomycin D (which inhibits the genomic 
effect) [64], whereas calcium absorption can be blocked by inhibition of voltage-
gated L-type calcium channel proteins [65] or by protein kinase C [66].

Apart from the intestinal system, it has been suggested that the non-genomic 
effect also occurs in chondrocytes in the growth plate and keratinocytes in the 
skin [67, 68]. Vitamin D is believed to exert its non-genomic effects through VDR 
analog and MARRS (also known as ERp57/GRp58/ERp60) receptors located on the 
cell membrane [69, 70]. These membrane receptors are located within the caveolar 
lipid layer [71]. In addition, research findings indicate that VDR is also necessary 
for the expression of membrane receptors that involve in the emergence of non-
genomic effect [1, 2]. In studies evaluating the effects of vitamin D analogs (6-s-cis 
or 6-s-trans conformations), the 6-s-cis form can activate intestinal rapid calcium 
entry even though the VDR affinity is very low, whereas the 6-s-trans form has been 
shown to be ineffective in calcium metabolism [67].

Figure 4. 
Representation of the signal transduction pathways where Vitamin D has its non-genomic effect (2). After 
vitamin D binds to the membrane receptor, GDP in the G protein α-subunit turns into GTP and activation 
occurs. The α-subunit of the G protein is separated from other subunits and binds to phospholipase C (PLC). 
The PLC is then activated to convert phosphoinositol bisphosphate (PIP2) to inositol triphosphate (IP3) and 
diacylglycerol (DAG). Calcium release from the endoplasmic reticulum via the IP3 receptor (IP3R); DAG 
activates PKC. PKC, on the other hand, provides calcium entry into the cell via the L-type calcium channel in 
the membrane.



Vitamin D

10

variable C-terminal region, and the hinge region connecting binding these domains 
(Figure 3) [2]. The DNA-binding region of the receptor is rich in cysteine, and 
the sequence of this region is largely conserved between species. The zinc-finger 
structure close to the C-terminal part of VDR determines the specificity for the 
VDRE (vitamin D response element), which is the binding site on the DNA. The 
other zinc-finger structure is involved in the heterodimerization of VDR with RXR 
(retinoid X receptor) [1, 2]. The ligand-binding part of the receptor consists of 12 
α-helix structures (H1-12; the H12 part is also called AF2) and 3 β-sheet structures 
(S1-3) [49]. The AF-2 region located at the end of the C-terminal is the binding site 
of co-activator complex structures such as SRC (steroid receptor coactivator) and 
DRIP (vitamin D receptor interacting protein). Transcription is initiated by binding 
co-activators to this region [50]. Apart from these functional domains, there are 
NLS (nuclear localization signal) regions within the DNA binding region of VDR, 
which are necessary for maintaining transcriptional activity [2]. In addition, there 
is a hinge region between the ligand-binding and DNA-binding domains of the VDR 
that ensures molecule stabilization.

After active vitamin D crosses the target cell membrane, it interacts with the 
ligand-binding domain of its own receptor (VDR) in the cytoplasm of the cell. 
Vitamin D is embedded in the ligand-binding domain, and subsequently, in the 
H12 alpha-helix H12 (AF-2) region, which is located at the end of the ligand 
binding part [51]. This critical conformational change of AF-2 facilitates the 
binding of co-activators in later stages [52]. In the next step, vitamin D-bound 
VDR binds to RXRα to form a VDR/RXR heterodimer structure that binds to 
cognate VDR elements (VDRE) in the promoter region in the target genes with 
a high affinity to initiate gene activation or inhibition. There are many gene-
specific VDREs associated with bone metabolism, xenobiotic detoxification, 
drug resistance, cell growth and differentiation, angiogenesis, mammalian hair 
growth cycle, lipid synthesis regulation, apoptosis, and immune functions, sug-
gesting that vitamin D has numerous regulatory roles in various organs or tissues 
in the body [53].

After active vitamin D-VDR-RXR-VDRE interaction, the progression of 
transcription is controlled by co-activator and co-repressors. The best known 
co-activators are the p160 co-activator family (eg CBP/p300 and p/CAF) and 
SRC 1,2,3. Both bind to the AF-2 part and have histone acetyl transferase (HAT) 
activity, which enables the opening of the histone structure and thus facilitates 
gene expression [54]. The SRC complex has three NR regions that facilitate 
binding and contain LxxLL (L, leucine; x, any amino acid) motifs. Likewise, the 
DRIP complex (Mediator) also has NR regions with LxxLL motifs consisting of 15 
or more amino acids [55]. Unlike SRC, DRIP complex does not have HAT activity. 
This suggests the fact that both protein complexes play a complementary role in 
the initiation of transcription. The mediator multi-protein complex DRIP205/
MED1 (also known as MED1) accumulates around RNA polymerase 2of the initia-
tion complex. This complex then interacts with the TATA region in the promoter 

Figure 3. 
The structure of the Vitamin D receptor (VDR).

11

Vitamin D Metabolism
DOI: http://dx.doi.org/10.5772/intechopen.97180

region and enables transcription to be initiated [56]. Co-repressors (eg SMRT and 
NCoR) have histone de-acetylase activity and inhibit transcription by preventing 
unfolding of the histone core.

3.2 Non-genomic effects of vitamin D

Some of the hormones that act on the nuclear hormone receptor can also exert 
their biological effects on the membrane receptor without the need for additional 
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tion (also called transcaltachia) has been shown in the chick intestinal tract [63]. 
Further experimental studies have shown that intestinal calcium transport cannot 
be blocked by the administration of actinomycin D (which inhibits the genomic 
effect) [64], whereas calcium absorption can be blocked by inhibition of voltage-
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4. Effects of Vitamin D on calcium and phosphorus

4.1 Intestinal calcium absorption

One of the most important functions of vitamin D is to increase calcium absorp-
tion from the intestines. Calcium absorption from the intestinal tract occurs trans-
cellular and para-cellular processes mediated through genomic and non-genomic 
effects. Among these, the trans-cellular pathway largely utilized by the intestinal 
system, which is regulated by vitamin D [2]. The absorption effect of vitamin D 
with non-genomic effect of calcium occurs directly on the membrane (transcalta-
chia). The channel-mediated calcium absorption effect of vitamin D occurs more 
slowly [2].

Calcium enters the epithelian cell by the effect of an electrical and chemical gra-
dient via calcium channel protein TRPV6 (which has significant sequence homol-
ogy to TRPV5 in the kidney), the transmembrane protein at the lumenal brush 
border edge of the intestinal epithelial cell. The expression of TRPV6 is activated 
by vitamin D [72]. Reduced intestinal calcium transport is observed in TRPV6 null 
mice [73]. Calcium entering the cell binds to calmodulin (CaM), which is bound 
with myosin 1A (also known as brush border myosin I). This formed complex 
allows calcium to be transported across the microvilli. Subsequently, the transport 
of calcium up to the basolateral membrane occurs inside the vesicle via calbindin-
D9k (CaBP). The affinity of calcium for calbindinin is greater than for calmodulin, 
and better facilitates calcium transport inside the cell [74]. The calcium reaching 
the basolateral membrane is pumped out of the cell to systemic circulation via the 
Ca-ATPase (PMCA1b) pump located on the membrane [1, 2]. In addition, although 
it is less important, NCX (sodium/calcium exchanger), located in the basolateral 
region, also plays a role in excretion of calcium [2, 75]. Vitamin D shows its increas-
ing effect on intestinal calcium absorption by inducing expression of TRPV6, CaBP 
and PMCAb and increasing the binding affinity of CaM to myosin 1A [1, 2].

Intestinal calcium absorption, serum calcium level and bone mineral content in 
Kalbindin D9k null mice (regardless of dietary calcium level) have been shown to be 
similar to normal mice [76]. Intestinal calcium absorption was found to be normal 
in calbindin D9k and TRPV6 null mice when a diet containing the daily requirement 
for calcium was given [77]. These findings indicate there is a mechanism other 
than the genomic effect through which vitamin D exerts its action (a non-genomic 
effect) in calcium absorption in the intestines when the amount of calcium in the 
diet is sufficient.

While trans-cellular calcium absorption is effective in compensating for a low-
calcium diet, para-cellular calcium transport becomes important with the increase 
in calcium content in the diet [1]. Paracellular transport occurs through the extracel-
lular space between the layer of the epithelial cells in the intestine. Although it was 
previously thought that vitamin D does not affect para-cellular calcium absorption, 
studies conducted in recent years indicate otherwise, with vitamin D still affecting 
calcium absorption by increasing levels of various transmembrane and adhesion 
proteins that control the extracellular space between cells [78, 79]. However, it is not 
clear at what stage of the paracellular pathway these proteins are involved.

Phosphate, another important molecule for bone mineralization, is actively 
absorbed mostly in the jejunum, with absorption influenced by vitamin D [2]. 
This absorption is provided by sodium-phosphate co-transporter IIb (NaPi IIb). 
In experimental studies, it has been shown that phosphate absorption is blocked 
when cycloheximide, which inhibits protein synthesis, is given [80]. This situation 
supports that phosphate absorption occurs by genomic effect. Vitamin D increases 
NaPi-IIb expression and thus phosphate absorption [2].
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4.2 The effect of vitamin D on the kidneys

Most of the calcium that reaches the kidney tubules is absorbed from the 
proximal and distal tubules and approximately 1–2% of it is excreted through urine. 
Approximately 65% of calcium absorption in the kidney is passively absorbed para-
cellularly from the proximal tubules with the sodium gradient and independent of 
vitamin D direct action [1]. The rest of the calcium is absorbed from the ascending 
limb of the loop of Henle (20%), the distal tubules (15–20%), and the collecting 
ducts (5%) [81]. Vitamin D plays an important role in calcium absorption in the 
distal tubules and provides active calcium absorption via the trans-cellular pathway 
with the help of an electrochemical gradient [1]. Calcium is taken into the cell by 
TRPV5 channel on the surface of the tubular cell and is transported inside the cell 
by calbindin-D9k and D28k. Transported to the basolateral part of the cell, calcium 
is released into the systemic circulation by NCX1 (sodium/calcium exchanger) 
and PMCA1b. This mechanism is similar to that in the intestinal tract. Vitamin D 
increases the expression of TRPV5, calbindin, NCX and PMCA1b.

Phosphate is reabsorbed by sodium-dependent phosphate carrier proteins 
(NaPi-IIa and NaPi-IIc) in proximal tubular cells under vitamin D control. In 
addition, for phosphate reabsorption, a Na/K-ATPase channel located in the 
basolateral membrane is also needed [1, 2]. The impact of vitamin D on transport 
channels is not clearly known. While PTH increases the lysosomal degradation of 
phosphate transport channels, FGF23 causes a decrease in the expression of these 
 channels [1, 2, 82].

4.3 The effect of vitamin D on bone tissue

Calcium, phosphorus and vitamin D are important molecules for bone metabo-
lism and health. Calcium is one of the most abundant minerals in the body and is 
obtained entirely from dietary sources. In addition to its various biological effects 
in the body, it is also essential for bone metabolism [83]. More than 99% of the total 
body calcium is found in the bone tissue as a calcium-phosphate mineral complex, 
while the remaining <1% is distributed between the intracellular and extracellular 
compartments [83]. While 40% of calcium outside bone tissue is bound to protein, 
9% forms ionic complexes, and the remaining 51% is found as free ions [84, 85]. 
Ionized calcium balances the calcium pool in the intracellular-extracellular area 
and plays an important role in bone metabolism. This balance is provided by the 
cooperation of various hormones (PTH, vitamin D) and the organs they affect 
(kidney, bone and intestinal system) [83–85]. Where there is vitamin D deficiency 
(nutritional or genetic) or VDR-inactivating mutations, serum levels of calcium 
and phosphate, which play an important role in bone development and growth, are 
reduced and thus rickets/osteomalacia emerge. Rickets is a disease characterized by 
excessive osteoid tissue accumulation and defective mineralization of the epiphy-
seal plate, which occurs as a result of insufficient mineralization in the epiphyseal 
plates of growing bones [1, 2]. Osteomalacia is a disease characterized by a dete-
rioration in the mineralization of the newly formed osteoid and a decrease in bone 
turnover.

There is a continuous remodeling cycle consisting bone tissue resorption and 
mineralization. When calcium, phosphorus, and vitamin D are sufficient, this cycle 
continues in a balanced manner. In the case of negative calcium balance caused by 
insufficient calcium intake with diet or increased renal calcium loss, vitamin D 
increases bone resorption in osteoblasts through VDR signaling, resulting in 
calcium passage from bone to blood, which leads to impaired bone mineraliza-
tion. Vitamin D increases the expression of RANKL (receptor activator of NF-κB 
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ligand), which is an osteoclastogenic factor from osteoblasts [86, 89]. RANKL 
stimulates osteoclastogenesis and increases osteoclast formation by binding to its 
related receptor, RANK [87]. In conclusion, in the case of negative calcium balance, 
vitamin D tries to keep the serum calcium level in a certain balance by increasing 
resorption and decreasing mineralization [1].

In the case of a positive calcium balance, the osteoblastogenic activity of vitamin D  
is prominent. In this situation where anti-resorbtive effect is in the predominant, 
bone mineral density increases. The occurrence of this effect has been associated 
with a decrease in the RANKL/OPG (osteoproteogerin) ratio and an increase in 
LRP-5 (LDL receptor related protein 5) expression [1]. LRP-5 is controlled by the 
VDR and is a necessary co-receptor for the anabolic effect of osteoblasts [88]. In 
addition, vitamin D plays a role in the proliferation of chondrocytes in the growth 
plate through genomic action.

5. Regulation of vitamin D metabolism

Pro-vitamin-D3, pre-vitamin D3 and then vitamin D3 (cholecalciferol) conver-
sion in the skin is under the control of UV radiation. Serum vitamin D concentra-
tion reaches its highest level 24–48 hours after exposure to UV radiation and then 
shows a gradual decrease. The half-life of serum vitamin D is 36–72 hours. Vitamin 
D, which is a fat-soluble vitamin, is stored in adipose tissue for later use. The ability 
of vitamin D to be stored in adipose tissue extends its total half-life in the body up to 
approximately 2 months.

5.1 Regulation of 25-hydroxylase

There is little information on how this enzyme is regulated because of the few 
studies performed. What is known is that serum vitamin D level is inversely related 
to the rate of 25-hydroxylation in the liver, and the synthesis of 25OHD3 from 
vitamin D (cholecalciferol) is regulated by the 25-hydroxylase enzyme. This activity 
of the enzyme is directly inhibited by 25OHD3. Consequently, serum 25OHD3 levels 
can be kept at a physiological window ranging from 75 to 220 nmol/L (30–88 ng/
mL). However, when an overdose of vitamin D is taken orally, this inhibitory 
mechanism in 25OHD3 synthesis cannot prevent vitamin D intoxication [2].

5.2 Regulation of renal 1-alpha hydroxylation

Serum active vitamin D levels in healthy adults vary within extremely narrow 
ranges, so that even in cases of vitamin D intoxication, serum levels may remain 
normal. 1-alpha hydroxylation activity in the kidney is controlled by PTH, calcium 
and phosphorus. Hypocalcemia, increased PTH, and hypophosphatemia will 
stimulate increases in active vitamin D production through renal 1-alpha hydroxy-
lase enzyme activation, while hypercalcemia, FGF-23 secreted from osteoblasts, 
and active vitamin D itself have an inhibitory effect on active vitamin D synthesis 
through the renal 1-alpha hydroxylase enzyme. Active vitamin D increases FGF23 
synthesis from osteoblasts. FGF23 suppresses the 1-alpha hydroxylase enzyme and 
increases the activity of 24 hydroxylase enzymes. In addition, hypercalcemia sup-
pressing PTH and hyperphosphatemia by increasing FGF23 levels results in 1-alpha 
hydroxylase enzyme activity inhbition [1–3]. It is also suggested that calcium and 
phosphate have a direct regulatory effect on 1-alpha hydroxylase enzyme [89].

Calcitonin is known to reduce serum calcium levels through osteoclast inhibi-
tion. In addition, this hormone has been shown to increase the expression of 

15

Vitamin D Metabolism
DOI: http://dx.doi.org/10.5772/intechopen.97180

CYP27B1, the gene encoding the 1-alpha hydroxylase enzyme, in normocalcemic 
pregnant women due to the increase in calcium need. In this way, active vitamin D 
synthesis and consequently intestinal calcium absorption is increased [1, 90]. Apart 
from calcitonin, it has been suggested that prolactin also increases CYP27B1 expres-
sion, especially during lactation, and thus contributes to the increased calcium 
demand of the body [1, 91].

CYP3A4 enzyme in the liver and intestinal system has also been shown to be 
effective in the inactivation of 25OHD3 and reduction of active vitamin D [92]. 
Long-term use of drugs such as phenytoin, rifampicin, and carbamazepine may 
lead to up-regulation of the CYP3A4 enzyme and thus to a decrease in serum 
25OHD3 and active vitamin D levels.

5.3 Regulation of 24-alpha hydroxylase

When serum calcium, phosphate and PTH levels are within normal levels, 
25OHD3 and 1–25 (OH) 2 D3 are metabolized into biologically inactive forms by 
activation of 24-alpha hydroxylase enzyme in the kidneys (24–25 dihydroxy vitamin 
D3 and 1,24, 25 trihydroxy vitamin D3). This enzyme preferably binds to 1–25 (OH) 
2 D3, thus limiting the effect of active vitamin D in tissues through inactivation [2]. 
The low level of 24-hydroxylase enzyme activity leads to high levels of 1–25 (OH) 
2D3 and thus hypercalcemia. In addition, it has been suggested that a decrease in this 
enzyme activity may lead to impairment in intra-membranous bone mineralization 
[1, 2]. On the other hand, when 1–25 (OH) 2 D3 synthesis decreases, 1-alpha hydrox-
ylase enzyme activity increases and 24-hydroxylase enzyme activity decreases. It is 
also known that FGF23 increases the activity of 24 hydroxylase enzymes [1, 2].

5.4 Regulation of active vitamin D synthesis in extra-renal tissues

Numerous studies have shown active vitamin D synthesis by 1-alpha hydroxylase 
enzyme is not only a renal feature [2, 93]. The gene encoding the 1-alpha hydroxy-
lase enzyme and the vitamin D receptor gene can be expressed in many cells or 
tissues such as skin, placenta, prostate, parathyroid, bone tissue, colon, lung, breast 
tissue, monocytes and macrophages, as well as renal cells. It has been reported that 
active vitamin D synthesized in the aforementioned tissues functions mostly as an 
intracrine or paracrine factor in the tissues where they are located, and does not 
contribute to the active vitamin D levels in the circulation, except for some special 
cases [1, 2]. Since PTH and FGF-23 receptors are not found in these tissues, they 
are not directly involved in controlling active vitamin D synthesis. However, it is 
propable that PTH increases the effect of vitamin D through posttranscriptional 
modification [31]. Unlike in other tissues, in activated macrophages, there is also 
no negative feedback of active vitamin D on 1-alpha hydroxylase enzyme [91]. 
Moreover, although the 24-hydroxylase enzyme is expressed in these cells, its 
function is not fully understood. Cytokines such as IL-1, TNF-α, IFN-γ induce the 
synthesis of active vitamin D in keratinocytes. Unlike macrophages, keratinocytes 
have a fully functional 24-hydroxylase enzyme activity and is induced by active 
vitamin D. In this way, active vitamin D limits its own synthesis in the epidermis 
through alternative catabolism [1, 2, 93].

6. Vitamin D measurement methods

Measurement of serum levels of vitamin D, which plays an important role in cal-
cium and phosphorus metabolism and bone mineralization, is routinely performed 
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worldwide. For this, it is preferred to measure the 25OHD level, which has a longer 
half-life (24–36 hours), can be taken exogenously, and can be synthesized endog-
enously. The half-life of the 1–25 (OH) 2D3 form is short (4–6 hours), and its serum 
levels are 1000 times lower than 25OHD. For these reasons, the active form is not 
preferred for routine measurement. In this section, the measurement methods of 
25OHD vitamin are discussed.

To date, many methods have been developed for measuring serum vitamin D 
levels. These methods are basically divided into two groups. One methodology 
is the use of competitive binding and immunoassays: radioimmunoassay (RIA), 
enzyme immunoassay (EIA/ELISA), chemiluminescent immunoassay (CLIA), 
electrochemiluminescence assay (ECLIA), and competitive protein binding assay. 
The other methodology involves chemical methods. Chemical methods are based 
on the non-immunological direct detection methods typically after preparative 
chromatographic separation. Chemical methods include high performance liquid 
chromatography (HPLC) and LC/MS (liquid chromatography-mass spectrometer).

The first method used in the measurement of vitamin D is the competitive bind-
ing method in which VDBP binds. This method was first reported in 1971 and iden-
tifies 25OHD2 and 25OHD3 forms equally [94]. Limitations of this method include 
the incubation period of 10 days and its inability to separate some polar vitamin D 
metabolites [24,25(OH)2D, 25,26 (OH)2D ve 25,26 (OH)2D-26,23--lactone] [94]. In 
the late 1970s, the HPLC method was developed that can exclude the effect of polar 
vitamin D metabolites causing interference to the chromatographic method [95]. 
The advantages of this method, which uses a UV absorption technique, include the 
absence of lipid and polar vitamin D metabolite interference, the ability to measure 
25OHD2 and 25OHD3 separated at high resolution, and a high specificity and reli-
ability. Its disadvantages include the use of excess sample amounts, equipment cost, 
a need for preparative chromatography, and interference by other UV-absorbing 
compounds, and that the method is somewhat complex and not easily practical. It 
would not be considered a routine diagnostic test, as it is used in only about 2% of 
laboratories in the world) [94, 95]. With the later development of the RIA method, 
the value of quantifying vitamin levels improved. The advantages of this method 
type are that sample amount can be small and not pre-analytical preparative purifi-
cation process is required. The assay is economical and easily applicable, and results 
reliable. As to the disadvantages, chemical and radioactive (with the RIA) waste are 
issues, and there is cross-reactivity with polar vitamin D metabolites as in the ear-
lier competitive binding type assays. The RIA also is 100% specific for 25OHD3 and 
75% specific for 25OHD2, so the final calculation requires an adjustment [94, 96]. 
Nonetheless automated immunoassay methods are widely used in our country and 
all over the world (approximately 76% of laboratories in the world) [97]. Requiring 
less sample volume, not requiring sample preparation, easy equipment supply, easy 
application, fast results, no cross-reactivity with C3-epimer forms, and low user 
error are among the reasons why this method is used more widely in the world  
[97, 98]. Despite its widespread use, this method has some significant disadvantages. 
In this method, 25OHD2 and 25OHD3 cannot be distinguished and both are mea-
sured as total of 25OHD. This may lead to misinterpretation in countries that use 
ergocalciferol in treatment (eg America) [97]. In addition, automated immunoassay 
results can be affected by pregnancy, whether sampled from intensive care patients, 
the presence of chronic disease and liver diseases, all of which affect the amount 
of VDBP synthesized from the liver [99, 100]. In addition, it has been reported 
that there is a high probability of interferences involving automated immunoassay 
measurement methods [97, 101].

Due to the low reliability of immunoassay measurements, this method has 
begun to be replaced by LC–MS/MS, which is considered to be the “gold standard” 
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method. This method is used in approximately 18% of laboratories around the 
world, and it is estimated that its prevalence will increase due to its more accu-
rate and precise results [97]. This method provides distinguishing quantitative 
measurements of both 25OHD2 and 25OHD3 forms in both serum and plasma 
[102]. Hence, 25OHD2 can be easily monitored in countries where ergocalciferol is 
widely used. In addition, with this method, C-3 epimer forms of vitamin D, which 
are present in high levels in serum in the first year, can be separated from other 
forms, and these metabolites are prevented from causing vitamin D measurement 
 interference [97, 102].

In recent years, instead of measuring the level of vitamin D bound to VDBP, 
there is a strong belief in the need to measure free vitamin D levels as that is the 
form that accounts for the principal bioactivity. Routine methods measure the 
level of 25OHD vitamin bound to VDBP and provide information about the total 
body pool. In parallel with this, if the total body pool is sufficient, free vitamin D 
level is estimated to be sufficient. However, the situation is somewhat complex in 
obese patients, where a negative correlation between the amount of adipose tissue 
and serum vitamin D levels has been reported. In these cases, it has been reported 
that serum 25OHD level is lower than those with normal body weight, since large 
adipose tissue creates a larger pool for vitamin D sequestration [101–105]. In other 
words, serum 25OHD level in obese patients may not provide information about 
the body pool of vitamin D. It is thought that it would be more valuable to measure 
vitamin D levels that are not bound to binding protein in these cases. However, 
there is a serious standardization problem in the measurement of free 25OHD [103]. 
Also, Bikle et al. [106] proposed a method by which free 25OHD vitamin can be 
calculated. However, studies have shown that the results obtained with this method 
are not reliable [107]. Finally, direct measurement or indirect calculations of free 
forms of vitamin D are not yet suitable for routine use.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Vitamin-D is not only an essential element in bone health, but it is also a  
pro-hormone. Deficiency of vitamin D is the most common cause of rickets and is 
also known to increase the risk of respiratory distress syndrome, lower respiratory 
infections, food sensitivities, asthma, type I diabetes, autism and schizophrenia. 
Vitamin D deficiency limits the effective absorption of dietary calcium and phos-
phorus. Vitamin D status in newborns is entirely dependent on maternal supply 
during pregnancy. Low maternal vitamin D status during pregnancy is a major risk 
factor for rickets in infants. Rickets in children is caused by severe, chronic vitamin D 
deficiency with apparent skeletal abnormalities, but neonates with vitamin D 
insufficiency have no overt skeletal or calcium metabolism defects. Rickets was a 
global disease in the early twentieth century. It has nearly disappeared in developed 
countries after its causal pathway was understood and fortification of milk with the 
hormone vitamin D was introduced at the population level. Surprisingly, rickets is 
re-emerging per recent evidence. Vitamin D deficiency is prevalent in both devel-
oped and developing countries. The chapter will review the prevalence of vitamin D 
deficiency in pregnant women and newborn population and its adverse effects on 
pregnancy and infant’s health. The chapter also describes evidence-based recom-
mendations to prevent vitamin D deficiency in these vulnerable population.

Keywords: Vitamin D, deficiency, newborn, preterm, rickets, pregnancy

1. Introduction

Vitamin D is a fat-soluble secosteroid. It is a prohormone that can be ingested 
or derived from body sterols by the photolytic activity of ultraviolet rays on human 
skin. Vitamin-D is not only an essential element in bone health, but it is also a 
pro-hormone that plays a well-recognized role in other organs of body. Vitamin D 
deficiency is a worldwide health issue that affects more than one billion children 
and adults globally [1]. Vitamin-D deficiency in neonates has been linked to higher 
risk of respiratory distress syndrome, lower respiratory infections, food sensitivi-
ties, asthma, type I diabetes, autism and schizophrenia [2–9]. Serum 25-hydroxy-
cholecalciferol (25[OH]D) is the main circulating metabolite of vitamin D with 
a reported half-life of approximately three weeks [10]. It is the best estimator of 
human body vitamin D stores. During pregnancy it crosses the placenta through 
passive or facilitated transport according to a concentration gradient [11, 12]. 
Vitamin-D status in the fetus and newborn infant is largely determined by maternal 
vitamin-D status [11]. The main risk factor for vitamin-D deficiency in neonates 
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or derived from body sterols by the photolytic activity of ultraviolet rays on human 
skin. Vitamin-D is not only an essential element in bone health, but it is also a 
pro-hormone that plays a well-recognized role in other organs of body. Vitamin D 
deficiency is a worldwide health issue that affects more than one billion children 
and adults globally [1]. Vitamin-D deficiency in neonates has been linked to higher 
risk of respiratory distress syndrome, lower respiratory infections, food sensitivi-
ties, asthma, type I diabetes, autism and schizophrenia [2–9]. Serum 25-hydroxy-
cholecalciferol (25[OH]D) is the main circulating metabolite of vitamin D with 
a reported half-life of approximately three weeks [10]. It is the best estimator of 
human body vitamin D stores. During pregnancy it crosses the placenta through 
passive or facilitated transport according to a concentration gradient [11, 12]. 
Vitamin-D status in the fetus and newborn infant is largely determined by maternal 
vitamin-D status [11]. The main risk factor for vitamin-D deficiency in neonates 
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is maternal vitamin-D deficiency [13]. Rickets was a global problem in the early 20th 
century. It virtually disappeared in developed countries after its causal pathway was 
identified and fortification of milk with vitamin-D was implemented at population 
level [14]. Recent reports have suggested that rickets is re-emerging [15, 16] and 
vitamin-D deficiency is widespread in developed and developing countries [15, 17–21]. 
Globally, vitamin-D deficiency at birth is prevalent and in general reflects deficient 
maternal vitamin-D status [10, 22–24].

2. Vitamin D metabolism and biological functions

Vitamin D is unique among vitamins because it can be made in the skin 
from sunlight exposure. Vitamin D has two forms: Ergocalciferol (D2) and 
Cholecalciferol (D3). D2 is produced from ultraviolet irradiation of the yeast sterol 
ergosterol and is naturally found in sun-exposed mushrooms. D3 is synthesized 
in the skin from the cholesterol precursor 7-dehydrocholesterol which is naturally 
present in the skin or obtained from lanolin [25]. Vitamin D (in the form of D2, or 
D3, or both) that is ingested is assimilated into chylomicrons, which are absorbed 
into the lymphatic system and enter the venous blood. Vitamin D that comes from 
the skin or diet is biologically inert and needs its first hydroxylation in the liver by 
the vitamin D-25-hydroxylase to 25[OH]D [25, 26]. 25[OH]D undergoes a second 
hydroxylation in the kidneys by the 25[OH]D-1α-hydroxylase to form the biologi-
cally active form of vitamin D 1,25[OH]2D (3, 8). 1,25[OH]2D interacts with its 
vitamin D nuclear receptor, which is present in the small intestine, kidneys, and 
other tissues [25, 26].

1,25[OH]2D plays a main physiological role in bone hemostasis. It stimulates 
intestinal calcium absorption [27]. Without vitamin D, only 10 to 15% of dietary 
calcium and about 60% of phosphorus are absorbed. Vitamin D sufficiency 
enhances calcium and phosphorus absorption by 30–40% and 80%, respectively 
[25, 28]. 1,25[OH]2D interacts with its vitamin D receptor in the osteoblast to 
stimulate the expression of receptor activator of nuclear factor κB ligand; this, in 
turn, interacts with receptor activator of nuclear factor κB to induce immature 
monocytes to become mature osteoclasts, which dissolve the matrix and mobilize 
calcium and other minerals from the skeleton. In the kidney, 1,25[OH]2D stimulates 
calcium reabsorption from the glomerular filtrate [25, 29].

The strong correlation between maternal and infant 25[OH]D levels offers 
further evidence that newborn 25[OH]D levels are dependent on maternal plasma 
25[OH]D levels [12, 30, 31]. There is no clear consensus on the cut off levels of 
serum 25[OH]D levels to define vitamin deficiency. The US Endocrine Society has 
categorized vitamin D deficiency as 25[OH]D < 20 ng/mL, vitamin D insufficiency 
as levels 21–30 ng/mL, sufficiency as levels greater than 30 ng/mL, and toxicity as 
vitamin D levels more than 150 ng/mL [32]. The American Academy of Pediatrics 
(AAP) and Institute of Medicine define vitamin D deficiency as serum 25[OH]
D < 15 ng/mL, mild to moderate deficiency as 5–15 ng/mL, severe deficiency as 
levels less than 5 ng/mL, and insufficiency as 16–20 ng/mL. They define sufficiency 
as levels between 21 and 100 ng/mL, excess as 101–149 ng/mL, and intoxication as 
levels more than 150 ng/mL [33]. The Kidney Disease Outcome Quality Initiative 
supports the AAP in defining vitamin D deficiency as levels <15 ng/mL. However, 
it defines insufficiency as levels between 16 and 30 ng/mL and sufficiency as levels 
of more than 30 ng/mL. An expert committee of the US Food and Nutrition Board 
(FNB) at the National Academies of Sciences, Engineering, and Medicine (NASEM) 
concluded that people are at risk of vitamin D deficiency at serum 25[OH]D 
concentrations less than 12 ng/mL. The same cutoffs were used for both pregnant 
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women and neonates, because experts contend that there is no reason to think the 
definition of vitamin-D sufficiency varies by age [16].

3. Prevalence of vitamin D deficiency in pregnant women

3.1 Developed countries

An US survey from National Health and Nutrition Examination Survey 
(NHANES) 2011–2014 on serum 25[OH]D levels found that 5.7% women had 
vitamin D deficiency (<12 ng/ml) and 17.8% women had vitamin D insufficiency 
(12–20 ng/mL). Rates of deficiency and insufficiency were 7.6% and 23.8% respec-
tively in adults aged 20–39 years. Rates of deficiency varied by race and ethnicity: 
17.5% of non-Hispanic Blacks, 7.6% of non-Hispanic Asians, 5.9% of Hispanics, and 
2.1% of non-Hispanic White people were at risk of vitamin D deficiency respec-
tively. Vitamin D status in the United States remained stable in the decade between 
2003 and 2004 and 2011–2014 [34].

Boston’s cross-sectional study from 2005 to 2007 reported vitamin-D deficiency 
(25[OH]D < 20 ng/mL) in 35.8% of the mothers and 58% of the neonates, severe 
deficiency (25[OH]D < 15 ng/mL) in 23.1% of the mothers and 38.0% of the neo-
nates. Risk factors for neonatal vitamin-D deficiency included maternal deficiency 
(adjusted odds ratio [aOR]: 5.28 [95% CI: 2.90–9.62]), winter birth (aOR: 3.86 [95% 
CI: 1.74–8.55]), African-American (AA) race (aOR: 3.36 [95% CI: 1.37–8.25]), and 
maternal body mass index of 35 (aOR: 2.78 [95% CI: 1.18–6.55]) [31].

A Canadian study found a prevalence of 25% vitamin D insufficiency (defined 
as serum 25-[OH]D < 40 nmol/L) in women aged 18–35 years during the winter 
season [17]. Vitamin D deficiency is also common in Europe and the Middle East. 
Vitamin D deficiency defined as serum 25[OH]D < 50 nmol/L or 20 ng/mL, occurs 
in 6–33% of the population in Northern Europe, in 30–60% in Western, Southern 
and Eastern Europe and 30–90% in the Middle East countries. Severe deficiency 
(serum 25(OH)D < 30 nmol/L or 12 ng/mL) is found in >10% of Europeans [35]. 
Vitamin D deficiency is usually is more prevalent in immigrants from non-Western 
countries, compared with native European people [36]. This is even worse in preg-
nant non-Western immigrants, who displayed mean serum 25(OH)D levels around 
25 nmol/L [37].

3.2 Developing countries

The major proportion of vitamin D is produced endogenously with skin expo-
sure of the skin to sunlight. In tropical areas like India, Africa and middle east, 
where there is abundant overhead sun for most or all of the year, deficiency of 
vitamin D is unexpected. However, despite stable and sufficient sun exposure in 
countries across equator, high prevalence of vitamin D deficiency in pregnancy 
ranging 26–95% in such areas was reported [38]. In Africa, Asia and the Middle 
East, women have been always regarded as “high risk” for vitamin D deficiency  
[39, 40]. In 2009, the International Osteoporosis Foundation reported that  vitamin D 
deficiency was seen in 84% of pregnant women and 96% of infants in Asia [41]. 
In India, 50–90% of the population suffers from vitamin D deficiency due to 
inadequate exposure to sunlight and a lower dietary intake [42–44]. A recent study 
from northern India reported the prevalence of vitamin D deficiency in 85.5% of 
mothers and 74% of infants [45]. Vitamin D deficiency, defined as <50 nmol/L of 
25[OH]D and severe vitamin D deficiency defined as <30 nmol/L of 25[OH]D was 
reported in 34% and 18% of the population respectively in African countries [46]. 
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is maternal vitamin-D deficiency [13]. Rickets was a global problem in the early 20th 
century. It virtually disappeared in developed countries after its causal pathway was 
identified and fortification of milk with vitamin-D was implemented at population 
level [14]. Recent reports have suggested that rickets is re-emerging [15, 16] and 
vitamin-D deficiency is widespread in developed and developing countries [15, 17–21]. 
Globally, vitamin-D deficiency at birth is prevalent and in general reflects deficient 
maternal vitamin-D status [10, 22–24].

2. Vitamin D metabolism and biological functions

Vitamin D is unique among vitamins because it can be made in the skin 
from sunlight exposure. Vitamin D has two forms: Ergocalciferol (D2) and 
Cholecalciferol (D3). D2 is produced from ultraviolet irradiation of the yeast sterol 
ergosterol and is naturally found in sun-exposed mushrooms. D3 is synthesized 
in the skin from the cholesterol precursor 7-dehydrocholesterol which is naturally 
present in the skin or obtained from lanolin [25]. Vitamin D (in the form of D2, or 
D3, or both) that is ingested is assimilated into chylomicrons, which are absorbed 
into the lymphatic system and enter the venous blood. Vitamin D that comes from 
the skin or diet is biologically inert and needs its first hydroxylation in the liver by 
the vitamin D-25-hydroxylase to 25[OH]D [25, 26]. 25[OH]D undergoes a second 
hydroxylation in the kidneys by the 25[OH]D-1α-hydroxylase to form the biologi-
cally active form of vitamin D 1,25[OH]2D (3, 8). 1,25[OH]2D interacts with its 
vitamin D nuclear receptor, which is present in the small intestine, kidneys, and 
other tissues [25, 26].

1,25[OH]2D plays a main physiological role in bone hemostasis. It stimulates 
intestinal calcium absorption [27]. Without vitamin D, only 10 to 15% of dietary 
calcium and about 60% of phosphorus are absorbed. Vitamin D sufficiency 
enhances calcium and phosphorus absorption by 30–40% and 80%, respectively 
[25, 28]. 1,25[OH]2D interacts with its vitamin D receptor in the osteoblast to 
stimulate the expression of receptor activator of nuclear factor κB ligand; this, in 
turn, interacts with receptor activator of nuclear factor κB to induce immature 
monocytes to become mature osteoclasts, which dissolve the matrix and mobilize 
calcium and other minerals from the skeleton. In the kidney, 1,25[OH]2D stimulates 
calcium reabsorption from the glomerular filtrate [25, 29].

The strong correlation between maternal and infant 25[OH]D levels offers 
further evidence that newborn 25[OH]D levels are dependent on maternal plasma 
25[OH]D levels [12, 30, 31]. There is no clear consensus on the cut off levels of 
serum 25[OH]D levels to define vitamin deficiency. The US Endocrine Society has 
categorized vitamin D deficiency as 25[OH]D < 20 ng/mL, vitamin D insufficiency 
as levels 21–30 ng/mL, sufficiency as levels greater than 30 ng/mL, and toxicity as 
vitamin D levels more than 150 ng/mL [32]. The American Academy of Pediatrics 
(AAP) and Institute of Medicine define vitamin D deficiency as serum 25[OH]
D < 15 ng/mL, mild to moderate deficiency as 5–15 ng/mL, severe deficiency as 
levels less than 5 ng/mL, and insufficiency as 16–20 ng/mL. They define sufficiency 
as levels between 21 and 100 ng/mL, excess as 101–149 ng/mL, and intoxication as 
levels more than 150 ng/mL [33]. The Kidney Disease Outcome Quality Initiative 
supports the AAP in defining vitamin D deficiency as levels <15 ng/mL. However, 
it defines insufficiency as levels between 16 and 30 ng/mL and sufficiency as levels 
of more than 30 ng/mL. An expert committee of the US Food and Nutrition Board 
(FNB) at the National Academies of Sciences, Engineering, and Medicine (NASEM) 
concluded that people are at risk of vitamin D deficiency at serum 25[OH]D 
concentrations less than 12 ng/mL. The same cutoffs were used for both pregnant 
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women and neonates, because experts contend that there is no reason to think the 
definition of vitamin-D sufficiency varies by age [16].

3. Prevalence of vitamin D deficiency in pregnant women

3.1 Developed countries

An US survey from National Health and Nutrition Examination Survey 
(NHANES) 2011–2014 on serum 25[OH]D levels found that 5.7% women had 
vitamin D deficiency (<12 ng/ml) and 17.8% women had vitamin D insufficiency 
(12–20 ng/mL). Rates of deficiency and insufficiency were 7.6% and 23.8% respec-
tively in adults aged 20–39 years. Rates of deficiency varied by race and ethnicity: 
17.5% of non-Hispanic Blacks, 7.6% of non-Hispanic Asians, 5.9% of Hispanics, and 
2.1% of non-Hispanic White people were at risk of vitamin D deficiency respec-
tively. Vitamin D status in the United States remained stable in the decade between 
2003 and 2004 and 2011–2014 [34].

Boston’s cross-sectional study from 2005 to 2007 reported vitamin-D deficiency 
(25[OH]D < 20 ng/mL) in 35.8% of the mothers and 58% of the neonates, severe 
deficiency (25[OH]D < 15 ng/mL) in 23.1% of the mothers and 38.0% of the neo-
nates. Risk factors for neonatal vitamin-D deficiency included maternal deficiency 
(adjusted odds ratio [aOR]: 5.28 [95% CI: 2.90–9.62]), winter birth (aOR: 3.86 [95% 
CI: 1.74–8.55]), African-American (AA) race (aOR: 3.36 [95% CI: 1.37–8.25]), and 
maternal body mass index of 35 (aOR: 2.78 [95% CI: 1.18–6.55]) [31].

A Canadian study found a prevalence of 25% vitamin D insufficiency (defined 
as serum 25-[OH]D < 40 nmol/L) in women aged 18–35 years during the winter 
season [17]. Vitamin D deficiency is also common in Europe and the Middle East. 
Vitamin D deficiency defined as serum 25[OH]D < 50 nmol/L or 20 ng/mL, occurs 
in 6–33% of the population in Northern Europe, in 30–60% in Western, Southern 
and Eastern Europe and 30–90% in the Middle East countries. Severe deficiency 
(serum 25(OH)D < 30 nmol/L or 12 ng/mL) is found in >10% of Europeans [35]. 
Vitamin D deficiency is usually is more prevalent in immigrants from non-Western 
countries, compared with native European people [36]. This is even worse in preg-
nant non-Western immigrants, who displayed mean serum 25(OH)D levels around 
25 nmol/L [37].

3.2 Developing countries

The major proportion of vitamin D is produced endogenously with skin expo-
sure of the skin to sunlight. In tropical areas like India, Africa and middle east, 
where there is abundant overhead sun for most or all of the year, deficiency of 
vitamin D is unexpected. However, despite stable and sufficient sun exposure in 
countries across equator, high prevalence of vitamin D deficiency in pregnancy 
ranging 26–95% in such areas was reported [38]. In Africa, Asia and the Middle 
East, women have been always regarded as “high risk” for vitamin D deficiency  
[39, 40]. In 2009, the International Osteoporosis Foundation reported that  vitamin D 
deficiency was seen in 84% of pregnant women and 96% of infants in Asia [41]. 
In India, 50–90% of the population suffers from vitamin D deficiency due to 
inadequate exposure to sunlight and a lower dietary intake [42–44]. A recent study 
from northern India reported the prevalence of vitamin D deficiency in 85.5% of 
mothers and 74% of infants [45]. Vitamin D deficiency, defined as <50 nmol/L of 
25[OH]D and severe vitamin D deficiency defined as <30 nmol/L of 25[OH]D was 
reported in 34% and 18% of the population respectively in African countries [46]. 
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Vitamin D deficiency is even worse in mainland China with deficiency seen in 72% 
and severe deficiency seen in 37% of pregnant women [47].

4. Effects of vitamin D deficiency on pregnancy

Despite the wide intake of prenatal vitamins, Vitamin D deficiency in preg-
nancy is still common worldwide. The adverse outcomes of pregnancy secondary 
to vitamin D deficiency include miscarriages, preeclampsia, intrauterine growth 
restriction (IUGR), increased risk for gestational diabetes, preterm birth and low 
birth weight infants [48–50]. Vitamin D deficiency in pregnant women may affect 
fetal growth, tooth enamel formation and bone ossification [13]. Decreased  
vitamin D levels in general is associated with increased mortality and vitamin D 
supplementation reduces mortality [51]. The reasons behind increased mortality 
include diabetes mellitus, cardiovascular disease and cancer [52]. Vitamin D defi-
ciency has been associated with several autoimmune diseases, including rheumatoid 
arthritis (RA), systemic lupus erythematosus (SLE), antiphospholipid syndrome 
(APS), Hashimoto Thyroiditis (HT), and multiple sclerosis (MS). Autoimmune dis-
eases are more commonly seen in females than males. Pregnant women with these 
autoimmune disorders are at increased risk for poor pregnancy outcomes [48, 53].

Animal studies showed that vitamin D deficiency causes placental inflamma-
tion which leads to placental insufficiency and potentially fetal IUGR [53]. In both 
pregnancy and lactation it is important to have adequate vitamin D levels to avoid 
disturbances in bone and mineral metabolism [54]. The fetal and neonatal status 
of vitamin D is entirely dependent on the mother’s vitamin D levels. This confirms 
the correlation of mother and cord blood 25[OH]D concentrations. While 25[OH]
D crosses the placenta, 1,25[OH]2D is produced by the fetal kidneys [54]. Research 
regarding the exact physiological role of vitamin D in pregnancy and lactation is 
ongoing. There is convincing data that vitamin D is important for the immuno-
modulation of the maternal-fetal interface [54–58]. Vitamin D is also crucial for the 
prevention of pre-eclampsia by stabilizing the endothelium through non-genomic 
mechanisms [54]. Other functions of vitamin D may include stimulation of sex hor-
mone secretion, implantation/placentation and respiratory epithelium maturation. 
Vitamin D may also induce epigenetic changes in expressing vitamin D receptors 
and enzymes involved in vit D metabolism throughout the male and female repro-
ductive tracts [54–58].

5. Etiology of vitamin D deficiency in pregnant women

Vitamin D deficiency is prevalent worldwide in pregnant women and infants. 
In pregnancy, maternal vitamin D physiology is altered to facilitate the transfer of 
calcium to the fetus. In pregnancy there is a significant increase in 1,25[OH]2 D 
concentrations with a two-fold increase in the first trimester followed by a 2–3-fold 
increase during the second and third trimesters of pregnancy. Then there is a rapid 
decrease after delivery. PTH-related peptide may also regulate serum 1,25[OH]2D 
concentrations in pregnancy. 1,25[OH]2D synthesis is dependent up the levels of 
25[OH]D. There is a positive correlation between serum 1,25[OH]2D and 25[OH]
D concentrations and it is stronger in pregnant women compared to non-pregnant 
women [54].

Eating foods fortified with vitamin D as well as adequate exposure to sunlight 
are needed for upholding a normal vitamin D status. The most common reasons for 
vitamin D deficiency are low sun exposure, decreased vitamin D intake, obesity, 
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and low socio-economic conditions. Various factors influence vitamin D synthesis 
from sunlight, such as latitude, pigmentation, and area of skin exposed. Many 
prevalent social and cultural practices in Asia and middle east that prevent the 
adequate exposure of young women and adolescent girls to sunlight contribute to 
vitamin D deficiency [59]. Increasing urbanization resulting in greater pollution 
and decreased time spent outdoors coupled with greater skin pigmentation con-
tribute to vitamin D deficiency [60]. When women in these circumstances become 
pregnant with already low serum 25 [OH]D levels, this contributes to vitamin D 
deficiency or insufficiency in their offspring. These children at increased risk for 
developing rickets [49]. Furthermore, vitamin D supplementation is not part of 
antenatal care programs in developing countries like India [59].

Diets low in vitamin D are more common in people who have milk allergy 
or lactose intolerance and those who consume an ovo-vegetarian or vegan diet. 
Women who are homebound, have occupations that limit sun exposure, or who 
wear long dresses, robes, or head coverings for religious reasons are at risk for 
vitamin D deficiency due to limited exposure to sunlight [61]. The use of sunscreen 
also limits vitamin D synthesis from sunlight. Obese women have lower vitamin D 
levels than nonobese individuals. The skin’s capacity to produce vitamin D is not 
affected by obesity. In fact, thick subcutaneous fat sequesters more of vitamin D 
[62, 63]. Serum levels transiently increase following weight loss possibly due to 
the release of vitamin D in the circulation. This was noted in obese patients after 
roux-en-y gastric bypass surgery as well as patients with non-surgical weight loss. 
However, 1 year after a Roux-en-y gastric bypass surgery, vitamin D levels returned 
to baseline values [64]. Finally, since vitamin D is fat soluble, its absorption is poor 
in individuals with fat malabsorption disorders like celiac disease, cystic fibrosis, 
ulcerative colitis and Crohn’s disease [65].

6. Prevalence of vitamin D deficiency in newborn

Due to the bone deposition that mostly occurs in the latter half of the pregnancy, 
vitamin D requirements for the fetus are higher at this time frame [66]. In early 
pregnancy the plasma levels of 1,25(OH)2D increase and peak in the third trimes-
ter. It is estimated that the fetus accumulates 2–3 mg/day of calcium in the skeleton 
in the first trimester. This calcium accumulation doubles in the third trimester [67]. 
When infants are born prematurely, the time required for this transfer of Vitamin D 
and calcium is truncated [68].

Saraf and et al. conducted a global summary and systematic review of mater-
nal and newborn vitamin D status by looking at studies published between 1959 
and 2014. They found that 75% of newborns had vitamin D deficiency (defined 
as 25[OH]D level < 50 nmol/L) and that severe vitamin D deficiency (defined 
as 25[OH]D level < 25 nmol/L) occurred in 29% of newborns. In this summary, 
the average newborn 25[OH]D levels in nmol/L by region is as follows: 35–77 
(Americans), 20–50 (European), 5–50 (Mediterranean), 20–22 (South-East Asia), 
32–67 (Western Pacific) and 27–35 (African). They also found wide variability in 
25[OH]D levels within in each defined region [24]. Both this study and another 
systemic review by Hilger and colleagues found that the average 25[OH]D levels in 
the general populations in North America were higher compared to Europe and the 
Middle East [69]. Furthermore, two other reviews found that vitamin D deficiency 
and severe vitamin D deficiency were more common in South-East Asia and the 
Eastern Mediterranean regions for newborns [41, 70]. Racial disparity in serum 
25[OH]D levels has been well documented in several studies. AA preterm infants and 
their mothers have lower serum 25[OH]D levels compared to white infants [71–73]. 
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Vitamin D deficiency is even worse in mainland China with deficiency seen in 72% 
and severe deficiency seen in 37% of pregnant women [47].

4. Effects of vitamin D deficiency on pregnancy

Despite the wide intake of prenatal vitamins, Vitamin D deficiency in preg-
nancy is still common worldwide. The adverse outcomes of pregnancy secondary 
to vitamin D deficiency include miscarriages, preeclampsia, intrauterine growth 
restriction (IUGR), increased risk for gestational diabetes, preterm birth and low 
birth weight infants [48–50]. Vitamin D deficiency in pregnant women may affect 
fetal growth, tooth enamel formation and bone ossification [13]. Decreased  
vitamin D levels in general is associated with increased mortality and vitamin D 
supplementation reduces mortality [51]. The reasons behind increased mortality 
include diabetes mellitus, cardiovascular disease and cancer [52]. Vitamin D defi-
ciency has been associated with several autoimmune diseases, including rheumatoid 
arthritis (RA), systemic lupus erythematosus (SLE), antiphospholipid syndrome 
(APS), Hashimoto Thyroiditis (HT), and multiple sclerosis (MS). Autoimmune dis-
eases are more commonly seen in females than males. Pregnant women with these 
autoimmune disorders are at increased risk for poor pregnancy outcomes [48, 53].

Animal studies showed that vitamin D deficiency causes placental inflamma-
tion which leads to placental insufficiency and potentially fetal IUGR [53]. In both 
pregnancy and lactation it is important to have adequate vitamin D levels to avoid 
disturbances in bone and mineral metabolism [54]. The fetal and neonatal status 
of vitamin D is entirely dependent on the mother’s vitamin D levels. This confirms 
the correlation of mother and cord blood 25[OH]D concentrations. While 25[OH]
D crosses the placenta, 1,25[OH]2D is produced by the fetal kidneys [54]. Research 
regarding the exact physiological role of vitamin D in pregnancy and lactation is 
ongoing. There is convincing data that vitamin D is important for the immuno-
modulation of the maternal-fetal interface [54–58]. Vitamin D is also crucial for the 
prevention of pre-eclampsia by stabilizing the endothelium through non-genomic 
mechanisms [54]. Other functions of vitamin D may include stimulation of sex hor-
mone secretion, implantation/placentation and respiratory epithelium maturation. 
Vitamin D may also induce epigenetic changes in expressing vitamin D receptors 
and enzymes involved in vit D metabolism throughout the male and female repro-
ductive tracts [54–58].

5. Etiology of vitamin D deficiency in pregnant women

Vitamin D deficiency is prevalent worldwide in pregnant women and infants. 
In pregnancy, maternal vitamin D physiology is altered to facilitate the transfer of 
calcium to the fetus. In pregnancy there is a significant increase in 1,25[OH]2 D 
concentrations with a two-fold increase in the first trimester followed by a 2–3-fold 
increase during the second and third trimesters of pregnancy. Then there is a rapid 
decrease after delivery. PTH-related peptide may also regulate serum 1,25[OH]2D 
concentrations in pregnancy. 1,25[OH]2D synthesis is dependent up the levels of 
25[OH]D. There is a positive correlation between serum 1,25[OH]2D and 25[OH]
D concentrations and it is stronger in pregnant women compared to non-pregnant 
women [54].

Eating foods fortified with vitamin D as well as adequate exposure to sunlight 
are needed for upholding a normal vitamin D status. The most common reasons for 
vitamin D deficiency are low sun exposure, decreased vitamin D intake, obesity, 
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and low socio-economic conditions. Various factors influence vitamin D synthesis 
from sunlight, such as latitude, pigmentation, and area of skin exposed. Many 
prevalent social and cultural practices in Asia and middle east that prevent the 
adequate exposure of young women and adolescent girls to sunlight contribute to 
vitamin D deficiency [59]. Increasing urbanization resulting in greater pollution 
and decreased time spent outdoors coupled with greater skin pigmentation con-
tribute to vitamin D deficiency [60]. When women in these circumstances become 
pregnant with already low serum 25 [OH]D levels, this contributes to vitamin D 
deficiency or insufficiency in their offspring. These children at increased risk for 
developing rickets [49]. Furthermore, vitamin D supplementation is not part of 
antenatal care programs in developing countries like India [59].

Diets low in vitamin D are more common in people who have milk allergy 
or lactose intolerance and those who consume an ovo-vegetarian or vegan diet. 
Women who are homebound, have occupations that limit sun exposure, or who 
wear long dresses, robes, or head coverings for religious reasons are at risk for 
vitamin D deficiency due to limited exposure to sunlight [61]. The use of sunscreen 
also limits vitamin D synthesis from sunlight. Obese women have lower vitamin D 
levels than nonobese individuals. The skin’s capacity to produce vitamin D is not 
affected by obesity. In fact, thick subcutaneous fat sequesters more of vitamin D 
[62, 63]. Serum levels transiently increase following weight loss possibly due to 
the release of vitamin D in the circulation. This was noted in obese patients after 
roux-en-y gastric bypass surgery as well as patients with non-surgical weight loss. 
However, 1 year after a Roux-en-y gastric bypass surgery, vitamin D levels returned 
to baseline values [64]. Finally, since vitamin D is fat soluble, its absorption is poor 
in individuals with fat malabsorption disorders like celiac disease, cystic fibrosis, 
ulcerative colitis and Crohn’s disease [65].

6. Prevalence of vitamin D deficiency in newborn

Due to the bone deposition that mostly occurs in the latter half of the pregnancy, 
vitamin D requirements for the fetus are higher at this time frame [66]. In early 
pregnancy the plasma levels of 1,25(OH)2D increase and peak in the third trimes-
ter. It is estimated that the fetus accumulates 2–3 mg/day of calcium in the skeleton 
in the first trimester. This calcium accumulation doubles in the third trimester [67]. 
When infants are born prematurely, the time required for this transfer of Vitamin D 
and calcium is truncated [68].

Saraf and et al. conducted a global summary and systematic review of mater-
nal and newborn vitamin D status by looking at studies published between 1959 
and 2014. They found that 75% of newborns had vitamin D deficiency (defined 
as 25[OH]D level < 50 nmol/L) and that severe vitamin D deficiency (defined 
as 25[OH]D level < 25 nmol/L) occurred in 29% of newborns. In this summary, 
the average newborn 25[OH]D levels in nmol/L by region is as follows: 35–77 
(Americans), 20–50 (European), 5–50 (Mediterranean), 20–22 (South-East Asia), 
32–67 (Western Pacific) and 27–35 (African). They also found wide variability in 
25[OH]D levels within in each defined region [24]. Both this study and another 
systemic review by Hilger and colleagues found that the average 25[OH]D levels in 
the general populations in North America were higher compared to Europe and the 
Middle East [69]. Furthermore, two other reviews found that vitamin D deficiency 
and severe vitamin D deficiency were more common in South-East Asia and the 
Eastern Mediterranean regions for newborns [41, 70]. Racial disparity in serum 
25[OH]D levels has been well documented in several studies. AA preterm infants and 
their mothers have lower serum 25[OH]D levels compared to white infants [71–73]. 
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Seto and colleagues measured cord blood 25 [OH]D levels in 276 AA term infants and 
162 term white infants and found that AA infants had a 3.6 greater adjusted odds of 
vitamin D deficiency [74].

Currently, there continues to be emerging information on the distribution of 
25[OH]D levels in preterm neonates. A few studies have documented 25[OH]D levels 
from neonates at birth with sample sizes ranging from 8 to 278 neonates [2, 75–80] 
with mean 25[OH]D levels ranging from ~6.5 ng/mL among preterm neonates in 
the United Arab Emirates [78] to 26.8 ng/mL preterm neonates in Canada [10]. A 
recent study on 596 preterm infants from Ohio, USA reported median 25[OH]D 
level of 18.5 ng/mL for infants born at 34–36 weeks and 18.6 ng/mL for infants born 
<32 weeks [81].

The levels of 25[OH]D between the mother and the fetus are positively cor-
related [68, 81, 82]. Kassai et al. found that mothers who gave birth to preterm 
neonates had significantly lower mean 25[OH]D blood levels compared to those 
mothers who gave birth at term. Also, preterm neonates had significantly lower 
25[OH]D levels compared to term neonates [83]. A study by Burris et al. mea-
sured umbilical cord plasma levels of 25[OH]D in 471 infants born at <37 weeks. 
They found that babies born at <32 weeks are at increased risk for vitamin D 
deficiency (25[OH]D levels <20 ng/dL) compared to infants born between 32 
and 37 weeks [79]. Monagni et al. studied 120 mother infant dyads at three 
children’s hospitals in Ohio where neonates were delivered at <32 weeks. They not 
only found that low serum concentrations of 25[OH]D (defined as <50 nmol/L) 
was common in preterm neonates at admission (64%), but they also found that 
maternal 25[OH]D levels were lower in infants born at <28 weeks compared 
to those that were born between 28 and 32 weeks’ gestation. Serum 25[OH]D 
concentrations in preterm infants directly correlated with maternal vitamin D 
status at the time of delivery. Low 25[OH]D levels were noted at either 36 weeks 
post-menstrual age (PMA) or at discharge in 40% of infants <28 weeks and 30% 
of infants between 28 and 32 weeks PMA. Even though infants received vitamin D 
supplementation from various sources and intake progressively increased during 
their hospitalization, only 60% received 400 IU vitamin D daily by 36 weeks 
PMA or discharge [68].

In contrast to the above studies, a Canadian study and an US study did not 
show any significant difference in vitamin-D status between term and preterm 
neonates [10, 81]. A study of 3731 term infants in Jordan revealed that 94% had 
vitamin D deficiency defined as 25[OH]D level < 50 nmol/L. Shahraki et al. found 
that 25[OH]D levels in preterm neonates were not significantly lower than term  
neonates. Over 50% of both the term and preterm infants in this study had vitamin D  
insufficiency and about 25% had vitamin D deficiency [82]. In a cohort born in 
Cleveland area in US (latitude 410N), Kanike et al. reported a remarkably high pro-
portion of vitamin-D deficiency and insufficiency among neonates at birth, 31% 
and 49% respectively. Notably, they noted low stores of vitamin D despite 75% of 
women reporting regular multivitamin intake during pregnancy. Vitamin D defi-
ciency was found to be more common in AA neonates (63%) than Caucasian (27%) 
neonates [81]. Bodnar et.al studied 400 mother–infant pairs in Pittsburgh. They 
showed that nearly 50% of AA neonates and 10% of white neonates, had serum 
25[OH]D levels at birth less than 15 ng/mL despite adequate compliance with a 
400 IU daily vitamin-D intake by 90% of their mothers [22]. A prolonged winter 
season with limited sun exposure in Cleveland might be a contributing factor to 
the vitamin-D deficiency found in this population. There has been no significant 
improvement in the vitamin-D status among neonates born to AA women in the 
last 3 decades in Cleveland area [12].
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7. Consequences of vitamin D deficiency in children

Vitamin-D deficiency is the most common cause of rickets and also increases the 
risk of respiratory distress syndrome, lower respiratory infections, food sensitivi-
ties, asthma, type I diabetes, autism and schizophrenia [2, 3, 6, 8, 15]. Vitamin D 
deficiency in pregnancy impairs fetal lung development partially through suppress-
ing type II pneumocyte differentiation increasing the risk of respiratory distress 
syndrome in the newborn period [84]. Furthermore, studies have shown that 
early onset sepsis and late onset sepsis occurs more frequently in term infants with 
vitamin D deficiency [85–87]. To highlight, one study by Singh and Chaudari found 
that vitamin D deficiency was more common in neonates with early onset sepsis 
and was associated with increased severity of sepsis and mortality [87].

Vitamin D deficiency prevents effective absorption of dietary calcium and 
phosphorus. Vitamin D stores in newborn are completely dependent on vitamin 
D supply from the mother [12]. Not surprisingly, poor maternal vitamin D status 
during pregnancy is a major risk factor for infant rickets [13, 88, 89]. Severe chronic 
vitamin D deficiency leads to overt skeletal abnormalities in children like rickets 
[90, 91]. However, neonates who are vitamin-D insufficient have no apparent 
skeletal or calcium metabolism abnormalities [16]. In developing countries rickets 
has been ranked among the five most prevalent diseases in children [92]. Poorer 
outcomes during pregnancy, at birth and during infancy are associated with lower 
serum 25[OH]D levels [24, 93]. Reduced bone mass at 9 years of age was seen in 
children born with low serum 25[OH]D concentrations [94].

There is conflicting data about role of vitamin D and neurodevelopmental 
outcomes. A meta-analysis by Tous and colleauges found that infants born to 
mothers with vitamin D insufficiency had lower scores in both mental and lan-
guage development [95]. In contrast, Wang et al. found that vitamin D deficiency 
was not associated with neurodevelopment in infancy [84]. A prospective cohort 
study by McCarthy et al. found no association between antenatal 25[OH]D levels 
and neurodevelopmental outcomes at 5 years. Tous et al. found that maternal 
vitamin D deficiency is associated with lower birth weights, smaller head circum-
ference, increased risk for small for gestational age (SGA) status, and preterm 
birth. Maternal vitamin D insufficiency was associated with increased risk for 
infants with SGA status and preterm birth [95]. Seto and colleagues found that 
black infants with vitamin D deficiency had 2.4 greater adjusted odds for SGA 
status at birth. The association between SGA and vitamin D deficiency was not 
demonstrated in white infants [74]. Furthermore, a systematic review by Pligt et al. 
found the maternal vitamin D deficiency was associated with low birth weight, 
SGA status at birth, stunting of growth immediately after delivery, and preterm 
birth [96].

8.  Recommended dietary intake in pregnant women and Newborn at risk 
for vitamin D deficiency

As per the US federal government’s 2020–2025 guidelines, fortified foods and 
dietary supplements are beneficial when it is impossible to meet needs for one or 
more nutrients during certain life stages such as pregnancy. Milk, many ready-to-eat 
cereals, and some brands of yogurt, orange juice and margarines are fortified with 
vitamin D. Trout, tuna, salmon, and mackerel are fatty fish with a high content of 
vitamin D. One tablespoon of cod liver oil has 1360 IU of vitamin D. Cheese, beef 
liver and egg yolks naturally contain small amounts of vitamin D. The United States 
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Seto and colleagues measured cord blood 25 [OH]D levels in 276 AA term infants and 
162 term white infants and found that AA infants had a 3.6 greater adjusted odds of 
vitamin D deficiency [74].

Currently, there continues to be emerging information on the distribution of 
25[OH]D levels in preterm neonates. A few studies have documented 25[OH]D levels 
from neonates at birth with sample sizes ranging from 8 to 278 neonates [2, 75–80] 
with mean 25[OH]D levels ranging from ~6.5 ng/mL among preterm neonates in 
the United Arab Emirates [78] to 26.8 ng/mL preterm neonates in Canada [10]. A 
recent study on 596 preterm infants from Ohio, USA reported median 25[OH]D 
level of 18.5 ng/mL for infants born at 34–36 weeks and 18.6 ng/mL for infants born 
<32 weeks [81].

The levels of 25[OH]D between the mother and the fetus are positively cor-
related [68, 81, 82]. Kassai et al. found that mothers who gave birth to preterm 
neonates had significantly lower mean 25[OH]D blood levels compared to those 
mothers who gave birth at term. Also, preterm neonates had significantly lower 
25[OH]D levels compared to term neonates [83]. A study by Burris et al. mea-
sured umbilical cord plasma levels of 25[OH]D in 471 infants born at <37 weeks. 
They found that babies born at <32 weeks are at increased risk for vitamin D 
deficiency (25[OH]D levels <20 ng/dL) compared to infants born between 32 
and 37 weeks [79]. Monagni et al. studied 120 mother infant dyads at three 
children’s hospitals in Ohio where neonates were delivered at <32 weeks. They not 
only found that low serum concentrations of 25[OH]D (defined as <50 nmol/L) 
was common in preterm neonates at admission (64%), but they also found that 
maternal 25[OH]D levels were lower in infants born at <28 weeks compared 
to those that were born between 28 and 32 weeks’ gestation. Serum 25[OH]D 
concentrations in preterm infants directly correlated with maternal vitamin D 
status at the time of delivery. Low 25[OH]D levels were noted at either 36 weeks 
post-menstrual age (PMA) or at discharge in 40% of infants <28 weeks and 30% 
of infants between 28 and 32 weeks PMA. Even though infants received vitamin D 
supplementation from various sources and intake progressively increased during 
their hospitalization, only 60% received 400 IU vitamin D daily by 36 weeks 
PMA or discharge [68].

In contrast to the above studies, a Canadian study and an US study did not 
show any significant difference in vitamin-D status between term and preterm 
neonates [10, 81]. A study of 3731 term infants in Jordan revealed that 94% had 
vitamin D deficiency defined as 25[OH]D level < 50 nmol/L. Shahraki et al. found 
that 25[OH]D levels in preterm neonates were not significantly lower than term  
neonates. Over 50% of both the term and preterm infants in this study had vitamin D  
insufficiency and about 25% had vitamin D deficiency [82]. In a cohort born in 
Cleveland area in US (latitude 410N), Kanike et al. reported a remarkably high pro-
portion of vitamin-D deficiency and insufficiency among neonates at birth, 31% 
and 49% respectively. Notably, they noted low stores of vitamin D despite 75% of 
women reporting regular multivitamin intake during pregnancy. Vitamin D defi-
ciency was found to be more common in AA neonates (63%) than Caucasian (27%) 
neonates [81]. Bodnar et.al studied 400 mother–infant pairs in Pittsburgh. They 
showed that nearly 50% of AA neonates and 10% of white neonates, had serum 
25[OH]D levels at birth less than 15 ng/mL despite adequate compliance with a 
400 IU daily vitamin-D intake by 90% of their mothers [22]. A prolonged winter 
season with limited sun exposure in Cleveland might be a contributing factor to 
the vitamin-D deficiency found in this population. There has been no significant 
improvement in the vitamin-D status among neonates born to AA women in the 
last 3 decades in Cleveland area [12].
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and Canada mandates the fortification of infant formula with 1–2.5 mcg/100 kcal 
(40–100 IU) vitamin D and 1–2 mcg/100 kcal (40–80 IU) respectively.

Global consensus recommendations on prevention and management of nutri-
tional rickets states that pregnant women should receive 600 IU/d of vitamin-D, 
preferably as a combined preparation with other recommended micronutrients such 
as iron and folic acid [97]. The Endocrine Society clinical practice guidelines also 
recommend at least 600 IU/d of vitamin D in pregnant and lactating women. They 
also recognize that 1500–2000 IU/day of vitamin D may be needed to maintain 
25[OH]D levels>30 ng/mL [32]. However, the average prenatal supplements contain 
only 400 IU of vitamin D [97]. There is also mounting evidence of the importance 
of vitamin D supplementation to achieve serum 25[OH]D level of ≥40 ng/ml [55].

Rostami et al. evaluated the effectiveness of a prenatal screening study for 
optimizing vitamin-D status during pregnancy. The outcome of this program was 
the prevention of complications of pregnancy. They observed a > 25-fold increase 
in the number of pregnant women who were able to accomplish a 25[OH]D that 
was >20 ng/mL when they were screened for their vitamin-D status and provided 
supplementation compared with pregnant women who were not screened and 
consequently were not counseled to take vitamin-D supplements. They observed 
an outstanding decrease in adverse outcomes in pregnant women who were 
screened and received vitamin-D supplementation. They reported 60%, 50%, 
and 40% decreases in preeclampsia, gestational diabetes, and preterm delivery, 
respectively [98].

A recent Cochrane review on Vitamin D supplementation in pregnancy 
included 30 clinical studies on 3700 pregnant women and reported that taking 
vitamin D supplements in pregnancy probably reduces the risk of pre-eclampsia, 
gestational diabetes, post-partum hemorrhage and low-birthweight infant, but 
there was no difference in the risk of preterm birth before 37 weeks. They also 
reported that taking vitamin D and calcium together in pregnancy may increase 
the risk of preterm birth. These results warrant further research [99]. Prenatal 
supplementation with 4400 IU daily decreased the incidence of asthma and recur-
rent wheezing in these children at age 3 years by 6.1% [100].

In the 2020 WHO guidelines, routine oral supplementation of vitamin D is not 
recommended for pregnant women to improve maternal and perinatal outcomes. 
Pregnant women should be encouraged to receive adequate nutrition, which is 
best achieved through consumption of a healthy, balanced diet. Pregnant women 
should be advised that sunlight is the most important source of vitamin D. The 
amount of time needed in the sun is not known and depends on many variables, 
such as the amount of skin exposed, the time of day, latitude and season, skin 
pigmentation and sunscreen use. For pregnant women with suspected vitamin D 
deficiency, vitamin D supplements may be given at the current recommended 
nutrient intake of 200 IU per day. This may include women in populations where 
direct sun exposure is limited.

9. Conclusion

Vitamin D status is more significant during pregnancy, affecting not only the 
mother but also her growing fetus, and later, her growing child. There are variations 
in vitamin D status based on gestation at birth, global region of birth, race, and 
maternal vitamin D status during pregnancy. The current literature suggests that 
neonates are at high risk of vitamin-D deficiency, even when mothers are compli-
ant with prenatal vitamins. Current prenatal vitamins may not contain enough 
vitamin-D to prevent deficiency. There has been substantial debate surrounding 
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Abstract

Vitamin D deficiency is common in elderly people, especially in patients with 
comorbidity and polypharmcy. In this group, low vitamin D plasma concentration 
is related to osteoporosis, osteomalacia, sarcopenia and myalgia. Vitamin D status 
in geriatric population is an effect of joint interaction of all vitamin D metabolic 
pathways, aging processes and multimorbidity. Therefore, all factors interfering 
with individual metabolic stages may affect 25-hydroxyvitamin D plasma concen-
tration. The known factors affecting vitamin D metabolism interfere with cyto-
chrome CYP3A4 activity. The phenomenon of drugs and vitamin D interactions is 
observed first and foremost in patients with comorbidity. This is a typical example 
of the situation where a lack of “hard evidence” is not synonymous with the pos-
sible lack of adverse effects. Geriatric giants, such as sarcopenia (progressive and 
generalized loss of skeletal muscle mass and strength) or cognitive decline, strongly 
influence elderly patients. Sarcopenia is one of the musculoskeletal consequences of 
hypovitaminosis D. These consequences are related to a higher risk of adverse out-
comes, such as fracture, physical disability, a poor quality of life and death. This can 
lead not only to an increased risk of falls and fractures, but is also one of the main 
causes of frailty syndrome in the aging population. Generally, Vitamin D plasma 
concentration is significantly lower in participants with osteoporosis and muscle 
deterioration. In some observational and uncontrolled treatment studies, vitamin D 
supplementation led to a reduction of proximal myopathy and muscle pain. The 
most positive results were found in subjects with severe vitamin D deficiency and in 
patients avoiding high doses of vitamin D. However, the role of vitamin D in muscle 
pathologies is not clear and research has provided conflicting results. This is most 
likely due to the heterogeneity of the subjects, vitamin D doses and environmental 
factors.

Keywords: Vitamin D, pleiotropic effect, elderly, aging

1. Introduction

Vitamin D is a fat-soluble vitamin mainly produced by the skin after sun 
exposure (cholecalciferol - vitamin D3) and can also be obtained from food (ergo-
calciferol-vitamin D2 and vitamin D3) or supplementation. In the liver, vitamin D 
(the term “vitamin D” refers both vit.D2 and vit.D3”) is converted to 25-hydroxyvi-
tamin D [25(OH)D]), also known as “calcidiol”, the major circulating metabolite 
of vitamin D which can be measured in the blood. In the kidney, [25(OH)D] is 
converted by 1-alfa-hydroxylase into its active form called 1,25-dihydroxyvitamin D 
[1,25(OH)2D], also known as “calcitriol”, that plays a vital role in maintaining bone 
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[1,25(OH)2D], also known as “calcitriol”, that plays a vital role in maintaining bone 
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homeostasis by regulating calcium metabolism. This action of [1,25(OH)2D] is 
referred to as endocrine action. The other area where [25(OH)D] is converted by 
peripheral 1-alfa-hydroxylase to [1,25(OH)2D] are cells in various tissues. There, 
[1,25(OH)2D] regulation by autocrine or paracrine actions have been observed.

Vitamin D deficiency and insufficiency is one of the major world-wide health 
problems and its consequences seem to be more serious in the elderly population 
than in younger adults. It has been associated with a wide range of diseases includ-
ing autoimmune diseases (among others multiple sclerosis, type 1 diabetes, rheu-
matoid arthritis), cardiovascular diseases (for example stroke), infectious diseases 
(bacterial, viral and, fungal), type 2 diabetes and some types of cancers (colorectal, 
breast and prostate gland). It is also recognized that vitamin D deficiency is associ-
ated with some psychiatric disorders including depression, neurocognitive dysfunc-
tion and others forms of neurodegenerative disorders (Alzheimer’s disease) [1].

This recognition has not only resulted in broadening our knowledge and more 
conscious vitamin D prescriptions but also led to the crucial question in everyday 
clinical practice: How can we use our knowledge to improve care for elderly people 
with vitamin D deficiency and to guide future research studies? Therefore, our 
publication is focused on distinctive characteristics of vitamin D metabolism, 
deficiency and drug interaction in the elderly population. As the range of aspects of 
vitamin D effects in the geriatric population is extremely wide, only chosen ele-
ments typical for elderly patients could be presented to emphasise the complexity of 
the issue.

2. Vitamin D deficiency in the aging population

Available data indicates that in many countries all over the world, the general 
population (irrespective of the latitude of residence, age, sex and race) and patients 
considered as otherwise healthy, suffer from vitamin D insufficiency, defined as 
25(OH)D < 30 ng/ml. Recent large observational data have suggested that ~40% 
of Europeans are vitamin D deficient, and 13% are severely deficient [2]. When 
25-hydroxyvitamin D levels were analyzed in relation to age (based on 10-year 
ranges) there were significant differences in the level of 25(OH)D. The level of 
25(OH) D was significantly lower in the older population. However, there are 
conflicting data concerning the subject, for example in a large Japanese study, the 
adjusted odds ratio for circulating 25OHD > 75 nmol/l (>30 ng/ml) was in men and 
women aged >70 years (reference group: individuals aged <50 years) 2.55 and 2.26, 
respectively. In Bergman et all study, patients aged over 65 years had significant 
lower circulating 25OHD levels than patients over 75 years [3–6].

3. Elderly people are not a homogenic population

Meanwhile, the elderly and the oldest-old are one of the fastest growing popula-
tions all over the world. The number of people aged 65 and older is expected to 
rapidly increase in the next decades. Not only the elderly, but also the oldest old 
are still increasing in numbers. Globally, the current average annual growth rate 
of people aged 80 years or older (3.8 per cent) is twice as high as the growth rate 
of the persons younger than 60 years of age (1.9 per cent) [7]. Despite the same 
range of biological age, it is not a homogenic population regarding the aging type 
(successful or unsuccessful). Multimorbidity combined with polypharmacy is 
common, so functional assessment and mobility determine the quality of life. The 
role of vitamin D in the prevention and treatment of diseases associated with aging 
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is still being researched. Therefore, during last decade, geriatric medicine has been 
focused on studies concerning not only vitamin D deficiency in elderly, but espe-
cially on its possible impact on Healthy life years (HLY, also called disability-free 
life expectancy) taking into account the role of vitamin D considered as a potential 
factor strongly influencing possible elongation of HLY. Vitamin D status has been 
widely studied in the last decade. Undoubtedly, one of the most important clinical 
question concerns the possibilities of preventing of unhealthy aging.

4. Factors contributing to vitamin D deficiency in the elderly

Most importantly, [1,25(OH)2D] directly or indirectly regulates over 200 
genes including those involved in: rennin production in the kidney, insulin in the 
pancreas, the release of cytokines from lymphocytes, production of cathelicidin by 
macrophages, and the growth and proliferation smooth muscle cells and cardiomy-
ocytes. The main cause of aging-associated vitamin D deficiency is low vitamin D 
production. As we age, there is a reduction in the skin’s concentration of 7-dehy-
drocholesterol [8]. Specifically, for each decade past the age of 40, there is approxi-
mately a 10 to 15% decrease in the level of 7-dehydrocholesterol. Furthermore, 
the character of dressing style makes the sun exposure indispensable as well as 
short time of outdoor activities, taking into account that a sufficient amount of 
sunlight radiation for vitamin D production by the skin only occurs between May 
and September in some latitudes. Additionally, there is about a 35% decrease in 
intestinal calcium absorption after the age of 70 [9]. This decrease is even greater 
in women because of reduced fractional calcium absorption and estrogen changes 
after the menopause with increased urinary calcium losses [10]. Other causes of 
aging-associated vitamin D deficiency are related to poor vitamin D and calcium 
nutrition. With age, comorbidity must also be taken into account with a special 
focus on renal and liver insufficiency.

5. Vitamin D and geriatric giants

With advanced age, people appear to change their health status perception as a 
range of independence rather than lack of disease. The presence of “geriatric giants” 
(coined by Bernard Isaacs in 1965 to encompass common impairments) contributes 
to more serious consequences than in younger groups [11–13]. Recent epidemiologi-
cal research has shown that the concentration of 25-hydroxyvitamin D may have 
an impact on various age-related diseases, as well as on geriatric giants. Geriatric 
giants are common, have multiple contributing factors and their consequences are 
stronger in older groups of patients. Some geriatric giants, like sarcopenia, falls 
or cognitive decline, neurodegenerative disease, and depression are likely to have 
extremely strong impact on independency of individuals and high risk of negative 
outcomes.

5.1 Sarcopenia

Sarcopenia is known as a new geriatric giant. It is an interdisciplinary and mul-
tifactor symptom whose prevalence rises with age. Furthermore, the development 
of secondary hyperparathyroidism favors a negative calcium balance, high bone 
turnover and accelerates age-related bone loss and osteoporotic fractures.

According to the consensus of The European Working Group on Sarcopenia in 
Older People, the diagnosis is based on three criteria: low muscle strength or/and 
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aging-associated vitamin D deficiency are related to poor vitamin D and calcium 
nutrition. With age, comorbidity must also be taken into account with a special 
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5.1 Sarcopenia

Sarcopenia is known as a new geriatric giant. It is an interdisciplinary and mul-
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low physical performance, and low muscle mass. Sarcopenia is a progressive process 
and, as a new geriatric giant, has many contributing factors - not only the aging 
processes, but also vitamin D deficiency, diet, sedentary lifestyle, diseases, drug 
treatments and drug interactions [14].

Sarcopenia has strong impact on the outcomes of the risk of falls and osteopo-
rotic fractures, lack of independency and lack of ability to perform activities of 
daily living. Subjects with sarcopenic obesity in the MrOS study had a 1.9 increased 
risk of any fracture and 3.1 increased risk of spine fracture [15]. The loss of strength 
is also an important criteria for a diagnosis of frailty syndrome (FS). Therefore, 
sarcopenia associated with muscle loss in frailty syndrome is one of the major issues 
of geriatric medicine. The prevalence of frailty syndrome is growing with age. The 
key role that vitamin D plays in muscle function and low muscle strength has been 
described in subjects with osteomalacia. The effects of 1,25(OH)D on the prolifera-
tion and differentiation in myogenic cells have also been described [20]. Although it 
remains highly debated, the action of vitamin D via the VDR receptor seems to play 
a significant role in muscle development and growth [16–18].

It remains unclear in observational studies if there is a key role in vitamin D 
interaction with muscle, or rather this is the effect of other factors. In an eight-
year longitudinal study, the supplementation of vitamin D was not associated 
with a decreased risk of frailty, but the average daily dosage of oral vitamin D was 
lower than 400 IU and probably not enough to achieve the target of serum 25(0H)
D concentration of 20 ng/ml. Additionally, the lowest 25(OH)D season-specific 
quartile correlated with a faster rate of muscle strength loss in men aged over 85 
[19, 20]. The process was observed in all subjects, including those who were not 
supplemented with vitamin D. Some interventional studies have been conducted 
to describe the role of vitamin D in musculosceletal health. However, only a few of 
these studies had muscle strength as the endpoint. Vitamin D may affect muscle 
function, particularly in vulnerable populations such as the oldest old and patients 
with severe sarcopenia. However, it is difficult to create a homogenic group of sub-
jects with the oldest old due to a large number of cofactors that influence physical 
performance. Nevertheless, vitamin D supplementation for preventing sarcopenia 
still requires a controlled, double–blind research design.

Sarcopenia being one of the crucial factors of frailty syndrome constitution 
provides a significant increase in falls that are one of the many causes of disability 
and functional decline in elderly people. Despite numerous trials and meta-analyses 
conducted the efficacy of vitamin D supplementation as a mean to prevent falls 
remains uncertain. The effectiveness of vitamin D in fall prevention remains an 
issue of the debate. Authors of publications have underscored the importance of 
further trials on vitamin D and falls and highlight 3 key characteristics these trials 
should comprise: vitamin D deficiency, vitamin D administration, and unified falls 
documentation [21].

5.2 Cognitive decline: dementia, depression

Vitamin D, by direct and indirect regulation of more than 200 genes, exerts 
bioactivity as a hormone and plays an important role in processes important for 
the functioning of all systems as well as central nervous system, including calcium 
absorption, tissue and immune cell growth, and inflammation. However, the cru-
cial role of vitamin D for brain health is supported by the presence of the enzyme 
that produces its active form 1-hydroxylase in cerebrospinal fluid. The receptor for 
the active metabolite is found throughout the human brain. Vitamin D has been 
linked with neuron growth and survival by its regulation of factors such as gluta-
thione, growth factors, neurotrophies and neurotransmitters. Moreover, in animal 
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models, vitamin D supplementation showed reduced inflammatory biomarkers in 
the hippocampus. Vitamin D receptor (VDR) seems to be one of the most probable 
genetic factors of Alzheimer disease (AD). VDR polymorphism increases the risk of 
AD by 2.3 times and in molecular studies, vitamin D treatment prevented amyloid 
production and enhanced its removal [22].

The pleiotropic aspects of vitamin D action was tested in numerous observa-
tional studies suggesting an association between low serum concentration and 
the increased risk of other geriatric giants such as cognitive decline, dementia and 
depression and its supplementation has also shown an improvement in the cognitive 
performance in elderly patients with senile dementia.

5.2.1 Epidemiological studies

A survey was conducted in Norway among patients over 65 years old with 
depression who were admitted to psychiatric wards. Vitamin D deficiency (below 
20 ng/ml) was observed in 71% patients with depression, 50% patients with bipolar 
affective disorder and in 25% of control group patients. However, in other studies, 
there exist a wide range of differences between vitamin D deficiency status (from 
34,6% in USA to 100% in British research). Because of the existing conflicts in the 
data, Li et all in 2018 conducted a meta-analysis to extend the knowledge concern-
ing vitamin D deficiency in patients with depression. They assumed that for every 
10 ng/ml of vitamin D level, the increase risk of depression decreases 12%. So, 
vitamin D supplementation could be useful in the reduction of depression risk, but 
until this time, the data of RCT’s are not conclusive [23, 24].

5.2.2 Alzheimer’s disease (AD)

Two meta-analysis underscored significantly lower vitamin D concentrations in 
patients with AD compared to healthy individuals. The risk of AD in patients with 
vitamin D deficiency was found to be twice higher in an American study and 2.85 
times higher in a French study. There exists a correlation between the stage of defi-
ciency and concentration - respectively 19% for concentration below 20 ng/ml and 
31% for severe deficiency (<10 ng/ml). However, concentrations >35 ng/ml were 
not correlated with a of lower risk of AD. Vitamin D pretends to be an independent 
protective factor reducing Alzheimer diseases processes. For example, in a Spanish 
study, the dynamics of Alzheimer disease was slower in patients receiving vitamin D.  
However, the data concerning influence of vitamin D supplementation in AD 
remains not conclusive [25, 26]. There is also lack of prospective RCT studies.

6. Comorbidity and infections

Notably, several studies have reported an inverse association between 25(OH)D 
serum levels and the risk of infections (including oral, gastrointestinal, urinary, and 
respiratory). Many studies underscored the potential immunomodulatory effects 
as well as the association between the low serum vitamin D levels and many other 
diseases, such as endocrinal dysfunction leading to increasing insulin resistance, 
diabetic negative outcomes (for example retinopathy), and cardiovascular disor-
ders. Therefore, all those elements of diseases, typical for elderly patients, create 
unfavourable background for constitution and progression of geriatric giants. 
However, in a Lithuanian cross-sectional study (Alekna et al.) of serum 25(OH)D 
concentrations in relation to activities of daily living (ADL) conducted among octo-
genarians the regression coefficient for 25(OH)D concentration vs. ADL category 
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depression and its supplementation has also shown an improvement in the cognitive 
performance in elderly patients with senile dementia.
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34,6% in USA to 100% in British research). Because of the existing conflicts in the 
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vitamin D deficiency was found to be twice higher in an American study and 2.85 
times higher in a French study. There exists a correlation between the stage of defi-
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was 0.2 (p = 0.01). As highlighted by the authors, it was impossible in this study to 
determine whether ADL status was a cause or an effect of serum 25(OH)D concen-
tration [27] Complexity of aging processes, age related diseases, geriatric giants and 
socioeconomic factors influencing elderly patients result in multifactorial, elaborate 
relation between all this factors to vitamin D status.

The last several months have strongly influenced geriatric medicine. COVID 
infection has become a clinical example of how important the role of vitamin D is 
in immunomodulation and anti-inflammatory effect for organisms in particular of 
aging organs.

7. Vitamin D supplementation and vitamin D treatment in elderly

7.1 Recommendations for general elderly populations

Recommendations for vitamin D intake in asymptomatic healthy individu-
als and in asymptomatic healthy individuals at high risk of vitamin D deficiency 
(which was published as the Central European Recommendation; similar to the 
Endocrine Society in USA) are presented in Tables 1 and 2. These guidelines recom-
mend the use of vitamin D supplements to obtain and maintain the optimal target 
25(OH)D concentration in range of 30-50 ng/ml (75-125 nmol/m).

As presented in Tables 1 and 2, people over the age of 65 should take  
800- 2000 IU/d of vitamin D throughout the whole year, but people younger than 
65 should take vitamin D in the same doses only when the photosynthesis in the 
skin is insufficient, during the winter months at latitude of >40°, little or no UVB 
radiation reaches the surface of the earth; such as in Poland from October to March 
(Table 1). The recommended vitamin D intake for groups at risk of vitamin D defi-
ciency and requires larger doses of vitamin D (Table 2). This includes night-time 
workers and dark-skinned people (1000-2000 IU/d of vitamin D for the whole 
year) and obese people (1600 IU/d to 4000 IU/d for the whole year). There are two 
essential points about supplementation in the healthy population. First, measure-
ments of [25(OH)D] should not be tested before and during supplementation 
and second, vitamin D doses larger than the tolerable upper intake levels (ULS) 
to prevent deficiency of vitamin should not be prescribed. The ULS for adults and 
seniors with normal body weight is 4000 IU/d, but in obese adults and seniors, it is 
higher (10 000 IU/d.) [28].

It is very important that treatment of vitamin D deficiency is based on 25(OH) D 
concentration and antecedent prophylactic management. Individual patients with 
serum 25(OH) < 20 ng/ml that have clinical risk factors for vitamin D deficiency 
(decreased intake, gastrointestinal diseases, chronic hepatic diseases, renal diseases, 
medication with antiepileptic drugs and others which disturbing metabolism of 
vitamin D) with bone diseases (fragility fractures, documented osteoporosis or 

Sufficient skin synthesis Supplementaion vitamin D IU

Season in year October–March April–September October–March April-September

Adults to 65 years — + 800-2000 —

after 
65 years

— — 800-2000

Recommendation: do not routinely test 25 (OH)D levels in these groups

Table 1. 
Recommended vitamin D intake in asymptomatic healthy individuals at high risk of vitamin D deficiency.
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high fracture risk, treated with antiresorptive medication, osteomalacia) should be 
treated. The primary treatment objectives for vitamin D deficiency are the prescrip-
tion of adequate doses to ensure correction of vitamin D deficiency (>20 ng/ml), 
reversing the clinical consequences of vitamin D in a timely manner and avoiding 
toxicity.

The oral route (intake) of treatment is recommended (vitamin D2 and vitamin D3) 
and should be taken with food to aid absorption. The dosage should be adjusted on 
the basis of the baseline deficit and the patient’s weight (schematic representation for 
elderly population presented below in the Figure 1). The control level of [25(OH)D] 
should be attained during treatment at the beginning and after 7-10 weeks.

Treatment of vitamin D deficiency should consist of 2 parts: the initial reple-
tion phase of therapy (loading phase), and after the loading phase, initiating the 
maintenance.

The loading phase with vitamin D requires 7 to 10 weeks. The aim is to saturate 
all body compartments so the level of [25(OH)D] is above 30 ng/ml (75 nnom/l. 
During this time, loading doses of vitamin D (about 300 000 IU) should be given as 
daily split (divide) doses or intermittent doses every week. Single mega doses (300 
000 IU to treat deficiency) are not recommended in the treatment of vitamin D 
deficiency. Maintenance regiments may be considered after the loading doses.

Example regiments: all loading doses are 300 000 IU and may by administered 
by a weekly or daily split.

Sufficient skin synthesis Supplementaion vitamin D IU

Season in year October–March April–September October–March April–September

Adults Nighttime
workers

— — 1000-2000

Dark-skinned — — 1000-20000

Obese 
(adults and 

seniors)

— — 1600-4000

Recommendation: do not routinely test 25 (OH)D levels in these groups

Table 2. 
Recommended treatment for individual patients with vitamin D deficiency.

Figure 1. 
Schematic representation elderly population vulnerable to vitamin D deficiency that defines broad groups 
for clinical consideration and decision-making about supplementation or treatment with vitamin D elderly 
individuals’ (PVDD – patients with vitamin D deficiency).
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50 000 IU capsules, one given weekly for 6 weeks.
20 000 IU capsules, two given weekly for 7 weeks.
1000 IU capsules, 4 a day for 10 weeks.
Maintenance regiments after loading doses (given either daily (800 – 4000 IU/D) 

or intermittently at higher equivalent doses (20 000 every 2 weeks).
The rapid correction of vitamin D deficiency may be necessary in some patients. 

Rapid correction is required in patients with symptomatic disease or those about 
to start treatment with potent antiresorptive agent, such as zolenndronate or 
denosumab. In these cases, the recommended treatment is based on split-loading 
doses (not single large doses) followed by regular maintenance therapy. Regarding 
the differences between cholecalciferol and calcifediol, including faster intestine 
absorption of the calcifediol and linear increment uninfluenced by baseline 
 vitamin D level, in elderly patients often this type of therapy should be considered.

Less urgent correction with lower subsequent dosing is required in patients 
with increased sensitivity to vitamin D therapy because of genetic abnormality in 
vitamin D metabolism, co-morbidities such as CD, granulomatoforming diseases or 
hyperparathyreoidismus [29, 30] .

Analogs 1 alfa (OH)D, 1, alfa 25(0H2)D and others should not be used in 
therapy of vitamin D deficiency or insufficiency. It is worth of mentioning that in 
the elderly patients, presence of geriatric giants, multimorbidity and drug interac-
tions should be taken into account.

8. Vitamin D intake and polypharmacy

The problem of polypharmacy and drug interaction is common in geriatric 
patients, as multimorbidity is a typical characteristic of this population. This makes 
it necessary to take into account assumptions concerning the possible interferences 
of widely used drugs on vitamin D metabolism. Vitamin D status in humans is an 
effect of the joint interaction of all vitamin D metabolic pathways. Therefore, all 
factors that interfere with individual metabolic stages may affect 25-hydroxyvita-
min D concentration in the circulation. To date, there is little hard evidence that 
agents such as lipase inhibitors, statins, antimicrobials, antiepileptics and others 
affect [25(OH)D] concentration in blood serum. The issue of drug and vitamin D 
interactions is a clear example of a situation where lack of evidence does not equate 
to “no harm”.

The agents with a potential to influence vitamin D status can be roughly divided 
into drugs that effect vitamin D intestinal absorption and those that influence 
vitamin D metabolism [31].

Included in the first category, lipase inhibitors are widely used for obesity treat-
ment. They decrease triglycerides hydrolysis in the gut, causing an incremental rise 
of excreted fat from the typical 5% up to 30%. This increases fat-soluble vitamin D  
loss in the feces, at the same time decreasing the vitamin D pool available for 
absorption in the small intestine. In the second category of drugs that influence 
vitamin D metabolism, statins are an important class and are widely used as very 
effective agents in both the primary and secondary prevention of cardiovascular 
diseases.

Statins are the most widely prescribed cholesterol-lowering drugs in the world, 
and they are expected to generate a revenue over $1 billion by 2025. All statins 
function as inhibitors of a rate-limiting enzyme in synthesis of cholesterol, 
namely hydroxyl-methyl coenzyme A (HMG-CoA) reductase. This action brings 
statins close to vitamin D metabolism, at the same time suggesting their uniform 
action and similar side effects. Nevertheless, the results of numerous studies show 
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that the statins/vitamin D interaction give diverse and pleiotropic results. This 
is evident by a meta-analysis that was “inconclusive on the effects of statins on 
vitamin D with conflicting directions from interventional and observational stud-
ies”. Although the fundamental mechanism of action is identical for all the statins, 
they differ in water solubility, and are catabolized in different ways depending 
on the statin type, patient’s age and vitamin D status, nutritional conditions 
and insolation. There are two basic ways of the disposition of statins from the 
human body. One is degradation of some statins in the stomach and excretion as 
native compounds, the second is an oxidative pathway where the statins undergo 
modification by a specific cytochrome P450 isoenzymes resulting in an enhanced 
solubility and subsequent excretion. Some of those enzymes belong to the CYP3A 
family, and that is the meeting point of the vitamin D and statins catabolic 
pathways [32].

It is known that atorvastatin, lovastatin and simvastatin are primarily 
metabolized by CYP3A4, a multi-substrate cytochrome involved also in vitamin D 
metabolites catabolism. Cytochromes in the CYP3A category are also very impor-
tant enzymes in the vitamin D catabolic pathways. Therefore, any interference 
with their activity may cause a disturbance in the vitamin D status of the patient. 
It is known that some statins may compete for the active centers of the CYP3A 
enzymes, slowing down the catabolism of the vitamin D metabolites. This results in 
the vitamin D status increasing, especially in patients who are supplemented with 
vitamin D. It has been found that atorvastatin treatment significantly increases 
25-hydroxyvitamin D concentration in patient’s blood serum. This increase is 
especially visible in patients treated with 800 IU of vitamin D per day. This effect is 
probably due to inhibitive competition of vitamin D metabolites and the statin for a 
limited number of active centers available in CYP3A4, and therefore the decrement 
of the metabolic clearance of the vitamin D metabolites. There are also reports that 
statins (e.g., rosuvastatin) that are not metabolized by CYP3A4 correlate with the 
increased 25OHD concentrations in the circulation system of the patient. There 
is no simple explanation for this finding. One possibility is that statins may act as 
inducers of the vitamin D 25-hydroxylase activity expressed to a certain extend by 
the CYP3A4 [33].

Statins are also known to increase the catabolic clearance of vitamin D metabo-
lites. The mechanism of this phenomenon relays on their affinity for nuclear recep-
tors (PXR, CAR) involved in regulating the expression of CYP3A proteins. [34].

Antiepileptics (AEDs) as carbamazepine, oxcarbazepine, phenobarbital, phe-
nytoin, primidone, and valproate have all been associated with bone health prob-
lems in epileptic patients. Taking into account that some of them are prescribed as 
coanalgesics, this type of therapy is widely use in clinical practice among elderly 
patients. AEDs are known to induce the enzymes from the catabolic pathway of 
the vitamin D. This action results in a specific sequence of events leading to an 
increased fracture risk beginning with the induction of hepatic cytochromes and 
accelerated degradation of the vitamin D metabolites. AEDs can result in decreased 
vitamin D status and decreased intestinal calcium absorption that has a nega-
tive effect on the circulating calcium pool. In turn, this activates a compensatory 
increase in PTH concentrations resulting in increased bone resorption and an 
increased risk of fractures. The negative effects of anticonvulsants on fracture 
risk were confirmed by a population-based analysis. The study had nearly 16,000 
participants who had a nontraumatic fracture of the wrist, hip and vertebra with 
up to 3 matched controls (“n” around 47,000). A significant increase of fracture 
risk was found for most of the antiepileptic drugs investigated namely for carbam-
azepine, clonazepam, gabapentin, phenobarbital and phenytoin. OR values ranged 
from 1,24 for clonazepam to 1,91 for phenytoin. Valproic acid was the only AED 
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not associated with increased fracture risk. These results are consistent with other 
population-based studies [35, 36].

Research was conducted to determine if vitamin D supplementation improves 
the bone condition in patients taking anti-epileptic drugs. The results of a system-
atic review of 9 studies reported that the research was marred by very little unifor-
mity with respect to the vitamin D dosing regimen, sample sizes, the antiepileptic 
drugs used, study length and design and bone outcomes measured. Nevertheless, 
the review states that vitamin D supplementation seems to have a positive effect on 
bone turnover markers, especially alkaline phosphatase and bone mineralization in 
adults with epilepsy.

The mechanisms of action and observational data suggest that other factors 
might interfere with the metabolism of vitamin D. This group comprises of gluco-
corticoids, immunosuppressive agents (cyclosporine, tacrolimus), many chemo-
therapeutic agents, highly active antiretroviral agents, and histamine H2-receptor 
antagonists.

Glucocorticoids belong to a widely used class of drugs. Prednisone, hydrocorti-
sone, dexamethasone are used in adrenal replacement, immune suppression and 
chemotherapy. The well-known side-effect of their application is osteoporosis. 
Therefore, alterations in vitamin D metabolism have been investigated as a possible 
mechanism. It has been found that glucocorticoids induce several P450 cyto-
chromes in a way similar to AED, including the vitamin D catabolizing CYP2A4. 
Although the RCT class studied failed to produce conclusive results, a recent 
overview of systematic literature revealed that the prevalence range of fractures or 
osteoporosis in patients taking glucocorticoids is 21 to 30%. The postulated remedy 
for these problems, save for decreasing the glucocorticoids dose, is vitamin D 
supplementation [37, 38].

9. Other drugs

One of published metanalysis underscored undoubted need for further research 
to understand the impact of drugs that inhibit CYP enzyme activity related to 
vitamin D status. Regarding such treatment as the antimicrobial agent ketoconazole 
or proton pump inhibitor omeprazole, have been shown to inhibit both CYP3A4 
166, 167 and CYP24 168 in vitro, so far, no studies have evaluated the clinical effect 
of these drugs on human vitamin D status in elderly [39].

10. Vitamin D toxicity in elderly

Vitamin D toxicity (VDT) due to excess of vitamin D is a clinical condition 
characterized by severe hypercalcemia that may persist for a prolonged period of 
time and lead to serious health consequences. Hypervitaminosis D with hyper-
calcemia develops after uncontrolled use of vitamin D mega doses or vitamin D 
metabolites [25(OH)D, 1,25(OH)2D]. Hypervitaminosis D may develop in some 
clinical conditions as a result of using vitamin D analogs (exogenous VDT). 
Hypervitaminosis D with hypercalcemia may also be a manifestation of excessive 
production of 1,25(OH)2D in granulomatous disorders such as sarcoidosis, tuber-
culosis, leprosy, fungal diseases, giant cell polymyositis, and berylliosis. In healthy 
geriatric population, exogenous vitamin D toxicity may be caused by prolonged 
use (months) of vitamin D mega doses, but not by the abnormally high exposure 
of skin to the sun or by eating a diversified diet. Exogenous VDT due to vitamin D 
overdosing is diagnosed in the elderly similar as in younger people (very rare) by 
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markedly elevated 25(OH)D concentrations (>150 ng/ml) accompanied by severe 
hypercalcemia and hypercalciuria and by very low or undetectable parathyroid 
hormone (PTH) activity [40, 41].

Exogenous VDT can be the result of patients taking excessive amounts of 
1,25(OH)2D or other 1–hydroxylated vitamin D analogs [1(OH)D], for example 
paricalcitol and doxercalciferol, used to treat hypercalcemic disorders, including 
hypoparathyroidism, pseudohypoparathyroidism, osteomalacia, and end- stage 
renal failure. When this occurs, hypercalcemia is a harmful side effect of treatment 
with a pharmacological vitamin D agent that is not related to 25(OH)D concentra-
tion and when the concentration value of 1,25(OH)2D is elevated. The increased 
risk of endogenous VDT is a serious clinical issue in the elderly with granuloma-
forming disorders and in lymphomas. Patients with granuloma-forming disorders 
and lymphomas are hypersensitive to vitamin D. Elevated 1,25(OH)2D concentra-
tion with hypercalcemia may develop after vitamin D supplementation, from 
dietary products fortified with vitamin D or after sunbathing. In granulomatous 
diseases (including tuberculosis, sarcoidosis, leprosy, fungal diseases, infantile 
subcutaneous fat necrosis, giant cell polymyositis, and berylliosis) endogenous 
VDT is related to the abnormal extrarenal synthesis of 1,25(OH)2D by activated 
macrophages. In lymphomas, the etiology of VDT is multiple, heterogeneous, and 
still not fully recognized. In endogenous VDT, hypercalcemia is related to increased 
1,25(OH)2D concentration. In contrast, hypercalcemia is a consequence of high 
25(OH)D concentration due to an overdose of vitamin D (exogenous VDT) [42, 43].

Over the last decade, the Institute of Medicine (IOM) and the Endocrine 
Society have both concluded that acute VDT is extremely rare in the literature, 
that serum 25(OH)D concentrations must exceed 150 ng/ml (375 nmol/l). Other 
considerations, such as calcium intake, can have an effect the risk of hypercalce-
mia and VDT. Despite of the risk factors associated with VDT, there is empirical 
evidence that vitamin D is among the least toxic fat-soluble vitamins, and sig-
nificantly less toxic than vitamin A. Dudenkov and colleagues researched more 
than 20,000 serum 25(OH)D measurements performed at the Mayo Clinic from 
2002 to 2011 to determine the prevalence of VDT, demonstrated by the presence 
of hypercalcemia. The number of individuals with a serum 25(OH)D concentra-
tion > 50 ng/ml (>75 nmol/l) had increased by 20 times during that period. On 
the other hand, high 25(OH)D concentrations can coincide with normal con-
centrations of serum calcium. In this study, only one patient was diagnosed with 
hypercalcemia with a 25(OH)D concentration of 364 ng/ml (910 nmol/l). Pietras 
and colleagues [16] reported no evidence of VDT in healthy adults in a clinical 
setting who received 50,000 IU of vitamin D2 once every 2 weeks (equivalent to 
approximately 3,300 IU/day) for up to 6 years. These patients maintained 25(OH)
D concentrations of 40–60 ng/ml (100–150 nmol/l). Ekwaru and colleagues had 
similar findings of no evidence of toxicity in Canadian adults who received up 
to 20,000 IU of vitamin D3 per day and had a significant increase of 25(OH)D 
concentrations, up to 60 ng/ml (150 nmol/l) [44–47].

11. Conclusions

The world-wide prevalence of vitamin D deficiency and its role in the main-
tenance of skeletal and non-skeletal health calls for continuing investigation of 
vitamin D. These actions should take into account a multitude of confounding 
variables, including age – elderly as well as the oldest-old, presence of geriatric 
giants and their consequences, evaluation of vitamin D deficiency as symptomatic 
or asymptomatic, distinction between the need of supplementation or treatment, 
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the way of supplementation/treatment, polypharmacy and potential drug interac-
tions. All these factors lead us to define the broad groups for clinical consideration 
and decision-making regarding the supplementation or treatment with vitamin D 
in elderly individuals. Heterogeneity of the elderly population contributes to mak-
ing impossible the creation one, simple algorithm for every patient.

Therefore, the proposed strategy (presented above in the Figure 2) to prevent 
vitamin D deficiency and the negative outcomes in the general elderly population 
in everyday clinical practice, takes into account multifactorial character of geriatric 
patient.

Figure 2. 
Proposed strategy for geriatric patient with vitamin D deficiency.
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the way of supplementation/treatment, polypharmacy and potential drug interac-
tions. All these factors lead us to define the broad groups for clinical consideration 
and decision-making regarding the supplementation or treatment with vitamin D 
in elderly individuals. Heterogeneity of the elderly population contributes to mak-
ing impossible the creation one, simple algorithm for every patient.

Therefore, the proposed strategy (presented above in the Figure 2) to prevent 
vitamin D deficiency and the negative outcomes in the general elderly population 
in everyday clinical practice, takes into account multifactorial character of geriatric 
patient.

Figure 2. 
Proposed strategy for geriatric patient with vitamin D deficiency.
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Chapter 4

Vitamin D and the Immune 
System
Vikram Singh Chauhan

Abstract

In the past few decades, various novel actions of vitamin D have been discovered. 
The mechanism of action of calcitriol or vitamin D is mediated by the Vitamin D  
receptor (VDR), a subfamily of nuclear receptors, which acts as a transcription 
factor in the target cells after formation of a heterodimer with the retinoid X 
receptor (RXR). As the VDR has been found in virtually all cell types, vitamin D 
exerts multiple actions on different tissues. Vitamin D has important immuno-
modulatory actions, which includes enhancement of the innate immune system and 
inhibition of the adaptative immune responses. These actions are associated with 
an increase in production of interleukin (IL)-4 by T helper (Th)-2 lymphocytes 
and the up-regulation of regulatory T lymphocytes. Vitamin D can regulate the 
immune responses in secondary lymphoid organs as well as in target organs through 
a number of mechanisms. Vitamin D inhibits the expression of APC cytokines, 
such as interleukin-1 (IL-1), IL-6, IL-12, and tissue necrosis factor- α (TNF-α) and 
decreases the expression of a set of major histocompatibility complex (MCH) class 
II cell surface proteins in macrophages. Vitamin D also inhibits B cell differentiation 
and antibody production. These actions reflect an important role of Vitamin D in 
balancing the immune system.

Keywords: Vitamin D, Immunity, Vitamin D receptor

1. Introduction

Vitamin D is now recognized as a vitamin as well as a pro hormone. It exists in 
two major forms: vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol). 
Vitamin D3 is formed in the human skin and is obtained in the diet through the intake 
of animal-based foods such as fish oils, whereas vitamin D2 is present in plant sources 
[1]. Vitamin D is traditionally known to be involved in the regulation of calcium and 
phosphate metabolism. Apart from its role in maintaining bone mineralization, vita-
min D also has a well described function as an immunomodulatory hormone [2]. The 
Vitamin D receptor (VDR) and metabolizing enzymes are expressed by numerous 
types of immune cells such as lymphocytes, macrophages, monocytes and dendritic 
cells [3, 4]. Preliminary studies have revealed that vitamin D has noteworthy biologic 
activities on the innate and adaptive immune systems. Some preclinical studies have 
demonstrated that administration of vitamin D leads to changes in the occurrence 
and progression of many immune-related diseases [2, 5]. This is supported by clinical 
data that explains the possible association of vitamin D with the incidence of many 
disorders such as type 1 diabetes, psoriasis, rheumatoid arthritis, multiple sclerosis 
and infectious diseases. The purpose of the present chapter is to provide a summary 
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demonstrated that administration of vitamin D leads to changes in the occurrence 
and progression of many immune-related diseases [2, 5]. This is supported by clinical 
data that explains the possible association of vitamin D with the incidence of many 
disorders such as type 1 diabetes, psoriasis, rheumatoid arthritis, multiple sclerosis 
and infectious diseases. The purpose of the present chapter is to provide a summary 
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of the effects of vitamin D on the immune system and the link between vitamin D 
and numerous types of immune-related diseases and conditions.

2. Vitamin D and the immune system
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discovered in the last few decades. In 1983, the contribution of macrophages in 
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inflammatory cells [6, 7]. The role of vitamin D in the inhibition of T cell prolifera-
tion was discovered by Rigby, et al in 1984 [8]. Further evidences were found for 
elaborating the role of vitamin D in the regulation of the immune system [8].
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the dendritic cell capability to activate T helper 17, inhibition of T helper 17-related 
IL-17 and hampering the ability to support T helper 17 polarization of naïve CD4+ 
T cells production [9]. In an autoimmune uveitis preclinical model, oral administra-
tion of 1,25(OH)2D prevented and inhibited immunological responses, as shown by 
reduction of both ROR-gamma-t (Retinoic acid Receptor-related Orphan Receptor 
gamma t) and IL-17 in CD4+ T cells, which are two indicators of T helper 17 cell 
function. Moreover, 1, 25(OH)2D inhibited bone marrow-derived dendritic cell 
ability to influence T helper 17 polarization of naive CD4+ T cells [9].

1, 25(OH)2D has also been involved in the inhibition of immunoglobulin pro-
duction and B cell proliferation and differentiation [10]. Low 1, 25(OH) [2] D level 
had been found in patients with systemic lupus erythematosus (SLE), suggesting 
that vitamin D could be involved in the regulation of autoantibody expression. 
Chen, et al showed that 1, 25(OH)2D has a direct effect on B cells, including inhi-
bition of proliferation, on generation of class-switched memory B cells and on 
immunoglobulin production in patients with SLE [10].

Vitamin D is also involved macrophage regulation and affects their cytokine 
expression. It increases prostaglandin E2 production from macrophages, which has 
a role in the inflammatory process and inhibits the expression of granulocyte-mac-
rophage colony-stimulating factor. Moreover, 1, 25(OH)2D induces macrophages 
and epithelial cells to produce cathelicidin, a peptide involved in antimicrobial 
action [11, 12]. Cathelicidin is responsible for activating the innate immune 
response by binding to its transmembrane receptor and is correlated to higher 
levels of the enzyme 1-alpha-hydroxylase in macrophages and keratinocytes [13]. 
The enzyme 1-alpha-hydroxylase further increases the production of cathelicidin 
through the production of 1,25(OH)2D.

Vitamin D is also involved in the activation of dendritic cells which enhance 
expression of CD4+/CD25+ regulatory T cells (T reg). In preclinical study by Gregori 
et al, 1, 25(OH)2D activated dendritic cells with a tolerogenic phenotype and caused 
an increased percentage of CD4+/CD25+ T reg in the spleen and lymph nodes. These 
regulatory T cells have a role in the transfer of transplantation tolerance [14].

3. Vitamin D and the innate immune system

Innate antigen presenting cells (APC), specifically dendritic cells (DC) are prin-
cipal targets for the immune modulatory effects of vitamin D. APCs have a crucial 
role in the initiation of the adaptive immune response as they present antigens to B 
cells and T cells and are able to modulate them by immunogenic signals such as the 
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expression of cytokines. Vitamin D and its analogs modify the function of DCs to 
induce a more tolerogenic and immature state. Immature DCs result in decreased 
levels of MHC class II and co-stimulatory molecule expression (CD40, CD80, 
CD86), which negatively affects antigen presentation accompanied by a lower IL-12 
secretion, but an increased production of the tolerogenic interleukin IL-10. High-
dose vitamin D supplementation in healthy humans (1 μg twice daily for 7 days) 
results in significant reduction in the proinflammatory cytokine IL-6 produced 
by peripheral mononuclear cells. A combination of all these effects results in the 
induction of potential regulatory T cells which are crucial for controlling immune 
responses and the development of autoreactivity [15]. A clinical study in 95 patients 
treated with adjunctive vitamin D therapy, added on to standard tuberculosis 
therapy demonstrated augmented resolution of inflammatory responses [16].

4. Vitamin D and the adaptive immune system

The expression of the nuclear VDR and vitamin D-activating enzymes in both 
T- and B types of human adaptive immune cells have been reported in studies. The 
activation and proliferation of T and B cells results in up-regulation of VDR expres-
sion, which ultimately regulates more than 500 vitamin D responsive genes [15].

Following are the proposed mechanisms for influence of vitamin D on T cell 
function [15]:

1. Direct, endocrine effects on T cells mediated via systemic vitamin D.

2. Direct, intracrine conversion of 25(OH) D to calcitriol by T cells.

3. Direct, paracrine effects of calcitriol on T cells following monocytes or 
 dendritic cells induced conversion of 25(OH) D to calcitriol.

4. Indirect effects on antigen presentation to T cells mediated via localized APCs 
by calcitriol.

All these effects of vitamin D result in shifting from a proinflammatory status to 
a more tolerogenic immune status, including very diverse effects on T cell subtypes: 
Vitamin D suppresses T helper cell proliferation, differentiation and modulates 
synthesis of cytokines [15].

5. Vitamin D and autoimmune diseases

Clinical studies investigated the association of vitamin D levels with the risk of 
developing autoimmunity and effect of vitamin D administration on autoimmune 
diseases. A systematic review of 219 studies demonstrated that vitamin D levels 
of<30 ng/mL are significantly associated with autoimmune disease. In patients with 
type-1 diabetes, the risks are significantly reduced in infants treated with vitamin D 
after the seventh month [17].

6. Vitamin D and Type 1 Diabetes Mellitus

Type 1 Diabetes Mellitus (T1DM) is an autoimmune disease with T cell mediated 
destruction of pancreatic β-cells. It is hypothesized that Vitamin D supplementation 
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early in life could be protective therapy against the development of T1DM [18]. 
Vitamin D supplementation in the first year of life in children produced a 33% 
risk reduction of developing T1D in a subgroup analysis of the EURODIAB study 
[19]. A meta-analysis of four clinical studies also revealed a significantly reduced 
risk of development of T1D among infants receiving vitamin D supplementation 
[20]. Many trials on vitamin D and T1D are currently ongoing which will hopefully 
expand our understanding of this topic.

7. Vitamin D and multiple sclerosis

Hypovitaminosis D is one of the important risk factors for the increased risk of 
development of multiple sclerosis (MS). In a cohort of the Nurses’ Health Study 
(92953 women) and Nurses’ Health Study II (95310 women), the intake of Vitamin 
D ≥ 400 IU/day was associated with the reduced risk of developing MS. [21] In a 
study by Merja et al., vitamin D3 add on treatment to interferon β-1b reduces MRI 
disease activity in MS [22]. Currently ongoing studies such as SOLAR and the 
EVIDIMS study will explore many aspects of the role of vitamin D in the manage-
ment of MS in the coming years.

8. Vitamin D and psoriasis

Vitamin D is involved in the proliferation and maturation of keratinocytes. This 
action of vitamin D created interest as a topical therapeutic option in the treatment 
of psoriasis. A significant association between low vitamin D levels and psoriasis 
has been reported. Although the exact role of vitamin D in the pathogenesis of 
psoriasis is unclear, possible mechanisms include the regulation of the cutaneous 
immune system (inhibition of T cell proliferation, T reg induction) and down-
regulation of pro-inflammatory cytokines. However robust clinical data regarding a 
role of vitamin D in psoriasis is still awaited [23].

9. Vitamin D and rheumatoid arthritis

In addition to inhibiting inflammatory cytokines such as IL-6, TNFα, IL-17 in 
synovial fluid, vitamin D also reduces fibroblast erosion [24]. Vitamin D supple-
mentation was found to be associated with lower risk of RA in a prospective cohort 
of 29,368 women over a follow up period of 11 years [25]. A randomized controlled 
trial (RCT) by Buondonno et al. [26] evaluated the effect of administration of 
cholecalciferol on T helper cell sub-types and osteoclast precursors. Single dose 
of cholecalciferol (300,000 IU) along with standard treatment showed improve-
ments in inflammatory cytokines in this study [26]. Further studies are required to 
estimate the dose of Vitamin D in the treatment of RA.

10. Conclusion and future perspectives

The role of Vitamin D in autoimmune disease is a major area of research. 
Addressing questions as to whether vitamin D levels are related to the risk of develop-
ing autoimmunity and whether vitamin D supplementation can modify the course of 
autoimmune diseases, several studies performed over the last four decades support 
the role of vitamin D in the prevention of autoimmune diseases. However there is still 
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Chapter 5

Viral Infections, Including 
Influenza and Corona Virus 
Disease 2019, and Vitamin D:  
A Mini-Review
Srđana Čulić

Abstract

Recent research about the influence of vitamin D (VD) deficiency on the 
 occurrence of viral infections suggests that children with VD deficiency have 
attenuated immune response. This, in turn, increases the severity of viral infec-
tions, especially those of the respiratory tract, that show a typical seasonality pat-
tern during the winter months. Despite the immunization of children at the global 
level, outbreaks of influenza do frequently occur. Over the past months, we have 
witnessed that the explosive pandemic of the corona virus disease 2019 (COVID-19) 
has caused significant mortality in some countries. Numerous studies have shown 
that VD deficiency is increasingly prevalent worldwide, and that it is potentially 
associated with the onset of viral infections. Persons with hypovitaminosis D and 
subsequent secondary immunodeficiencies ought to be identified and treated, 
while preventive supplementation of VD should be recommended to the general 
population to avoid VD deficiency during the winter. In this way, the burden of 
viral infections on population health and economy could be reduced. This paper 
also reviews the influence of VD on infections caused by hepatitis B and C viruses, 
human papillomavirus, Epstein–Barr virus, Human herpes virus 6, herpes simplex 
virus, and human immunodeficiency virus.

Keywords: viral infections, vitamin D, hypovitaminosis, influence

1. Introduction

The non-skeletal effect of vitamin D (VD) has been a hot topic of research for 
almost 20 years, and benefits have been found for many health conditions, includ-
ing cancer, diabetes, autoimmune diseases, cardiovascular diseases [1, 2]. The 
increase in global VD deficiency is most likely due to poor sun exposure and poor 
diet [3].

The dietary sources of VD cannot fulfill the body’s requirements [4]. Sun expo-
sure accounts for >90% of VD production in humans. Most people are now spending 
more time indoors, therefore, their exposure to sunlight is often limited. In the sum-
mer, due to fear of malignant skin diseases, use of creams with high ultraviolet (UV) 
protection is common, which further contributes to VD deficiency [5]. Air pollution 
in large urban industrial agglomerations with insufficient insolation also predisposes 
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to VD deficiency [6, 7]. Taken together, hypovitaminosis D has become a pandemic 
in itself, identified across ethnicities and age groups worldwide [8–10]. Diekmann 
investigated the VD status of residents in a German nursing home in Nurnberg, and 
found VD deficiency (<50 nmol/L) in 93.9% of the residents [11]. Hypovitaminosis 
D is common in elderly people [12].

VD was classified as a vitamin for historical reasons, although it is actually a 
hormone in the group of secosteroids (steroids with an open B ring). Until recently, 
scientists focused on how VD affects the maintenance of plasma calcium and 
phosphate regulation, particularly in children who have rickets, and in adults, and 
older people with osteopenia and osteoporosis [13]. New research indicates that this 
vitamin/hormone plays a significant role in the functioning of the immune system, 
in fact, it is essential for its optimal functioning [14].

Why is VD so important? Firstly, VD functions as a natural steroid. It is the 
secosteroid vitamin/hormone, which regulates the immune system function as an 
immunomodulator. This means that their end-targets are lymphocyte activation 
and proliferation, and differentiation of promyelocytes and monocytes. Secondly, 
the VD receptor (VDR) has been identified in most tissues. VD influences the 
innate and adaptive immune responses. This immunomodulator also targets den-
dritic cells (DCs), as well as B-lymphocytes, modulating both innate and adaptive 
immune responses [15].

Thirdly, VD influences the cytokine network through inhibition of secretion of 
several cytokines by T cells. This immunomodulatory effect may be very impor-
tant in treatment of viral infections and autoimmune diseases. Different reports 
have demonstrated the ability of VD to reduce the synthesis of interferon-γ  
(IFN-γ) and interleukin-2 (IL-2) in peripheral blood lymphocytes (PBL) and 
T-cell lines [16–18]. VD inhibits IFN-γ production and increased IL-10 production 
by peripheral blood mononuclear cells (PBMCs) [19]. Initial plasma IFN-γ and 
IL-10 are higher in COVID-19 Intensive Care Unit (ICU) patients and cytokine 
storm can occur [20–22].

Furthermore, VD can suppress cytokine storm by reducing the severity of 
influenza A. It significantly decreases the levels of tumor necrosis factor-alpha 
(TNF-α), interferon-beta (IFN-β), and IFN-stimulated gene-15 [23]. This is very 
important in case of severe clinical presentations of viral infection, especially those 
of the respiratory system [6]. VD also influences the acquired immunity and regen-
erate endothelial function and lining [24]. This effect is also important in order to 
minimize the alveolar damage in acute respiratory distress syndrome (ARDS) which 
can appear after viral acute respiratory infections (ARI) [25].

The condition of the average person’s immune system worsens in winter. To 
explain this, one hypothesis has focused on VD levels, which depend in part on 
UV light exposure (higher in summer) that positively modulates the immune 
system. The best evidence is that VD supplementation reduces the incidence of 
ARI, according to a meta-analysis of randomized trials. VD supplementation is 
safe protecting against ARI and very deficient patients experience the most benefit 
[26]. This effect can explain the variation in influenza incidence in summer and in 
winter. Epidemiologic evidence links poor VD status to high susceptibility to viral 
infections and autoimmune diseases. Generally, hypovitaminosis D has been linked 
to the increased susceptibility to viral infections. It is an area of growing interest in 
scientific community [27–30].

The latest research indicates an interesting interaction between VD and the 
viruses, focusing on its antiviral and immunoregulatory activity such as the induc-
tion of autophagy and apoptosis [31]. This mini review is focused on the influence 
of VD on morbidity from viral infections including influenza and corona virus 
disease 2019 (COVID-19), which have been of special interest in the recent months.
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The optimal level of VD in serum is recommended at >75 nmol/L [32, 33]. 
The reference ranges of VD are inconsistent according to different recommenda-
tion [34]. The simplest and most acceptable differentiation is that VD insuf-
ficiency is considered when VD levels are between 50 and 75 nmol/L, while levels 
≤50 nmol/L are considered inadequate and suggest VD deficiency [8]. Deficiency 
can be strong (30 – 49.9 nmol/L), significant (20 – 29.9 nmol/L) or extreme (< 
20 nmol/L) [32].

1.1 Epstein–Barr virus, human herpes virus-6

Alvarez-Lafuente revealed that low levels of VD have been described as one of 
the possible factors involved in the etiopathogenesis of multiple sclerosis (MS) [35]. 
Epstein–Barr virus (EBV) and human herpes virus 6 (HHV-6) infections have also 
been proposed as MS triggers [36, 37]. Possible effect of VD levels on viral load have 
been suggested [35]. VD levels could be involved in the regulation of the replica-
tion/reactivation of EBV in peripheral blood cells of MS patients; moreover, viral 
load seems to be higher when VD levels in serum are low [35]. Maghzi revealed that 
levels of VD in patients with infectious mononucleosis were significantly lower at 
the time of infection than in the control group and concluded that it could be a risk 
factor for the onset of autoimmune disease in general [38].

Hypovitaminosis D, Epstein–Barr virus (EBV) and human herpes virus 6 
(HHV-6) infections have been described as possible MS triggers, but the pathogen-
esis of MS associated with HHV-6 infection remains unknown [39]. The presence 
of EBV in the CNS and demonstration of the underlying mechanism (s) linking 
EBV to the pathogenesis of MS remain to be elucidated. Astrocytes and microglia, 
in  addition to B-cells can also be infected [40]. EBV is present and transcription-
ally active in the brain of most cases of MS and supports a role for the virus in MS 
pathogenesis [40].

Pérez-Pérez analyzes the association between VD and viruses EBV and HHV-6 
in 482 patients with multiple sclerosis [41]. The VD levels were significantly higher 
in the first school semester of the year than in the second and EBV viral load was 
significantly higher when VD levels were low [41]. Elevated EBV antibody levels 
and hypovitaminosis D may have impact on the relapsing–remitting form of MS 
[42]. High-dose oral VD supplementation can help the humoral immune responses 
against the latent EBV antigen, Ebstein-Barr nuclear antigen (EBNA)1 by decreas-
ing the antibody levels from baseline to week 48 [42].

1.2 Human papillomavirus

There are a few clinical studies about the influence of VD deficiency on occur-
rence of human papillomavirus (HPV) infection, but two authors are particularly 
worth mentioning because they revealed that VD deficiency enhance severity of 
HPV cervical infection. Özgü E et al. investigated whether VD deficiency could be a 
reason for the HPV infection persistence in cervical premalignant lesions [43]. They 
concluded that, the deficiency of VD and its metabolites could be a possible reason 
for HPV DNA persistence and related cervical intraepithelial neoplasia [43].

Another group of authors headed by Shim studied the association of sufficient 
level of VD with cervical-vaginal HPV infection due to high-risk HPV (cancer-
causing) or vaccine-type HPV and revealed that infections were increased in 
women with VD levels that were severely deficient [44].

These studies are a good guide to some new research into finding evidence of the 
benefits of VD in the fight against HPV. It is particularly important that supplemen-
tation of VD could possibly be considered in therapy of infections caused by HPV.
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1.3 Herpes simplex virus

Investigations of VD potential to prevent herpes virus infection or reactivation 
are limited. Kumar has investigated the herpes labialis cells supplementation with 
VD before herpes simplex virus (HSV)-1 infection and studied the effect after 6, 
12, and 24 h post-infections [45]. The supplementation of VD downregulate the 
viral load and Toll-like receptors (TLR) 2 mRNA during the initial phase of the 
infection [45]. The influence of VD was examined by Choi in vivo mouse model 
and observed that VD improved herpes simplex virus-induced Behçet’s disease-like 
inflammation by down-regulating the expression of TLR and pro-inflammatory 
cytokines [46].

Öztekin A and authors have studied the association between VD and recur-
rent herpes labialis (RHL) in a population with RHL. They compared VD levels 
in healthy volunteers with and without RHL [47]. The individuals with RHL had 
significant VD deficiency, with VD levels below the recommended levels in more 
than 96% of the population. Most importantly, the study established a significant 
association between low serum VD levels and presence of RHL [47].

1.4 Human immunodeficiency virus

VD deficiency is also prevalent among patients with human immunodeficiency 
virus (HIV) infection. High levels of VD and VDR expression are also associated 
with natural resistance to HIV-1 infection [48]. VD deficiency is linked to a stron-
ger inflammatory response and immune activation, low peripheral blood CD4+ 
T-cells, faster progression of HIV disease, and shorter survival time in HIV-infected 
patients [48]. VD supplementation and restoration of VD level to the recommended 
serum values in HIV-infected patients may improve immunologic recovery in 
combination with the antiretroviral therapy by reducing the level of inflammation 
and immune activation, and by increasing the immune response to viral pathogens 
[48]. Jiménez-Sousa suggests that VD deficiency may contribute to the pathogenesis 
of HIV infection and VD supplementation can reverse alterations of the immune 
system. Author supports VD supplementation as prophylaxis, especially in indi-
viduals with more severe VD deficiency [48].

People diagnosed with HIV are vulnerable to VD insufficiency and deficiency. 
The supplementation acts against HIV disease progression by boosting the immune 
response [49]. In vitro findings suggest that the VD treatment may reduce HIV-1 
transmission modulating levels and function of T cells, and the production of 
antiviral factors [50].

1.5 Hepatitis B and C virus

VD deficiency is involved in the pathogenesis of chronic liver diseases caused by 
hepatitis B (HBV), and C viruses (HCV). High prevalence of VD deficiency with 
serum levels below 20 mg/mL in patients with HBV and HCV infections has been 
reported. Current literature was reviewed in order to understand the effects of VD 
supplementation in combination with IFN-based therapy on the virologic response 
in HBV and HCV infected patients. Hoan revealed that is important to know the 
significance of VD hypovitaminosis in the outcome of HBV- and HCV-related 
chronic liver diseases [51].

VD signaling is involved in infectious and non-infectious liver diseases. It is very 
important to understand the risk factors for the development of HBV. Probably 
there is relationship between VDR polymorphisms and the risk of HBV infection. 
Another group of authors headed by He Q in meta-analysis indicates that VDR 
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polymorphisms FokI genotype FF, Ff and allele F increase the risk of HBV infection 
and possibly has a role in the HBV susceptibility [52].

Low serum levels of VD are associated with increased HBV replication. HBV-
transfected cells, inhibit VD impact [53]. The analysis of the immunological 
response of VD supplementation in chronic HCV patients by Kondo revealed that 
VD could improve the sensitivity of Peg-IFN/RBV therapy on HCV-infected hepa-
tocytes by reducing the cytokine IP-10 production from PBMCs and expression of 
IFN-stimulated genes expression in the liver. Th1 responses in subjects treated with 
VD3/Peg-IFN/RBV were significantly higher than in those treated with Peg-IFN/
RBV at 12 weeks after Peg-IFN/RBV therapy (p < 0.05) [54].

A recent study shows that supplementation of VD significantly improves 
sustained viral response via IFN-based therapy. VD reduces the extra- and intracel-
lular levels of HCV core antigen in a concentration-dependent manner. This finding 
confirmed the improved efficacy of anti-HCV treatment via the combination of 
VD and IFN [55]. Calcitriol and VD3, both remarkably inhibit HCV production in 
a VDR-independent mechanism [56]. A group of authors led by Murayama using 
an HCV cell culture system identified several compounds with anti-HCV activity 
by screening VD derivatives, which reduce HCV production by suppressing the 
expression of apolipoprotein in host cells [57].

2. Respiratory viruses

Acute respiratory viral infections (ARVI) remain the leading cause of mor-
bidity and mortality worldwide, and a major global health problem because the 
availability of the effective antiviral drugs is limited. Such epidemics have signifi-
cant negative economic consequences worldwide because of the increased absence 
from work and school resulting in long lasting economic crises. This can also lead 
to an overall collapse of the health care system. A number of observational studies 
revealed that VD deficiency is associated with increased risk of ARVI. Meta-
analysis of trials revealed that there is protective effect of VD supplementations 
on the prevention on ARVI [58]. VD and its metabolites have immunomodulatory 
effect on respiratory epithelial cells surface markers infected with respiratory 
viruses (RV) modulating secretion of interferon 1, TNF and IL-6 [58]. VD medi-
ates viral entry in epithelial cells and stimulates the expression of potent anti-
microbial peptides in the respiratory tract epithelial cells protecting the lung from 
infection [58, 59].

Esposito and colleagues reviewed all of the studies published in PubMed over 
15 years concerning VD deficiency and supplementations in children with respira-
tory tract infections. They concluded that VD seems to be very important because 
of its part of immune system. However, further studies are needed to evaluate the 
impact of VD deficiency in terms of the epidemiology and the outcome of pediatric 
respiratory tract infections [25, 60].

Brockman-Schneider and colleagues hypothesized that VD could directly reduce 
rhinovirus (RV) replication in airway epithelium but they found that VD does not 
directly affect RV replication in airway epithelial cells, but can instead influence 
chemokine synthesis and alters the growth and differentiation of airway epithelial 
cells [61].

2.1 Influenza virus

Influenza appears in a seasonal cycles [62, 63]. Seasonality to influenza corre-
lates with a seasonal drop in VD serum levels and is associated with solar radiation, 
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which triggers seasonal VD skin production. Common winter VD deficiency has 
negative effects on innate and acquired immunity. UV radiation from artificial 
sources or from sunlight reduces the incidence of viral respiratory infections [64].

VD supplementation is associated with reduced incidence and severity during 
influenza A virus (IAV) infection restoring the autophagic flux inhibited by IAV 
by upregulating the expression of Syntax in-17 (STX17) and V-type proton ATPase 
subunit (ATP6V0A2). It causes a concomitant decrease in cellular apoptosis via a 
VDR. VD is useful for limiting IAV-induced cellular injury via its pro-autophagic 
action [65].

Zhou and colleagues studied the clinical efficacy of VD for preventing influenza 
A in 400 infants. They revealed that a high-dose VD (1200 IU) is suitable and safe 
for the prevention of seasonal influenza because of rapid relief from symptoms, 
rapid decrease in viral loads and quick recovery [66]. This study suggests that VD 
supplementation during the winter may reduce the incidence of influenza A in 
infants [66]. Urashima investigated the effect of VD supplementation (1200 IU/d) 
during the winter on the incidence of seasonal influenza A in schoolchildren and 
proved that it can reduce it [67].

Very cheap prophylaxis with use of VD as a prophylactic therapy for influenza 
starting at the end of October till the end of April is very useful; Would be crucial to 
prove it from a potential easy and cheap prophylaxis or therapy support perspective 
as far as influenza infections are concerned. Gruber-Bzura explore the preventive 
effect of VD supplementation on viral influenza infections also [68].

In people diagnosed with hypovitaminosis D at the beginning of the autumn 
supplementation with 2000 IU of VD helps to bring levels to normal, but if 
extremely low serum VD values are proven, the reimbursement doses may be 
even higher.

2.2 Novel beta-coronavirus SARS-CoV-2

Coronaviruses are seasonal, with little transmission in the summer. Coronavirus 
disease (COVID-19) is caused by a novel beta-corona virus, renamed by the WHO 
to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) to destigmatize 
the association of the virus with any geographic location or nationality. COVID-19 
is a potentially fatal disease and has been declared as a global pandemic nowadays.

A number of additional preprints and publications regarding VD on COVID-19 
have appeared. Some reviews tried to explain the involvement of micronutrient VD 
in COVID19 treatment and prophylaxis. Vitamin D supplementation could possibly 
improve clinical outcomes of patients infected with COVID-19 [69].

Lau revealed that VD insufficiency prevalence in ICU patients was 84.6%, 
vs. 57.1% in floor patients and concluded that may be an underlying driver of 
COVID-19 severity [70]. Rharusun in his retrospective Indonesian cohort study 
revealed that majority of the death cases were older male with pre-existing 
 condition and hypovitaminosis D. Majority of the COVID-19 cases with insuf-
ficient and deficient VD status died [71]. Bloukh conclude that adequate serum  
vitamin D levels are needed for the prevention of severe cases of COVID-19 
[72, 73]. The elderly have lower levels of vitamin D due to a variety of biological 
and behavioral factors [74, 75].

VD deficiency has been found to contribute to ARDS and case-fatality rates 
increase with age and with chronic disease comorbidity, both of which are associ-
ated with hypovitaminosis D. This supports the view that VD deficiency may also 
favor the emergence of more severe forms of the disease. It is also well known 
that older people, especially those housed in homes, have a high percentage of VD 
deficiency. Unfortunately, today we are witnessing an explosive rate of infections 
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in nursing homes with poor outcomes. VD prevention and treatment for deficiency 
worldwide would greatly help to overcome this pandemic. VD is known to regener-
ate endothelial lining, which may be beneficial in minimizing the alveolar damage 
caused in ARDS. In animal model VD reduce lung permeability by modulation of 
renin-angiotensin system activity and ACE2 expression [76]. Grant recommends 
that raising serum VD concentrations to 100 – 150 nmol/l should be able to reduce 
the risk of COVID-19 infection and death [77].

McCullough recommends reaching those concentrations rapidly by taking large 
doses of VD for a few weeks, followed by several thousand IU/d VD for the dura-
tion of the COVID-19 pandemic. Such doses have been found not to have adverse 
health effects. Randomized controlled trials and large population studies should be 
conducted to evaluate these recommendations [78].

There have been a few investigations of VD effect on interstitial pneumonia. 
Tsujino and his colleagues used human pulmonary fibroblast cell lines (HPFCs) and 
a mouse model of Bleomycin-induced pulmonary fibrosis. They evaluated whether 
VD was activated in the lungs and had a preventive effect against interstitial 
pneumonia [79]. Expression of the VDR gene and genes for enzymes metabolizing 
VD were evaluated in two HPFCs, as well as the suppressive effect of VD on induc-
tion of inflammatory cytokines [79]. Symptoms of Bleomycin-induced pulmonary 
fibrosis were improved and expression of fibrosis markers/fibrosis inducers was 
decreased by a high VD diet, so they concluded that VD is activated locally in lung 
tissues and high dietary intake may have a preventive effect against interstitial 
pneumonia [79]. Martineau concluded that VD supplementation is safe and pro-
tects against acute respiratory tract infection overall. Patients who were very VD 
deficient experienced the most benefit [80].

Daneshkhah investigates if there is a link between severe cases of COVID-19 
expressing cytokine storm and VD deficiency [81]. Age-specific case fatality (CFR) 
was investigated for the elderly (age ≥ 70 yr), Italy and Spain present the highest 
CFR (>1.7 times that of other countries). A more severe deficiency of VD lower 
than 25 nmol/L is reported in Italy and Spain compared to other countries. His 
investigation suggests that elimination of severe VD deficiency reduces the risk 
of high CRP levels, which may be used as a surrogate marker of cytokine storm 
expected to reduce in severe COVID-19 cases of up to 15% [81].

Kakodkar in his review points out that VD regenerates endothelial lining and is 
beneficial in lowering the alveolar damage and ARDS [82]. This protective effect 
is 19% better on those on a daily bolus compared to those on a monthly one while 
in those with deficiency protective effect is 70% better. The author and his col-
leagues consider this vitamin very important in the prevention and treatment of 
COVID-19 [82].

Recent study of COVID-19 and VD indicate that the severity of the clinical 
picture of COVID-19 depends of VD deficiency that is more prevalent in patients 
with severe COVID-19 disease. The inflammatory response is higher with increased 
chances of mortality [83]. Antiviral and anti-inflammatory action of VD is high 
and supplementation can have preventive effect on the development of severe 
COVID-19 forms [84].

A clinical trial on the severity of COVID-19 clinical imaging and VD deficiency 
should be performed and useful. Caccialanza R. and other authors propose a prag-
matic protocol for early nutritional supplementation of non-critically ill patients 
hospitalized for COVID-19, explaining that most patients present at admission have 
severe inflammation and anorexia leading to a drastic reduction of food intake [85]. 
Many published data revealed that VD has immunomodulatory effect. Prevention 
by supplementation is recommended [86]. There is a link between immunodefi-
ciency in individuals with obesity and greater viral pathogenicity because of VD 
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deficiency/insufficiency in this population [87]. Among patients with COVID-19 
in intensive care units (ICU) the prevalence of obesity was 47.5% (49/103). In a 
multivariate analysis, severe obesity (BMI ≥35 kg/m2) was associated with ICU 
admission [88].

The first preliminary data collected by Giancarlo Isaia in Turin indicate that 
patients hospitalized for COVID-19 have a very high prevalence of hypovitaminosis D. 
Italy is currently the country with the third highest number of Coronavirus cases after 
the United States and Spain. If we compare the data of southern and northern Italy, 
published on-line by Statista Research Department, we can see that in southern Italy, 
which is also poorer, there are significantly fewer infected with SARS-Cov-2 [89].

Vitamin D levels are severely low in the aging population especially in Spain, 
Italy, and Switzerland. This is also the most vulnerable group of the population 
in relation to COVID-19 [90–92]. There is a variation in mortality of COVID-19 
between different countries and countries in southern hemisphere have a relatively 
low mortality. For instance, there is a big difference between Australia’s 2 per 
million in 10th the UK’s 68 per million by April 3rd 2020., which may support the 
hypothesis that VD is a factor that determines the severity of the disease [93].

3. Discussion

The viruses that have already been circulating among the population earlier are 
less severe than the new ones, which have an advantage because the population was 
not previously immunized to them. Many respiratory viruses are winter-seasonal in 
temperate regions. For influenza, it has been shown in the lab that absolute humid-
ity strongly affects flu transmission, where drier conditions are more favorable.

There is a significant correlation between VD deficiency in children and the 
incidence and severity of lower respiratory tract infection (LTRI). Children with 
LRTI have significantly lower mean VD levels as compared to controls and their 
disease manifestation was severe [94].

The hypothesis that hypovitaminosis D can influence severity of influenza or 
COVID-19 has to be confirmed by future research.

Analyzing the immune mechanisms might help us to understand why some 
people show severe complications while others can be asymptomatic. We have to 
discover the influence of VD on specific targets in immune system immunomodu-
lating the response on virus influenzas and SARS-CoV-2.

This knowledge can be useful for preventive therapeutic purposes when VD can 
be used as an immune-protector and antiviral factor. Increasingly, there is a grow-
ing awareness that this secosteroid hormone/vitamin is a very important factor in 
the proper functioning of the immune system in response to various viral infections 
and consequent complications such as autoimmune or malignant diseases.

In recent years, we have witnessed explosive flu epidemics, generally respira-
tory infections including this year pandemic of COVID-19 that we can associate 
with the worldwide epidemic of hypovitaminosis D. It would be necessary that 
organizations, societies, and country government institutional bodies be lobbied to 
recommend VD in winter time and adopt guidelines for the prevention of hypovi-
taminosis D, in order to prevent or at least minimize the outcome of this pandemic 
with is causing grave and tragic consequences on the health of mankind and of 
course the economy.

Interventional and observational epidemiological studies provide evidence 
that VD deficiency may confer increased risk of influenza and respiratory tract 
infection. Cell culture experiments support the thesis that VD has direct anti-viral 
effects particularly against enveloped viruses [95].
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3.1 Recommendations

For optimal functioning of the immune system and protection against infections 
caused by viruses, serum VD concentration has to be between 75 and 150 nmol/L. 
Preventive doses for adults in risk of hypovitaminosis D have to be from 1200-
2000 IU and for children at risk for hypovitaminosis D have to be from 800-1200 IU.

For proven VD deficiency for adults, 4000 IU have to be prescribed for the first 
8 weeks and then maintained at 1200-2000 IU and for children 2000 IU 8 weeks 
and maintained 1200-1400 IU depending on the severity of the deficit.

Considering the recommendations presented in Table 1, a personalized 
approach to the treatment and prevention of VD deficiency is extremely important. 
It is important to identify in the population individuals with secondary immune 
deficiency caused by hypovitaminosis VD. Such persons have to be treated with 
higher doses.

In children and adults, we have to bring serum VD levels to >75 nmol/L and 
maintain them between 90 and 120 nmol / L especially in epidemic conditions to 
150 nmol/L After VD replacement therapy, a rechecking of the serum VD con-
centration is recommended after two months. In period of maintenance therapy 
rechecking has to be every two months. As can be seen in the preprints and publica-
tions on severity of COVID-19 infections those with concentrations >75 nmol/L 
still have symptomatic infections. Thus, going to 100 to 150 nmol/L would result in 
reduced risk of symptoms better than just >75 nmol/L.

It is known that VD concentrations decrease with age because the skin is old and 
has reduced capacity to produce VD and the intestines absorb VD more slowly from 
food. Elderly Europeans, are thus at risk of hypovitaminosis D during winter [96, 97].

The same is happening worldwide, especially among the older population living 
in the northern hemisphere. They have to be tested for levels of VD in serum at the 
beginning of November and at the end of February. The elderly population is the 
most susceptible to influenza and COVID-19 and has the most frequently fatal com-
plications. It is the same population that is most likely to suffer from hypovitamino-
sis D, which significantly worsens the condition of the aging immune system [98].

A serum VD lower than 25 nmol/L was found in 2 to 30% of adults, while this 
percentage may increase to 75% or more in older persons in institutions [90, 91].

The Institute of Medicine (IOM) finds doses <4000 IU/day are safe for old 
people. Boucher suggest that ≥1000–2000 IU of VD daily is necessary in this 

Therapy for hipovitaminosis D Prevention of hipovitaminosis D

Children 1. 2000 IU 8 weeks, then VD serum  
levels control

2. Maintenance 1200-1400 IU,
VD serum levels control every two months

1. 800 IU – 1200 IU
VD serum levels control every 
two months

Adults 1. 4000 IU 8 weeks, then VD serum  
levels control

2. Maintenance 1200-2000 IU,
VD serum levels control every two months

1. 1200 IU – 2000 IU
VD serum levels control every two 
months

Elderly 1. 5000 IU 8 weeks, then VD serum  
levels control

2. Maintenance 2000 - 3000 IU
VD serum levels control every two months

1. 2000 - 3000 IU
VD serum levels control every two 
months

Table 1. 
Recomandations for daily VD administration.
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population with numerous clinical problems related to the indicated age, especially 
when independence is lost, when hypovitaminosis D is also present worsening the 
patient’s clinical condition. Much higher doses than these are needed for the treat-
ment of the established deficiency [99].

A preventative strategy should be established and endorsed by the organiza-
tions, societies, and country governments be lobbied to recommend VD in winter, 
which is extremely important for maintaining the good health of the world’s popu-
lation. Preventive administration of VD or replacement therapy in the early winter 
months to early spring could reduce the severity of clinical symptoms in patients 
with COVID-19 infection. It is necessary to optimize VD status to enhance every 
one’s immunity for protection against SARS-CoV-2 infection. Prevention of influ-
enza outbreaks and COVID-19 must begin as early as the first days of November 
so that the population enters a season of respiratory infections with a prepared 
and strengthened immune system. Jakovac in his letter to the editor recommends 
intensive supplementation as possible prophylaxis with VD with even higher doses 
[100]. Maintenance of adequate VD status may be an effective and inexpensive 
prophylactic method against viral infections, but the optimal supplementation 
regimen has to be defined.

The latest literature by Paul Marik and East Virginia Medical School (EVMS) 
medical group published on line a protocol explaining prevention and treatment 
COVID-19 with instructions for applying VD 1000-4000 IU (unknown optimal 
dose) in prevention and therapy in mildly symptomatic patients [101].

4. Conclusion

Persons with VD deficiency have attenuated immune responses with secondary 
immunodeficiency. This condition increases the severity of viral infections especially 
those of respiratory tract that show typical seasonality pattern during the winter 
months. Children, adults, especially older population have to take supplementation 
of VD for reason to cure and deficiency prevention. By the general acceptance of the 
fact that VD supplementation has a positive effect on immunity we can reduce the 
risk and severity of viral infections with important public health benefits.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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ment of the established deficiency [99].

A preventative strategy should be established and endorsed by the organiza-
tions, societies, and country governments be lobbied to recommend VD in winter, 
which is extremely important for maintaining the good health of the world’s popu-
lation. Preventive administration of VD or replacement therapy in the early winter 
months to early spring could reduce the severity of clinical symptoms in patients 
with COVID-19 infection. It is necessary to optimize VD status to enhance every 
one’s immunity for protection against SARS-CoV-2 infection. Prevention of influ-
enza outbreaks and COVID-19 must begin as early as the first days of November 
so that the population enters a season of respiratory infections with a prepared 
and strengthened immune system. Jakovac in his letter to the editor recommends 
intensive supplementation as possible prophylaxis with VD with even higher doses 
[100]. Maintenance of adequate VD status may be an effective and inexpensive 
prophylactic method against viral infections, but the optimal supplementation 
regimen has to be defined.

The latest literature by Paul Marik and East Virginia Medical School (EVMS) 
medical group published on line a protocol explaining prevention and treatment 
COVID-19 with instructions for applying VD 1000-4000 IU (unknown optimal 
dose) in prevention and therapy in mildly symptomatic patients [101].

4. Conclusion

Persons with VD deficiency have attenuated immune responses with secondary 
immunodeficiency. This condition increases the severity of viral infections especially 
those of respiratory tract that show typical seasonality pattern during the winter 
months. Children, adults, especially older population have to take supplementation 
of VD for reason to cure and deficiency prevention. By the general acceptance of the 
fact that VD supplementation has a positive effect on immunity we can reduce the 
risk and severity of viral infections with important public health benefits.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 6

Vitamin D and Its Relationship 
with the Pathways Related to 
Thrombosis and Various Diseases
Syed Mohd, Swati Sharma, Aastha Mishra  
and Mohammad Zahid Ashraf

Abstract

Vitamin D known for its vital role in diverse biological function such as calcium 
and phosphorus homeostasis, also exert an anticoagulant effect emphasizing its 
essential role in the thrombosis pathogenesis. Thrombosis is the formation and 
propagation of a blood clot or thrombus either in the arterial or the venous system 
resulting in several severe complications. Various studies have also reported the 
association of vitamin D deficiency with the increased incidences of thromboem-
bolism. This may be in part due to its anticoagulant effects through upregulation 
of thrombomodulin, an anticoagulant glycoprotein, and downregulation of Tissue 
Factor, a critical coagulation factor. The protective effects of vitamin D and its 
receptor in endothelial cells may further explain some of the reported beneficial 
effects of vitamin D in the prevention or treatment of cardiovascular diseases. 
Additionally, the immunomodulatory role of vitamin D has been observed through 
its ability to alter the secretion of inflammatory cytokines that can induce a pro-
coagulant milieu by multiple pathways. Therefore, it becomes pertinent to discuss 
the close link between vitamin D and human health and to improve our knowledge 
of the molecular pathways regulated or influenced by vitamin D and its associated 
metabolites.

Keywords: vitamin D, vitamin D receptor, thrombosis, coagulation,  
immune response

1. Introduction

Vitamin D is a lipophilic, steroid hormone, obtained from various food sources 
as well as majorly synthesized by the body in the skin through exposure to ultra-
violet irradiation [1, 2]. In nature, vitamin D exists in two forms, vitamin D2, and 
vitamin D3. 25-hydroxyvitamin D (25(OH)D) is the major circulatory form and 
1,25-dihydroxyvitamin D (1,25(OH)2D) is the active form of vitamin D that exerts 
its activity by binding to and activating the nuclear vitamin D receptor (VDR), 
which is a ligand-inducible transcription factor [3]. Upon activation, VDR forms 
a heterodimer with the retinoid-X receptor (RXR) that interacts with particular 
DNA sequences in the promoter region of target genes called vitamin response 
elements (VDREs) [4]. Vitamin D exerts a diverse biological function such as cell 
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proliferation, calcium and phosphorus homeostasis, and cell differentiation. Most 
of these actions are carried out by regulating the expression of target genes through 
VDR activation [3].

Vitamin D deficiency is a widespread condition, reportedly occurring in 30 to 
60% of the general population worldwide [5–7]. Vitamin D is commonly known 
for its vital role in calcium homeostasis and bone mineralization. It is also crucial in 
the prevention of rickets during early age and osteomalacia during adult age [8, 9]. 
Increasing evidence from clinical reports, cross-sectional studies, and cell culture 
studies further indicate that vitamin D may exert an anticoagulant effect emphasiz-
ing an essential role of vitamin D metabolites in the pathogenesis of thrombosis 
[10–12]. VDR is expressed throughout the body including various immune cells 
such as macrophages, dendritic cells, and lymphocytes [13–17]. They are also 
expressed in the vascular endothelial cells [18], which are relevant to hemostasis.

Thrombosis is the formation of a blood clot within the intact vascular system. 
It can occur in both arterial and venous systems [19]. Rudolf Virchow, a German 
scientist, and physician proposed the three main factors that may predispose an 
individual to the development of thrombosis: stasis, endothelial dysfunction, and 
hypercoagulability. Apart from these three factors, the innate inflammatory system 
also has an intrinsic link with coagulation, whereby activation of the inflammatory 
system promotes thrombosis and vice versa [20, 21]. Interventional studies have 
shown vitamin D treatment enhances endothelial functions and reduces the pro-
duction of pro-inflammatory cytokines [22–24]. Apart from this, the anti-throm-
botic effect of vitamin D on the pro-thrombotic and anti-thrombotic components 
of the coagulation system has also been well defined [25–27]. In this chapter, we are 
defining the effect of vitamin D deficiency in the three most important parameters 
viz. coagulation, endothelial activation, and immune responses affecting the occur-
rence of thrombosis. This chapter will also discuss the clinical impact of Vitamin D 
in various diseases including COVID-19.

2. Vitamin D in coagulation

Vitamin D deficiency is defined based on the plasma levels of 25(OH)D. 
Individuals with plasma levels under 20 ng/mL are considered vitamin D deficient. 
Vitamin D deficiency is highly prevalent worldwide with approximately 30–50% 
incidences [28–30]. Several reports have established the significant association of 
vitamin D deficiency with the increased risk of various cardiovascular diseases 
(CVDs) and mortality [31–33]. Various studies have also reported the associa-
tion of vitamin D deficiency with the increased incidences of thromboembolism 
[34–36]. As suggested by the studies, the underlying molecular mechanism for the 
antithrombotic potential of vitamin D includes up-regulation of thrombomodulin 
and downregulation of tissue factor (TF) [25, 36, 37]. Additionally, vitamin D 
upregulates and increases the level of anti-inflammatory cytokines like IL-10 
[24, 38]. The expression profile of more than 200 genes involved in the regulation 
of cellular proliferation, differentiation, apoptosis, and angiogenesis is directly 
or indirectly regulated by vitamin D [39]. The experimental shreds of evidence 
obtained from cell culture studies depicted that biologically active form of vitamin 
D3 i.e., 1,25(OH)2D, and its synthetic analogs exerted the anticoagulant effects 
[40]. Koyama et al. have demonstrated in their experiments on human peripheral 
monocytes that 1,25(OH)2D exerted the anticoagulant effects by upregulating the 
expression of thrombomodulin, an anticoagulant glycoprotein, and downregulat-
ing the expression of TF, a critical coagulation factor [13]. 1,25 (OH)2D directly 
suppresses renin gene expression via a vitamin D-response (VDR) element that is 
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present in the renin gene [41]. Different studies on mouse embryonic fibroblasts 
from VDR Knockout (VDRKO) mice asserted an increase in pro-fibrotic factors 
including nuclear factor kappa B, interleukin (IL)- 6, and TNF-α suggesting that 
1,25 (OH)2D may have antifibrotic effect and hence modulates multiple signaling 
pathways, like the transforming growth factor-β/Smad signaling [42]. Experiments 
with VDRKO mice showed enhanced ADP-induced platelet aggregation, down-
regulation of thrombomodulin and anti-thrombin, and upregulation of TF at 
mRNA level [43]. The VDR system has a physiological role in the maintenance of 
anti-thrombotic homeostasis as exacerbated multiorgan thrombus formation has 
been observed in VDRKO mice after lipopolysaccharide injection [43]. Recently, it 
has been documented that human platelets and megakaryocyte lineage also express 
VDR [44]. Hyppönen et al. documented that serum 25(OH)D level inversely 
associated with tPA antigen, fibrinogen, and D-dimer, suggesting a possible role for 
vitamin D3 status in determining thrombolytic profile [45]. It is well studied that 
inflammation can cause coagulation with high sensitivity C-reactive protein (hs-
CRP) [46, 47]. A study comprising of 206 individuals reported significant inverse 
associations between 25(OH)D and PAI-1 and tPA antigen levels and between 
1,25(OH)2D and tPA and hs-CRP levels [48].

However, because of the small number of clinical trials and heterogeneity, more 
studies need to be conducted to further define the haemostatic abnormalities seen 
in individuals with vitamin D3-deficiency, and to precisely define the potential 
benefits of vitamin D3 supplementation as a preventive measure for various CVDs.

3. Vitamin D in endothelium homeostasis

The pathogenesis of cardiovascular diseases is governed by endothelium 
homeostasis. The vascular endothelium is of mesodermal origin and is located at 
the confluence between blood and the underlying vascular tissues. It not only works 
as a barrier function but also exerts several vasoprotective roles, and is considered 
as the main regulator of blood vessel homeostasis. Due to its inherent capability to 
perceive humoral and hemodynamic stimuli [49], the endothelium is instrumental 
in local regulation of vascular tone and structure, regulation of migration and 
growth of VSMCs, and controlling the adhesion and extravasation of leukocytes 
[50, 51]. Destabilization and activation of the endothelium take place as a result of 
injury, hemodynamic alteration, response to inflammatory cytokines, as well as 
genetic disorders [52, 53]. Endothelial dysfunction is found in various conditions 
that adversely affect the cardiovascular system, including hypertension, diabetes 
mellitus, atherosclerosis, chronic renal failure, and Deep venous thrombosis (DVT) 
[54]. Endothelial cells (ECs) in a quiescent form exhibit an anti-coagulant, vaso-
dilatory, and anti-adhesive property [55]. However, when activated they express 
pro-coagulant, vasoconstricting, and pro-adhesive properties [56]. Hemostasis is 
facilitated by an equilibrium of anticoagulant and procoagulant factors [56]. On 
one side of the hemostatic equilibrium, the ECs express anticoagulant factors such 
as thrombomodulin TM, tissue factor pathway inhibitor (TFPI), and tissue-type 
plasminogen activator (t-PA). On the other side, they express thrombin receptors, 
TF, plasminogen activator, and von Willebrand factor (vWF) [56].

The VDR has been identified in endothelium cells, and hydroxylation of 25(OH)
D to 1,25(OH)2D also takes place in the endothelium [18, 57]. The expression of 
VDR and 1-alfa hydroxylase in the endothelium was found to be decreased with 
25(OH)D deficiency [58]. In the vascular system, it has been recognized that vitamin 
D controls the proliferation of endothelial cells and vascular smooth muscle cells 
[59, 60]. Vitamin D up-regulates the production of nitric oxide (NO) in ECs [31], 
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proliferation, calcium and phosphorus homeostasis, and cell differentiation. Most 
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1,25 (OH)2D may have antifibrotic effect and hence modulates multiple signaling 
pathways, like the transforming growth factor-β/Smad signaling [42]. Experiments 
with VDRKO mice showed enhanced ADP-induced platelet aggregation, down-
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vitamin D3 status in determining thrombolytic profile [45]. It is well studied that 
inflammation can cause coagulation with high sensitivity C-reactive protein (hs-
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associations between 25(OH)D and PAI-1 and tPA antigen levels and between 
1,25(OH)2D and tPA and hs-CRP levels [48].
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benefits of vitamin D3 supplementation as a preventive measure for various CVDs.
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plasminogen activator (t-PA). On the other side, they express thrombin receptors, 
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The VDR has been identified in endothelium cells, and hydroxylation of 25(OH)
D to 1,25(OH)2D also takes place in the endothelium [18, 57]. The expression of 
VDR and 1-alfa hydroxylase in the endothelium was found to be decreased with 
25(OH)D deficiency [58]. In the vascular system, it has been recognized that vitamin 
D controls the proliferation of endothelial cells and vascular smooth muscle cells 
[59, 60]. Vitamin D up-regulates the production of nitric oxide (NO) in ECs [31], 
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by increasing eNOS expression [61], which helps in reducing arterial stiffness [62]. 
Various randomized control trials (RCTs) have demonstrated an improvement in 
endothelial dysfunction in healthy individuals [23, 63, 64], as well as in patients 
[65, 66] and improvement of arterial stiffness with improved flow-mediated dila-
tion (FMD) after vitamin D supplementation [67]. A study by Davide Carrara et 
al. showed restoration of normal vitamin D levels after prolonged supplementation 
with a high dose of cholecalciferol (50,000 IU/week orally for 8 weeks) is associated 
with inhibition of peripheral renin-angiotensin system and with an improvement 
of FMD in essential hypertensive patients with hypovitaminosis [68]. The 25(OH)D 
presumed to be an inactive sterol is also found to be a potent mediator of endothelial 
stability in a non-genomic manner at physiologically relevant levels [69].

1,25(OH)2D3 supplementation reduces oxidation stress, NF-kappa B activation, 
Intercellular Adhesion Molecule 1 (ICAM-1), and Monocyte chemoattractant protein-1 
levels in the endothelium cells [70]. Vitamin D also downregulates platelet-activating 
factor (PAF) induced ICAM-1 expression in the ECs [71]. Another study observed a 
greater level of p65 subunit of NF-kB, and IL-6 in vitamin D deficient groups as com-
pared to the vitamin D sufficient group [72]. Vitamin D has also been shown to inhibit 
activation of proinflammatory TF, NF-kB, and its downstream target, IL-6 [73], which 
is a pro-inflammatory cytokine in cultured vascular ECs [74] In addition, Vitamin D 
has been demonstrated to reverse Angiotensin II (Ang II) induced oxidative stress, a 
key mediator of endothelial dysfunction [75]. Ang II not only induces the production 
of ROS but also activates TF NF-kB, which further upregulates several cytokines such 
as TNF-alfa, IL-6, and adhesion molecules ICAM-1, Vascular cell adhesion molecule 1 
(VCAM-1), and E-selectin prompting vascular injury [76]. In vivo, VDR knockdown 
leads to an increase in leukocytes-endothelial interaction associated with endothelial 
cell activation markers VCAM-1 and ICAM-1 in endothelial cells [77].

Given the recognized significance of endothelial function in the homeostasis of 
the cardiovascular system, the protective effects of VDR in endothelial cells may 
explain by some of the reported beneficial effects of vitamin D attributed to the 
prevention or curing of cardiovascular disease [78, 79]. Vitamin D therapy has been 
observed to be associated with improvement in endothelial function in ischemic 
heart disease (IHD) patients with vitamin D deficiency or insufficiency [80]. 
Further, in vitro supplementation of vitamin D improved endothelial progenitor cell 
ability in the formation of colonies in type 2 diabetes mellitus patients [81]. Cuenca 
et al. demonstrated that paricalcitol, a vitamin D substitute attenuates the endo-
thelium damage induced by the chronic kidney disease in the thoracic aorta and 
directly mediates stability of endothelium in vitro by enhancing cell–cell interac-
tions resembling a protective mechanism [82].

4. Inflammation and thrombosis

Thrombosis and inflammation are the two intrinsically interlinked processes. 
Inflammation can induce a procoagulant milieu by multiple pathways such as by 
causing an imbalance between procoagulant and anticoagulant characteristics of 
the endothelium that can lead to local stimulation of coagulation cascade. TNF-α, a 
pro-inflammatory cytokine that is a potent inducer of the immune defense mecha-
nism and the first to be released at the site of infection promotes a pro-coagulant 
state by eliciting the production of TF on the endothelium [83] and suppressing the 
synthesis of the anticoagulant protein C [84], thereby stimulating fibrin formation. 
Inflammatory stimuli change the cellular program of the endothelium by expressing 
adhesion molecules such as p-selectin and E-selectin facilitating a transition toward 
a more procoagulant phenotype [85].
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Other cells of the circulation are also customized by inflammatory molecules 
toward a pro-thrombotic state such as neutrophils and monocytes expression of TF 
[86, 87], which is upregulated upon inflammation. The role of sterile inflamma-
tion has also been demonstrated in the thrombosis by a direct association between 
nucleotide-binding domain, leucine-rich-containing family, pyrin domain contain-
ing 3 (NLRP3) inflammasome complex, and hypoxia-inducible factor-1 alpha in 
hypoxia-induced thrombosis associated with an increase in the relative expression 
of caspase-1, interleukin-1beta and IL-18 transcripts in the individuals with venous 
thrombosis [20]. In recent years, the role of vitamin D as a regulator of both innate 
and adaptive immune responses has become very clear [88]. Local synthesis of 1,25-
(OH)2D at the site of inflammation can modulate the immune response in a para-
crine manner [89]. 1,25(OH)2D binds to the nuclear VDR which has been found to 
be expressed in various cells of the immune system such as macrophages, activated 
T-cells, B-cells, Dendritic cells, and monocytes [90, 91].

The immunomodulatory role of vitamin D has been observed through its ability 
to alter the secretion of inflammatory cytokines [92, 93]. Additionally, multiple 
studies are suggesting an inverse association between vitamin D level and inflam-
matory cytokines such as TNF-α, IL-6, and CRP [16–20], which are correctable by 
vitamin D supplementation [94–96]. Furthermore, lower vitamin D levels have also 
been associated with an increase in the levels of cellular adhesion molecules such as 
VCAM and ICAM [97].

Moreover, an increased incidence of auto-immune disorders in higher latitudes 
has been reported, which could be attributed to low UV-radiation that reduces 
the ability to synthesize vitamin D [98, 99]. Elderly peoples usually tend to have 
Hypovitaminosis D [26], which has been associated with an increased risk for 
chronic diseases where inflammation plays an integral component [100, 101]. A 
study by EM Akbas et al. revealed an inverse association between Vitamin D levels 
and inflammation through Neutrophil-to-lymphocyte ratio (NLR) and platelet-to-
lymphocyte ratio (PLR) which are novel and inexpensive markers of inflammation. 
They found a significantly higher NLR and PLR in patients with lower 25(OH)D 
status [102].

Further, several cross-sectional studies have associated vitamin D levels and 
inflammation. Amer and Qayyam Studied 15,167 men and women aged 18 years 
and older [103]. They observed a negative association between vitamin D and 
inflammatory markers such as CRP and IL-6 in the vitamin D deficient groups 
(<25 nmol/L). This association was not observed in groups with insufficient and 
sufficient vitamin D status [104]. Bellia et al. examined the association of vitamin 
D and inflammatory markers in 137 morbidly obese individuals including both 
men and women. They also observed a significant inverse association between 
serum 25(OH)D levels and inflammatory markers like CRP, IL-6, and TNF-α [105]. 
A clinical trial by SS Bidar et al. observed a significant decrease in the systemic 
inflammatory markers including hsCRP, serum amyloid A, TNF-α, and IL-6 with 
the increase in circulating vitamin D after a daily intake of vitamin D fortified 
yogurt drink in the subjects with type 2 diabetes (T2D) [96]. However, in another 
clinical trial, Jorde et al. [106] observed no significant effects on hsCRP levels in the 
subjects randomly assigned to the therapy for 1 year with vitamin D3 40,000 IU per 
week, 20,000 IU per week, or placebo.

5. Clinical impact of vitamin D in various diseases

There is a close link between vitamin D and human health, vitamin D deficiency 
is widely associated with several diseased conditions by physicians and patients. 
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The various diseases affected by vitamin D deficiency can be categorized as cardio-
vascular disease (hypertension, thrombosis), various cancers, autoimmune diseases 
like multiple sclerosis, rheumatoid arthritis, and metabolic syndromes like osteo-
malacia, diabetes, and muscle weakness (Figure 1).

Osteomalacia is a classical human manifestation associated with vitamin D 
deficiency. It is a clinical condition in which bone mineralization is hampered 
due to low concentrations of phosphorus and calcium in the extracellular fluid 
[107]. Vitamin D plays a crucial role in maintaining an adequate level of serum 
phosphorus and calcium. In the absence of vitamin D or its deficiency, only 10 to 
15% of dietary calcium and 60% of phosphorus are absorbed in the human body 
[108–110]. With the advent of technologies, molecular biology has permitted a 
more detailed characterization of the effects of vitamin D deficiency, via working 
on the animals lacking the VDR and studying their phenotype. Subtle abnormali-
ties in the immune and cardiovascular system have been defined in the global 
VDRKO mouse, but their relevance to human disease is still obscure [111]. Greater 
awareness of the high prevalence of vitamin D inadequacy and its associated 
abnormalities is required among researchers, clinicians, and patients. There has 
been a large number of trials concerning the effects of vitamin D on the manage-
ment and prevention in the last two decades. The most studied diseases in this 
aspect have been discussed below:

5.1 Osteoporosis

The association between osteoporosis and vitamin D deficiency is well 
established especially in the elderly. Vitamin D deficiency has been linked with 
the significant suppression in intestinal Calcium absorption and the impairment 
of its balance, which causes low bone mineral content and density. Decreased 
bone mineral density (BMD) raises the risk of bone fractures, which contrib-
utes significantly to the hospitalization, morbidity, and mortality of elderlies 
[112, 113]. Several studies have demonstrated the efficacy of vitamin D as a 
preventive measure for fractures. Clinical trials recommending the use of 700 
to 800 IU/d oral vitamin D with or without Ca supplementation reported a 
significant 26% decrease in the risk of sustaining a hip fracture and a significant 
23% decrease in the risk of sustaining any non-vertebral fracture vs. placebo or 
Calcium alone [114].

Figure 1. 
Reported Association of Vitamin D deficiency with various human disease.
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5.2 Muscle weakness

One of the prominent features of vitamin D deficiency is muscle weakness. 
Several clinical data of patients with nonspecific muscle weakness, muscle aches, 
and pains have shown vitamin D inadequacy [115, 116]. It has been reported that 
skeletal muscle tissue contains VDR and needs vitamin D to attain maximum 
function [117]. Recent studies have associated the increased vitamin D levels with 
improved muscle performance, and thereby reduced incidences of fall and fracture. 
A 5-month randomized controlled trial study has exhibited a 72% reduction in the 
risk of falls as compared with the placebo group in elderly people in a nursing home 
receiving 800 IU of vitamin D2 plus calcium daily [118].

5.3 Hypertension

Hypertension affects the population globally. Increasing evidence in recent 
times suggests that vitamin D has a crucial role in regulating blood pressure. Animal 
studies indicate that 1,25-dihydroxy vitamin D inhibits renin expression in the 
juxtaglomerular apparatus and blocks the proliferation of vascular smooth muscle 
cells, which affects systemic blood pressure [119]. People taking oral supplementa-
tion of vitamin D were found to have reduced blood pressure. The exposure of skin 
to UVB rays, a major source of vitamin D formation, has been associated with lower 
blood pressure [120–122].

5.4 Multiple sclerosis

Multiple sclerosis (MS) is an auto-immune disease characterized by the attack 
of self- immune system on the myelin sheath which works as a nerve insulator. 
The transmission of nerve signals gets affected leading to disrupted communica-
tion between the body and brain.. There have been several reports claiming the 
increased frequency of MS in temperate climates than in the tropics [123, 124]. 
Furthermore, studies also suggest that there is a strong negative correlation between 
the short annual, winter hours and frequency of occurrence of MS [125, 126]. 
Hence, these studies could hypothesized that vitamin D synthesized during sun 
exposure exerted a protective effect [127–129]. In addition, There are few studies 
that indicated low or insufficient levels of vitamin D in MS patients [130–132].

5.5 Rickets

The re-arrival of worldwide vitamin D deficiency has led to the re-emergence 
of rickets. Low levels of vitamin D in breastfeeding mothers can, often, lead to 
deficiencies in their children. The recommended levels of vitamin D supplements 
are 400 IU/d for infants to avoid diseases such as rickets [8].

5.6 Cancer

Garland and Garland for the first time reported that vitamin D deficiency could 
be associated with a higher risk of colon cancer mortality. Recent studies have 
reported an increased risk of several cancers with vitamin D deficiency, suggest-
ing that vitamin D deficiency may account for premature mortality from colon, 
breast, ovarian, and prostate cancer [133–135]. Vitamin D is a potent hormone 
and regulates cell growth. VDRs are expressed by various cells and get activated 
by 1,25(OH)2 D, inducing differentiation into normally functioning cells, and 
inhibiting proliferation, angiogenesis, invasiveness, and metastatic potential. 
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Studies reveal that tumor models of lung, colon, kidney, breast, and prostate 
cancer, vitamin D showed activity against metastasis [136–141]. These studies have 
also shown the immunomodulatory effect of Vitamin D. It has been reported that  
when elicited by an inappropriate and overly exuberant immune response, vitamin D  
acts in a paracrine manner and decreases T cell responsiveness via inhibition of 
cellular proliferation and reduced lymphokine production. Thus, vitamin D shows a 
beneficial effect as an immunosuppressant.

5.7 Diabetes

Vitamin D deficiency is known to inhibit pancreatic secretion and turnover of 
insulin, causing impaired glucose tolerance. An association was found between a 
low level of vitamin D and a high incidence of type 1 diabetes [142].

5.8 Tuberculosis

Tuberculosis (TB) is one of the global health problems causing 2 million deaths 
a year. It is estimated that approximately one-third of the global population carries 
latent TB infection, which poses potential health risks of reactivation in the future. 
Before the use of antibiotics to treat TB, high doses of vitamin D were widely used 
[143]. Cross-sectional studies indicated that patients with TB possess a decrease 
25(OH)D levels in comparison with the control population.

5.9 Thrombosis

As discussed in previous sections, vitamin D can tackle thrombosis by influencing 
inflammatory pathways, coagulation factors, and endothelium homeostasis in a pleio-
tropic manner. Figure 2 illustrates a possible mechanism through which  vitamin D 
might impart its protective role against the occurrence of thrombosis. Several clinical 
trials have also highlighted the anti-thrombotic actions of vitamin D. A study by TM 
Beer et al. involving 250 cancer patients for high dose calcitriol supplementation, 
a total of 13 thrombotic events were observed of which 11 occur placebo-treated 
and only 2 occur in high dose calcitriol-treated cancer patients [35]. Vitamin D has 
been found to inhibits in-vitro anti beta2GPI antibodies (purified from patients with 
antiphospholipid syndrome (APS)) induced TF expression indicating the association 
of vitamin D deficiency and decreased inhibition of TF expression and increased coag-
ulation in APS [34]. M Blondon et al. investigated the role of oral supplementation of 
vitamin D3 in the placebo-controlled RCT in 36,282 postmenopausal women. Subjects 
were randomized to receive 1000 mg of calcium carbonate and 400 IU of vitamin D3 
per day for an average period of 7 years and observed a reduced risk of idiopathic VTE 
in women randomized to calcium and vitamin D [144]. A 60% lower rate of VTE was 
observed in 769 renal transplant recipients after combined therapy with calcitriol 
0.5ug/day, angiotensin-converting enzyme inhibitor (ACEi), and angiotensin receptor 
blocker (ARB) [145]. Another prospective study which included a cohort comprising 
of 40,000 women followed for a mean period of 11 years concluded a 30% lower risk 
of VTE in women with a habit of more active sun exposure [146]. Moreover, another 
study determined a 50% increased risk of VTE in winter, during which vitamin D 
status has been established to be the lowest as compared to another season [147].

5.10 COVID-19

The COVID-19 pandemic has affected all of us globally. The lack of understand-
ing of the mechanism of action of SARS-CoV2 virus has generated an overall 
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interest in understanding the potential risk factors that may explain the mechanistic 
basis for disease propagation and control. The role of vitamin D has emerged in 
COVID-19 as well. The innate immune system forms the first line of defense against 
invading pathogens including viruses. 1,25(OH)2D enhances innate defense by 
inducing antimicrobial peptides like cathelicidin that result in the destruction and 
clearance of viral particles via several molecular mechanisms. It also helps in the 
recruitment of neutrophils, monocytes/macrophages, and dendritic cells for killing 
and clearance of viral particles, and initiation of the immune response. Further, 
the chronic activation of the innate immune system in COVID-19 infection results 
in a cytokine storm. It has been hypothesized that 1,25(OH)2D helps in curtailing 
this chronic innate immune response through various biological mechanisms such 
as downregulation of TLRs and direct inhibition of TNF/NFκB and IFNγ signaling 
pathways. 1,25(OH)2D, regulates adaptive immune response by limiting maturation 
of dendritic cells along with their ability to present antigen to T cells, thus limiting 
shifting of the T cell profile from proinflammatory Th1 and Th17 subsets to Th2 
and Treg subsets. Thus, inhibits the pro-inflammatory processes. Although all these 
findings come from different studies with a variety of pathogens (virus/bacteria) 

Figure 2. 
Possible mechanism of the protective role of vitamin D in the occurrence of thrombosis.
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the relevance of these protective actions of vitamin D on SARS-CoV-2 can merit 
further investigation [148]. In a recent study of hospitalized COVID-19 patients, 
vitamin D deficiency was reported in 75% of the overall cohort and in 85% of those 
who required ICU admission [149]. Also, a European study analysis of SARS-CoV-2 
severity based on vitamin D status suggested that countries with the highest rate 
of vitamin D deficiency are associated with the highest rates of COVID-19 infec-
tion and mortality [150]. Therefore, vitamin D supplements as a part of standard 
nutrition in COVID-19 may provide certain clinical benefits though more research 
related to this subject is solicited [151].

6. Conclusion

Inadequacy or deficiency of vitamin D is a global problem. Though recent stud-
ies have established vitamin D as a key regulatory molecule in various physiological 
processes and have proposed it as a promising predictive/therapeutic tool still the 
close association of vitamin D with human health, and its deficiency in the body 
is not widely recognized as a health concern by both common man and physicians. 
The relation between vitamin D deficiency and the associated risk of various 
chronic and acute diseases is still obscure and requires intensive research efforts. In 
recent years, various studies have explored several non-calcemic consequences of 
vitamin D. There are reports that corelates lower doses of vitamin D with thrombo-
sis and various cardiovascular diseases. Still, there is an impelling need to enhance 
our knowledge of the molecular pathways regulated/influenced via vitamin D and 
their effect on various organ systems including the cardiovascular system. This 
would require conducting large-scale intervention clinical trials to firmly establish 
the association of vitamin D status to cardiovascular health. Additionally, it is 
important to state that although deficiency of vitamin D is common and wide-
spread, it can be safely corrected with a variety of supplement types and regimens 
available and thus should be identified and addressed in the clinical practice of 
treating diseases associated with it.
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Chapter 7

Vitamin D and Dentistry
Elif Gül Aydın and Öner Özdemir

Abstract

Vitamin D deficiency is a pandemic issue due to decreased vitamin D intake from 
food and lessened sunlight exposure. Attention is drawn to vitamin D and its role 
learned in notable clinical disorders such as diabetes, cardiovascular disease and 
cancers including oral ones. Vitamin D is also very effective along with minerals in the 
protection of oral health. Vitamin D helps maintain the calcium-phosphate balance and 
contributes to the shaping of the bone. It is reported that with sufficient vitamin D level, 
the onset and progression of caries in the tooth structure can be stopped, the formation 
of caries can be reduced and enamel loss can be prevented. Vitamin D also affects the 
disease and health conditions of the periodontium. Anti-inflammatory and immuno-
modulatory functions have a role in the pathogenesis of periodontal disorders. It can 
reduce bone resorption and suppress the inflammatory outcome related to periodontal 
diseases by increasing mineral density. Vitamin D has been linked with tooth decay, 
gingivitis, and tooth loss. Vitamin D, in particular, as a promising oral health-protective 
agent, is said to lessen the incidence of caries and periodontitis.

Keywords: Vitamin D, periodontitis, gingivitis, caries

1. Introduction

Vitamin D deficiency (VDD) owing to significant sunlight decrease in today’s 
conditions and the use of sunscreens that increase in both summer and winter 
months is considered as a pandemic issue [1–3]. The amount of vitamin D (vitD) 
intake from food is very low. This amount cannot meet the daily vitD requirement 
for both adults and children [1].

Some of the oldest phytoplankton in the world (species that have existed for 
more than 750 years) have been reported to produce vitD when exposed to sun 
exposure. Among the species existing in the world, all species containing vertebrae 
need the sun for their vitD production [1]. The definition of rickets, which showed 
devastating bone deformities in children lack of sunlight, was made by Sniadecki 
in 1822. After approximately 100 years later, The US government had arranged 
an organization to explain and provide recommendations to parents about the 
favorable effects of sunlight exposure in order to prevent this disease. In those 
years, fortification of milk by adding vitD has been found to be quite effective in 
preventing rickets in the USA. However, they continued to supplement vitD into 
milk that expired due to the shortage in milk supply after the Second World War 
in Great Britain. The reason for this, they thought that the vitD added to the milk 
had extended the shelf life of the milk. Subsequently, vitD supplementation was 
banned in dairy products in Europe as a result of increasing hypercalcemia cases in 
infants [1].
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protection of oral health. Vitamin D helps maintain the calcium-phosphate balance and 
contributes to the shaping of the bone. It is reported that with sufficient vitamin D level, 
the onset and progression of caries in the tooth structure can be stopped, the formation 
of caries can be reduced and enamel loss can be prevented. Vitamin D also affects the 
disease and health conditions of the periodontium. Anti-inflammatory and immuno-
modulatory functions have a role in the pathogenesis of periodontal disorders. It can 
reduce bone resorption and suppress the inflammatory outcome related to periodontal 
diseases by increasing mineral density. Vitamin D has been linked with tooth decay, 
gingivitis, and tooth loss. Vitamin D, in particular, as a promising oral health-protective 
agent, is said to lessen the incidence of caries and periodontitis.
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1. Introduction

Vitamin D deficiency (VDD) owing to significant sunlight decrease in today’s 
conditions and the use of sunscreens that increase in both summer and winter 
months is considered as a pandemic issue [1–3]. The amount of vitamin D (vitD) 
intake from food is very low. This amount cannot meet the daily vitD requirement 
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preventing rickets in the USA. However, they continued to supplement vitD into 
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in Great Britain. The reason for this, they thought that the vitD added to the milk 
had extended the shelf life of the milk. Subsequently, vitD supplementation was 
banned in dairy products in Europe as a result of increasing hypercalcemia cases in 
infants [1].
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It is recognized that vitD levels in serum begin to decrease with age. The reason 
for this is explained as the decline in endogenous vitD synthesis and the surge in the 
time spent indoors due to the limitation of physical activity [2, 4].

2. Sources of vitamin D

The key source of vitD is the sunlight, and the level of 25-hydroxy vitD (25 
(OH) D) in serum varies depending on the seasonal change of sunlight. Fatty fish 
like salmon, mackerel and herring, and fats from fish, containing cod liver oil, are 
among the rare foods that naturally comprise vitD. Milk, some juice products, some 
bread, yogurts and cheeses are supplied with vitD in the US. Furthermore, com-
mercially available multivitamin preparations contain varying amounts of vitD and 
are offered for daily use to individuals [1, 2].

3. Synthesis of vitamin D

One of the fat-soluble secosteroids recognized as vitD is in control of the 
increased absorption of phosphate, magnesium and calcium in the gut. In humans, 
vitD3 (defined as cholecalciferol) and vitD2 (named as ergocalciferol) are identi-
fied as the most significant elements in this group. There are two varied ways of 
obtaining vitD: dietary and non-dietary substance by exposure to sunlight [1, 4].

Ultraviolet (UV)- B rays regulate vitD synthesis. Initially, pro- vitD 3 is formed 
by converting cholesterol to 7- dehydrocholesterol in the intestinal epithelium by 
oxidation. Then, it is transformed into pro- vitD 3 and transferred to the skin and 
pre- vitD 3 is produced by UV rays at wavelengths of 270 to 300 nm. The pre- vitD 3 
isomerizes to vitD 3 and cholecalciferol in the heat-dependent reaction. Activation 
of vitD 3 occurs by two hydroxylations and 1α, 25-dihydroxy vitD 3 (calcitriol, the 
biologically active type of vitD) is formed [5].

4. The effects of VDD on musculoseletal system

Vitamins are organic compounds that play a role in basic metabolic reactions 
in our body. Serious problems can occur in the deficiencies of vitamins, since the 
mechanisms of basic metabolic events will be disrupted.

The serum level required for vitD (25 (OH) D) to be identified as deficient is 
50 nmol/L or 20 ng/mL. Concentrations of 25 (OH) D between 51 and 74 nmol/L or 
21–29 ng/mL are considered insufficient, while levels of 80 nmol/L or 30 ng/mL are 
thought to be sufficient [1, 6]. It is presumed that children require the same doses as 
adults. It is stated that vitD toxicity will not occur until 25 (OH) D levels reach up to 
375 nmol/L or 150 ng/mL [1, 4].

The most lately reported recommendations for vitD consumption are 200 IU/
day for children and adults up to the age of 50, 400 IU/day for 50–70 years, and 
600 IU/day afterward. The increase in recommendations with age is a clear reflec-
tion of the fact that the efficiency of this synthesis decreases with age, although 
cutaneous synthesis appears to happen in most individuals [4].

Vitamin D has a vital biological role in the human body and helps continue nor-
mal growth and mineralization of bone and other calcified tissues, including teeth 
[2]. Vitamin D deficiency will result in growth delay and the characteristic signs 
and symptoms of rickets in children. In adults, VDD will accelerate and aggravate 
both osteopenia and osteoporosis and amplify the risk of fractures of bones. Muscle 
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weakness has long been thought to be related with VDD. Vitamin D receptor (VDR)
s are available in skeletal muscle, and VDD has been linked with proximal muscle 
weakness, enhanced body sway, and an augmented risk of falling. Vitamin D 
deficiency can also end up with skeletal mineralization disorder [1].

Vitamin D and VDR have increasing importance in recent years as they produce 
an important role in calcium and phosphorus metabolism as well as homeostasis. 
Furthermore, attention is drawn to vitD and VDR’s role learnt in notable clinical 
disorders such as diabetes, cardiovascular disease and cancer [5, 7].

5. The effect of vitamin D and VDR in oral cancer

Oral cancer is defined as malignant neoplasia that occurs in the lips or oral 
cavity. Oral squamous cell carcinomas (OSCC) are important types consisting of 
more than 90% of all oral cancers [8]. In recent years, OSCC has generally been 
observed at increasing rates around the world. Widespread studies on the main 
risk factors for the development of oral cancers indicate that alcohol consump-
tion and tobacco use increase the risk of oral cancer by 80%. Oral infection due to 
human papilloma virus (HPV) is defined as another important risk factor for oral 
infection, pharyngeal and oral cancers [9]. Eliminating significant risk factors, 
even after diagnosis of oral cancer, can improve prognosis and reduce the risk of 
recurrence [5].

OSCC growth is a multi-step progress that affects vital cellular pathways 
implicated in tumor development and growth. Various exogenous and endogenous 
incitements have been shown to lead to multifaceted molecular changes that 
contribute to cancer development. The anti-neoplastic activity of vitD (calcitriol) 
has been demonstrated in in vitro and in vivo studies in a wide variety of cancer-
associated defects, containing head and neck cancer, and particularly in OSCC [10]. 
Also, it has the capacity to affect cytostatic chemotherapy and augment apoptosis 
induction in OSCC cells. Examination of the association between serum vitD level 
and VDR seems appropriate to guide supportive therapy for patients with pre-
cancerous lesions and OSCC [5]. Although the anticancer influences of vitD have 
been demonstrated by various in vitro and in vivo studies, new data suggests that 
these influences are controlled by some other elements. Further studies are needed 
to assess the effects of the vitD system (both ligand and receptor) on the growth 
of oral cancer and the potential benefits of improving VDD on tumor growth and 
progression [5].

6. Vitamin D relation of oral and dental health

A balanced and good diet is necessary and essential for maintaining general 
body health as well as improving oral health [6]. While the importance of vitamins 
in general health has been highly researched and developed, their relationship with 
oral and dental health has not been fully elucidated. Vitamins act as a catalyzer 
for basic metabolic events in the body that are essential for growth, development, 
energy, and cell maintenance [11].

Minerals such as magnesium, calcium, and phosphorus, the basic structural 
components of the tooth, should be taken in sufficient levels with the diet. These 
minerals play a role by interacting with vitamins in strengthening the tooth struc-
ture. Especially vitD is related with calcium, magnesium, and zinc [6]. Several 
possible mechanisms have been suggested to clarify the role of vitD in decreasing 
the risk of caries.
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One of these mechanisms is the regulation of serum calcium, phosphate and 
parathyroid hormone, which are necessary for the formation, calcification, miner-
alization and protection of teeth. Calcium and phosphate homeostasis is necessary 
for the formation, calcification, mineralization and maintenance of oral bone and 
teeth, as well as bone and hard tissue. Enamel and dentin defects- hypoplasia have 
been linked with hypocalcemia and hypophosphatemia [2, 7].

Dental caries and VDD affect children around the world. In children who had 
a VDD, changes in both enamel and dentin are observed. Therefore, vitD has a 
significant role in the formation of oral hard tissue, comprising tooth enamel and 
dentin, and affects primary teeth development [2].

Vitamin D has a significant role in odontogenesis [2, 12]. The mechanism by 
which vitD excites the mineralization of tooth enamel involves binding to VDR 
expressed in both tooth and bone cells. Vitamin D receptors direct the transcrip-
tion of several target genes, most expressed by ameloblasts and odontoblasts 
[2, 7, 13]. VDR stimulates the formation of structural gene products in dentin, 
together with calcium-binding proteins and diverse extracellular matrix proteins. 
The gene encoding VDR is positioned on chromosome 12q13.11 and comprising 
several polymorphisms [14]. The VDR gene adjusts the biological role of major 
vitD metabolites, thus having a key role in the configuration of teeth, particularly 
in the mineralization of dentin and enamel. Consequently, enamel developmental 
deficiencies e.g., enamel hypoplasia, can take place in consequence of VDD. It was 
decided that vitD and VDR at the molecular level influence the tooth germ forma-
tion; supplies to the regulation of enamel and dentin structure and maturation; and 
organizes the phases of dental crown growth [2, 6].

Moreover, vitD adjusts and adapts both the innate and adaptive immune system. 
The immunological role of vitD is stimulation of the arrangement of some anti-
microbial peptides, e.g. defensins and cathelicidin (LL-37), which defend against 
many pathogens, counting oral bacteria [2, 15]. Cathelicidin (LL-37 or hCAP-18) is 
controlled by vitD, which has both anti-endotoxin and antimicrobial properties [3].

In mineral deficiencies due to absorption disorders, increased tendency to 
bleeding, bone resorption, and early tooth loss occur [6]. The chewing process 
ensures that the person receives the highest possible amount of nutrients, and the 
number and distribution of teeth affect chewing efficiency. Since diet selection and 
nutritional status are affected in early tooth loss, deficiency occurs in the intake of 
vitamins, that is, the two situations create a synergistic effect on each other. During 
the development of the tooth, the hard tissues of the tooth are strongly affected by 
nutritional status and thus vitamin deficiency. It is stated that there is a positive 
correlation between malnutrition and enamel hypoplasia and caries in the primary 
dentition period in children [11]. In addition, deficiencies of these minerals cause 
delayed tooth eruption, bleeding gums, destruction patterns in alveolar bone, 
periodontal disease, enamel or dentin hypoplasia [6, 11].

Vitamin D is also very effective along with minerals in the protection of oral 
health. Vitamin D helps maintain the calcium-phosphate balance and contributes 
to the shaping of the bone. It also has important functions by showing anti-inflam-
matory effects. It is reported that with sufficient vitD level, the onset and progres-
sion of caries in the tooth structure can be stopped, the formation of caries can be 
reduced and enamel loss can be prevented [2, 6, 16].

In the formation of tooth decay, the acid that is produced by bacterial fermenta-
tion of the residues on the tooth surface that are not brushed after eating sugary 
foods lowers the pH below 7 and plays a role in the destruction of the tooth hard tis-
sues. However, it has been recently revealed that dental caries can be reduced with 
UV- B rays and vitD supplements. Considering the helpful effects of vitD on dental 
caries, it is thought to be effective in reducing the overall prevalence, especially in 
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children at risk of early caries [2, 6]. Early childhood caries (ECC) were described 
as the presence of one or more caries, missing (due to caries) or filled (DMFT: 
decay, missing, filled) tooth surface in any primary teeth in young children under 
six years old, is one of the most common chronic diseases and can have adverse 
effect on individual’s overall health [2, 17].

Early childhood caries affect the nutritional status and general health of the 
child. It is stated that children with ECC may have malnutrition, iron deficiency 
anemia and VDD [2, 16]. When the relationship between vitD intake and caries is 
evaluated, it is determined that the incidence of tooth decay is higher in children 
with low vitD or children of mothers with low vitD during pregnancy. There is an 
association between vitD levels in early childhood (up to 8 years old) and DMFT 
scores. When serum vitD concentrations are more than 50 nmol in early adolescents 
(10–11 years) considerably less caries is detected in permanent first molars has 
been found. Similarly, in children aged 6 to 17 years, they found a 0.66 decrease in 
DMFT for every 10 ng/ml of serum vitD level increase. In general, malnutrition and 
shortage in vitamin intake due to malnutrition augments the incidence of enamel 
hypoplasia in children [2, 11, 18].

Vitamin D use may have a role in the protection of caries early in life. It is 
thought to be a promising caries prevention agent, given that vitD supplementation 
is connected with a 47% reduction in caries in children according to meta-analysis 
studies [16]. Vitamin D deficiency during pregnancy (a vital period for tooth 
growth) is related with developmental defects; especially enamel hypoplasia and 
caries susceptibility. Also, vitD intake during pregnancy diminishes the risk of 
enamel defects and hypoplasia in babies and is associated with better eruption of 
deciduous teeth [2, 11].

Improving vitD levels in children from an early stage of life appears to be 
an important task. This requires awareness from pregnancy. Pregnant women 
should have their vitD levels tested routinely during the first trimester of 
pregnancy and the risk of VDD, VDD and vitD ingestion should be evaluated. 
Prenatal vitD levels appear to influence the development of primary dentition 
and ECC [2, 11, 18].

Vitamin D is an essential hormone for the absorption of calcium, magnesium 
and phosphorus from the intestine, which is necessary for the appropriate mineral-
ization of bones and teeth. In addition, covering the surfaces of the implants with 
vitD during implant application, which is one of the dental procedures, increases 
osteointegration. Moreover, applying vitD3 intraperitoneally speeds up orthodontic 
tooth movement, and even patients receiving vitD and bisphosphonate therapy can 
obtain orthodontic treatment [6].

7. Vitamin D and periodontal health

Vitamin D also affects the disease and health conditions of the periodontium. 
Anti-inflammatory and immunomodulatory functions have a role in the patho-
genesis of periodontal disorders [3]. It can reduce bone resorption and suppress 
the inflammatory outcome related to periodontal diseases by increasing mineral 
density [6, 11].

There is a positive correlation between increased mineral density and decreased 
bone resorption in the mandibular bone and taking vitD and calcium and magne-
sium supplements. It is also reported that loss of attachment level is associated with 
decreased serum vitD levels. It is stated that in individuals with sufficient vitD, 
periodontal tissues are healthier, and accordingly, gingivitis formation, bleeding 
during probing, attachment, bone and tooth loss are reduced [11].
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In studies conducted on women’s level of vitD in their saliva and serum, a 
statistically significant relationship was found between gingivitis and periodontitis 
during their life, pregnancy, menopause and postmenopausal periods [19, 20]. 
The prevalence of periodontal disease was higher in individuals with low vitD 
levels [11].

Besides these beneficial effects on bone metabolism, it has been found that 
periodontitis accelerates the healing with its direct antibiotic effect on periodon-
tal pathogens. Vitamin D reduces inflammatory mediators causing periodontal 
destruction. Having a diet rich in vitD after periodontal surgical procedures 
contributes to the faster and easier recovery of periodontal tissues. The quality of 
the host immune response is highly correlated with healthy and proper nutrition. It 
plays an important role not only in the prevention of periodontal diseases, but also 
in facilitating the recovery of tissues in the existing periodontal disease conditions. 
One of the most important functions of vitD in the immune system is that it has 
a stimulating effect on human cathelicidin (LL-37). LL-37 has both antimicrobial 
and anti-endotoxin functions. Vitamin D excites cathelicidin in oral epithelial cells 
and children with high dental caries activity had low LL-37 levels. Many epithelial 
antimicrobial peptides, including LL-37, have been termed the guardian of the oral 
cavity and detected to play important roles in oral health. LL-37 also has significant 
benefits in decreasing the risk of gingivitis. Maternal VDD also increases the DMFT 
score in children of 12–35 months old. As a result, vitD may be useful in the treat-
ment of periodontitis due to its direct effects on bone metabolism and potential 
anti-inflammatory effects on periodonto-pathogens [6, 15].

As diet plays a dominant modifier in the development of periodontal disorders, 
dentists should inform patients on how good diet influences the supporting the for-
mation of teeth, e.g. the significance of ingesting healthy foods rich in magnesium 
and vitD in thwarting dental caries [6].

There is common agreement on the effects of vitamin deficiencies or supple-
mentation on oral health, but scientific data is still at a level that needs to be 
investigated. In particular, multivitamin supplements or the mixture of two or more 
vitamins lead to more bias as it is not likely to determine the single help of each 
vitamin.

8. Conclusion

Vitamin D has been linked with tooth decay, gingivitis, and tooth loss. 
Vitamin D, in particular, as a promising oral health-protective agent, is said to 
lessen the incidence of caries and periodontitis, leading to a low-precision result. 
In order to prevent tooth decay, which is a serious public health problem, existing 
structural defects in teeth (enamel and dentin hypoplasias) and to maintain oral 
health, the awareness of health care providers should be increased. It seems to be 
an issue that should not be overlooked, especially from the early stages of life, to 
control vitD levels for oral health.
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Chapter 8

The Importance of Vitamin D for 
Periodontal Tissues
Egle Jagelaviciene

Abstract

There are many causes of vitamin D deficiency, which determines pathogenesis 
of many diseases, including periodontal ones. Constant low uptake or deficiency of 
vitamin D results in progression of periodontal diseases and jaw bone metabolism - 
leads to change of bone mineral density, causes resorption in alveolar bone, tooth 
loss, changes of masticatory function and osteoporosis. The clinical studies strive 
to link vitamin D with gingivitis and periodontitis and prove its therapeutic and 
preventive role, because of vitamin D immunomodulatory, anti-inflammatory and 
antiproliferative effects for periodontal tissues and best treatment outcome. The 
purpose of this chapter is to analyze the importance of vitamin D on the patho-
genesis of periodontal diseases, its role on regulation of the immune system and 
defense mechanism, influence on jawbone quality and on the correlation between 
vitamin D concentration in plasma and periodontal diseases.

Keywords: vitamin D, vitamin D deficiency, periodontal disease, jawbone,  
bone mineral density

1. Introduction

One billion people on the planet were diagnosed with vitamin D deficiency 
during the last decade [1]. Opinion, advocating important role of vitamin D and 
its deficiency in significant number of individuals, prevails within the society, a 
lot of information is available regarding its use, doses, sources, etc. However, each 
individual may have different vitamin D needs and the consumption of it should 
be monitored by testing individual serum levels of D2 (of alimentary origin) and 
D3 (synthesized in the skin), thus evaluating total level of vitamin D [2]. There are 
many causes of vitamin D deficiency, which is finally diagnosed if serum level of 
25OHD3 is less than 20 ng/mL [3, 4]. This determines pathogenesis of many dis-
eases, including periodontal ones, resulting in loss of masticatory function.

Periodontium (PT) consists of gingiva, periodontal ligament, cementum and 
alveolar bone. This is functional unit, maintaining homeostasis – the connection 
between tooth and gingiva makes up a unified whole, preventing penetration of 
microorganisms, chemical substances, capable to induce inflammation of periodon-
tal tissues (PTs). The periodontal ligament and bone keep tooth inside the alveolar 
socket, distribute mechanical load of mastication. PT has its own blood supply, 
neural regulation and defensive mechanisms. Soft and mineralized dental plaque is 
initiative risk factor of periodontal diseases (PD) – bacterial biofilm and its adhesion 
to tooth surface induces response of PTs, but in general, diseases are caused by many 
predisposing factors. PD initially manifest as gingivitis, which, if untreated, spreads 
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deeper within PT: causing attachment loss, periodontal pocket formation, alveolar 
bone resorption and tooth loss over time [5, 6]. Increasing number of studies proves 
importance of vitamin D in prevention and management of oral diseases [7]. Clinical 
studies strive to link vitamin D with PD and prove its therapeutic and preventive 
role. Vitamin D is secosteroidal hormone, playing important role in the treatment 
of gingivitis and periodontitis because of its anti-inflammatory and antibacterial 
effect on PTs as well as its immunomodulatory, differentiating, anti-proliferative and 
regulative effect on autoimmune processes, cellular apoptosis and participation in 
bone metabolism [3, 7–10]. Disintegration and renewal processes of bone depend on 
metabolism, as constant interchange of mineral substances between bone and blood 
plasma, where an active form of vitamin D is circulating, takes place [11]. One of the 
main functions of vitamin D is maintaining of blood levels of calcium and phospho-
rus by regulating absorption of these substances inside the bowels and reabsorption 
in kidneys and by enhancing remodeling processes [12, 13]. Bone is like a living and 
continuously changing organ where resorption and regeneration, i.e. remodelation, 
take place [14]. For this reason, the old bone is not accumulating and adaptation to 
changing mechanical forces develops. Jawbone support the teeth in alveolar sockets, 
skeletal bones protect internal organs and acts as depot of mineral substances espe-
cially calcium (also is necessary for normal muscle function) [15]. Osteoporotic (OP) 
changes of skeletal bones occur because of impaired mineralization due to long term 
decreased uptake of vitamin D and calcium, increasing risk of fractures, accelerated 
jawbone resorption causes adentia [16, 17].

2. Vitamin D metabolism

There are 4 forms of vitamin D (calciferol) – lamisterol (vit. D1), ergocalciferol 
(vit. D2), cholecalciferol (vit. D3) and dihydrotachysterol (vit. D4), 2 of which being 
the most important – D2 and D3. Under the influence of UV radiation, ergosterol 
(plant based) and cholesterol (synthetized from 7-dehydrocholesterol of animal 
origin) are transformed into vitamin D2 and D3 respectively [1, 18]. Major part of 
vitamin D, around 90%, is synthesized in epidermis under the effect of the sun, 
while the rest is absorbed in small intestine together with food, nowadays being 
enriched with vitamin D with increasing frequency [19, 20]. Hydroxylation of 
vitamin D is a two-stage process, taking place in liver and kidneys. Thus renal and 
liver diseases impair metabolism of vitamin D. Enzyme 25-hydroxylase trans-
forms vitamin D3 into 25-hydroxyvitamin D3 25(OH)D3 in liver, which is the main 
metabolite of vitamin D3, circulating in blood [21]. Recently it was proved that 
when inflammation occurs gingival fibroblasts and periodontal cells are capable of 
producing 25-hydroxylase and it appears to be a new extrahepatic site of 25(OH)D3 
synthesis [21]. Further, 25-hydroxyvitamin D3 is hydroxylated in kidneys by means 
of 1 α-hydroxylase into 1,25-dihydroxyvitamin D (1,25(OH)2D3), calcitriol, active 
form of vitamin D, which is active hormone, participating in calcium absorption in 
intestines, important for both specific and nonspecific immune response against 
bacterial infections of oral cavity and other organs [2, 7, 21, 22]. Calcitriol binds to 
vitamin D-binding protein (DBP) and is transported to the cells of target tissues 
[23]. Synthesis of 1α-hydroxylase starts after receptors of cellular membranes have 
been influenced by microorganisms. Calcitriol is activated after binding to vitamin 
D receptors (VDR) of nuclei of immune and epithelial cells [7, 23–25]. VDR can 
be found in many human tissues, regulating activity of more than 200 genes in 
direct or indirect way [26, 27]. Numerous distribution of VDR in tissues determines 
complex effect of vitamin D, whereas deficiency determines disorders [26–28]. 
Polymorphism of VDR gene is related to many infectious diseases, including PD 
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[28–30]. Polymorphism of VDR gene and exact mechanism of periodontitis remain 
unclear so far. There is no link established between polymorphism of VDR genes 
and aggressive form of periodontitis [31, 32].

3. The role of vitamin D in immune response of periodontal tissues

Marginal gingival epithelium (GE) descends from free inner margin towards 
root apex and transits to sulcular epithelium – semi permeable membrane. Sulcular 
epithelium attaches to tooth by means of loose connections, creating favorable 
 conditions for bacterial invasion from dental plaque [33]. Thin and non-keratinized 
epithelium forms a junctional epithelium (JE), laying at the bottom of gingival 
sulcus. JE is a narrow structure of 1–2 mm with good regenerative properties, 
connected to tooth by layer of organic substance. Its cubic and flat cells have gaps 
and attach to tooth and with each other by means of hemidesmosoms and have 
2 basal membranes: internal, near the tooth, and the outer one on the other side, 
contacting with subepithelial tissue. Disruption of the bonds between enamel 
cuticle and JE leads to inflammatory processes. This anatomical unit plays a barrier 
function, which is supported by gingival fluid, flushing gingival sulcus – blood 
filtrate, containing lots of various protective cells (neutrophilic leucocytes, lympho-
cytes, monocytes, and macrophages), specific antibodies, immunoglobulins, cyto-
kines, proteins, enzymes, epithelial cells and bacteria. The amount of gingival fluid 
can change due to circadian rhythms and depends on the health of PTs, oral hygiene, 
mechanic impact while mastication, medications used, etc. [34, 35]. Plasma proteins 
strengthen junctional epithelium-enamel bonds and namely calcitriol, affecting 
nonspecific immunity, activates synthesis of proteins, necessary for small adherens, 
gap and desmosome epithelium intercellular junctions, activates hydrogen peroxide 
secretion in monocytes, stimulates the synthesis of antimicrobial peptides, che-
motaxis, production of cytokines and chemokines, cellular reproduction, vascular 
permeability, wound healing, and neutralization of bacterial endotoxins [7, 25, 36]. 
Hence 1,25(OH)2D3 enhances antibacterial defense of GE [25, 36, 37].

Immune response can be nonspecific and specific. After bacteria have entered 
the periodontal tissues, defensive mechanism starts – immune response, dur-
ing which the foreign substance is neutralized and eliminated or memorized. 
Neutrophilic leucocytes play important role in nonspecific immune response. It is 
interesting, that these cells are always found in gingival sulcus and this is the only 
site in organism, where neutrophilic leucocytes can freely migrate from organism 
outwards. During the bacterial invasion into PTs, chemotactic mechanisms are acti-
vated and neutrophilic leucocytes start migrating from blood vessels into inflamed 
tissues. Right here, together with macrophages, they take part in phagocytosis, thus 
fighting with different antigens. Neutrophilic leucocytes, monocytes and activated 
macrophages produce immune mediators (IL-1β, IL-1ra, IL-6, IL-10, IL-12, TNF-α, 
PGE2, MMP, Interferon γ (IFNγ)) and chemokines [37]. Vitamin D protects the 
organism from excessive immune response by decreasing the secretion of IL-1, 
IL-6, IL-8, IL-12, TNF-α cytokines, decreases production of matrix metalloprotein-
ase (MMP) in leucocytes [33, 38]. MMP – enzymes, participating in alterations of 
intercellular tissues. Blood plasma levels of MMP-3, MMP-8 and MMP-9 increase 
with PD [39]. Very high level of MMP-9 is detected in cases of rapidly progressing 
periodontitis, but it can decrease up to 69% taking even little doses of vitamin D for 
extended period of time [40, 41].

Blood monocytes, after migration into connective tissues, transform into mac-
rophages, which are very important for both, cellular and humoral immunity, as 
they have surface receptors, reacting with any foreign substance [42]. In the process 
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while the rest is absorbed in small intestine together with food, nowadays being 
enriched with vitamin D with increasing frequency [19, 20]. Hydroxylation of 
vitamin D is a two-stage process, taking place in liver and kidneys. Thus renal and 
liver diseases impair metabolism of vitamin D. Enzyme 25-hydroxylase trans-
forms vitamin D3 into 25-hydroxyvitamin D3 25(OH)D3 in liver, which is the main 
metabolite of vitamin D3, circulating in blood [21]. Recently it was proved that 
when inflammation occurs gingival fibroblasts and periodontal cells are capable of 
producing 25-hydroxylase and it appears to be a new extrahepatic site of 25(OH)D3 
synthesis [21]. Further, 25-hydroxyvitamin D3 is hydroxylated in kidneys by means 
of 1 α-hydroxylase into 1,25-dihydroxyvitamin D (1,25(OH)2D3), calcitriol, active 
form of vitamin D, which is active hormone, participating in calcium absorption in 
intestines, important for both specific and nonspecific immune response against 
bacterial infections of oral cavity and other organs [2, 7, 21, 22]. Calcitriol binds to 
vitamin D-binding protein (DBP) and is transported to the cells of target tissues 
[23]. Synthesis of 1α-hydroxylase starts after receptors of cellular membranes have 
been influenced by microorganisms. Calcitriol is activated after binding to vitamin 
D receptors (VDR) of nuclei of immune and epithelial cells [7, 23–25]. VDR can 
be found in many human tissues, regulating activity of more than 200 genes in 
direct or indirect way [26, 27]. Numerous distribution of VDR in tissues determines 
complex effect of vitamin D, whereas deficiency determines disorders [26–28]. 
Polymorphism of VDR gene is related to many infectious diseases, including PD 
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[28–30]. Polymorphism of VDR gene and exact mechanism of periodontitis remain 
unclear so far. There is no link established between polymorphism of VDR genes 
and aggressive form of periodontitis [31, 32].

3. The role of vitamin D in immune response of periodontal tissues

Marginal gingival epithelium (GE) descends from free inner margin towards 
root apex and transits to sulcular epithelium – semi permeable membrane. Sulcular 
epithelium attaches to tooth by means of loose connections, creating favorable 
 conditions for bacterial invasion from dental plaque [33]. Thin and non-keratinized 
epithelium forms a junctional epithelium (JE), laying at the bottom of gingival 
sulcus. JE is a narrow structure of 1–2 mm with good regenerative properties, 
connected to tooth by layer of organic substance. Its cubic and flat cells have gaps 
and attach to tooth and with each other by means of hemidesmosoms and have 
2 basal membranes: internal, near the tooth, and the outer one on the other side, 
contacting with subepithelial tissue. Disruption of the bonds between enamel 
cuticle and JE leads to inflammatory processes. This anatomical unit plays a barrier 
function, which is supported by gingival fluid, flushing gingival sulcus – blood 
filtrate, containing lots of various protective cells (neutrophilic leucocytes, lympho-
cytes, monocytes, and macrophages), specific antibodies, immunoglobulins, cyto-
kines, proteins, enzymes, epithelial cells and bacteria. The amount of gingival fluid 
can change due to circadian rhythms and depends on the health of PTs, oral hygiene, 
mechanic impact while mastication, medications used, etc. [34, 35]. Plasma proteins 
strengthen junctional epithelium-enamel bonds and namely calcitriol, affecting 
nonspecific immunity, activates synthesis of proteins, necessary for small adherens, 
gap and desmosome epithelium intercellular junctions, activates hydrogen peroxide 
secretion in monocytes, stimulates the synthesis of antimicrobial peptides, che-
motaxis, production of cytokines and chemokines, cellular reproduction, vascular 
permeability, wound healing, and neutralization of bacterial endotoxins [7, 25, 36]. 
Hence 1,25(OH)2D3 enhances antibacterial defense of GE [25, 36, 37].

Immune response can be nonspecific and specific. After bacteria have entered 
the periodontal tissues, defensive mechanism starts – immune response, dur-
ing which the foreign substance is neutralized and eliminated or memorized. 
Neutrophilic leucocytes play important role in nonspecific immune response. It is 
interesting, that these cells are always found in gingival sulcus and this is the only 
site in organism, where neutrophilic leucocytes can freely migrate from organism 
outwards. During the bacterial invasion into PTs, chemotactic mechanisms are acti-
vated and neutrophilic leucocytes start migrating from blood vessels into inflamed 
tissues. Right here, together with macrophages, they take part in phagocytosis, thus 
fighting with different antigens. Neutrophilic leucocytes, monocytes and activated 
macrophages produce immune mediators (IL-1β, IL-1ra, IL-6, IL-10, IL-12, TNF-α, 
PGE2, MMP, Interferon γ (IFNγ)) and chemokines [37]. Vitamin D protects the 
organism from excessive immune response by decreasing the secretion of IL-1, 
IL-6, IL-8, IL-12, TNF-α cytokines, decreases production of matrix metalloprotein-
ase (MMP) in leucocytes [33, 38]. MMP – enzymes, participating in alterations of 
intercellular tissues. Blood plasma levels of MMP-3, MMP-8 and MMP-9 increase 
with PD [39]. Very high level of MMP-9 is detected in cases of rapidly progressing 
periodontitis, but it can decrease up to 69% taking even little doses of vitamin D for 
extended period of time [40, 41].

Blood monocytes, after migration into connective tissues, transform into mac-
rophages, which are very important for both, cellular and humoral immunity, as 
they have surface receptors, reacting with any foreign substance [42]. In the process 
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of phagocytosis, immunoglobulins and serum complement envelope foreign 
substance. Such formation enters phagocytic vacuoles and is destroyed by lysosome 
enzymes. Afterwards these substances are transferred to lymphocytes, determin-
ing further immune response [42]. Products of tissue breakdown, histamine and 
complement system enhances phagocytosis. Specific immune response manifests 
later. Antibodies circulate in blood, T and B lymphocytes react only to specific 
antigen. Lymphocytes are often related to Langerhans cells of oral epithelium, pro-
ducing cytokines, e.g., IL-1, activating T lymphocytes, enhancing proliferation and 
production of antibodies. Active T lymphocytes have cytotoxic effect. Keratinocytes 
of oral epithelium produce IL-1 and IL-8, regulating the amount of lymphocytes 
and polymorphonuclear leucocytes [42]. Impaired specific immunity is responsible 
for resorption, osteoclast genesis and inflammatory processes of bone, thus causing 
autoimmune diseases. Calcitriol suppresses progression of OP and PD with signs of 
autoimmune diseases.

Active hormonal form of vitamin D, 1,25(OH)2D3, directly regulates antimicro-
bial immune response, modulates cytokine production and stimulates secretion of 
antimicrobial peptides by monocytes-macrophages and activates release of hydro-
gen peroxide in monocytes, thus exhibiting anti-inflammatory and antimicrobial 
properties [7, 43, 44]. Monocytes not only produce cytokines, but TNF-α as well, 
they release substances, activating lymphocytes and interacting with them as anti-
gen-presenting cell (APC), destroy PTs, accelerate proliferation, differentiation 
and activation of osteoclasts, move in tissues in chemotactic way and participate in 
phagocytosis. Antimicrobial peptides play important role in nonspecific immunity 
against periodontitis causing agents. Antimicrobial peptides, β-defensines and 
especially cathelicidine LL-37 take part in neutralization of bacterial endotoxins, 
healing of wounds, regulate cell multiplication, blood vessel permeability, cytokine 
and chemokine production and chemotaxis, have prolonged antimicrobial activity 
and neutralize lipopolysaccharides as well [3, 7, 23, 25, 45, 46]. Activity of defen-
sines depends on vitamin D levels [45, 46]. β-defensines show antimicrobial activ-
ity on PD bacteria– Actinobacilus actinomycetemcomitans, Porphyromonas gingivalis, 
Fusobacterium nucleatum, Candida and papilloma viruses [47]. APCs, including 
macrophages and dendritic cells, transform the main 25(OH)D3 form circulating in 
blood into active 1,25(OH)2D3, and, via VDR, induce cellular response and regulate 
transcription. Antimicrobial activity via VDR is associated with cathelicidine 
hCAP-18 gene [48]. Cathelicidine has wide antimicrobial activity against gram-
positive and gram-negative bacteria, some fungi and viruses [3]. Treatment with 
vitamin D increases cathelicidine mRNA level in keratinocytes, neutrophils and 
macrophages [3, 44]. Irritation of macrophage receptors with pathogens increases 
synthesis of 1,25(OH)2D3, activity in macrophages and production of antibacterial 
proteins, cathelicidine and β-defensines, increases [43]. Therefore, it is supposed 
that vitamin D deficiency determines weak antibacterial response and tendency to 
infections [49].

During specific immune response, 1,25(OH)2D3 affects B and T lymphocytes 
[7]. The latter release cytokines (interleukine-1, TNF-α, macrophage activat-
ing factor, macrophage migration inhibitory factor), stimulating resorption of 
dental supportive tissues (due to increased number of osteoclasts) and decay of 
extracellular matrix; release immunoglobulins; destroy pathogens, transferred by 
macrophages and dendritic cells and participate in production of antibodies. Such 
immune response mechanism enhances pathogenesis of PTs and aggravates the 
course of disease [16, 21, 33]. 1,25(OH)2D3 suppresses proliferation, maturation 
and differentiation of dendritic cells [50]. T lymphocytes are one of the dominat-
ing cells in the beginning of PTs pathologic process and its regulator; immature 
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dendritic cells stimulate their tolerance, whereas mature dendritic cells activate 
them [51]. 1,25(OH)2D3 decreases the number of APCs and ability of T lymphocyte 
to stimulate monocytes-macrophages [52]. The main target is T helpers. Vitamin 
D can contribute to formation of acquired immune response by selective stimula-
tion of the specific T helpers [53]. B lymphocytes interact with macrophages and 
become plasmocytes, releasing Ig, which adhere to antigens. Such antigen–anti-
body complex activates complement system, initiating production of cytotoxic 
molecules, increasing blood vessel permeability, acting as chemotactic agents for 
polymorphonuclear leucocytes and macrophages. Vitamin D inhibits T lymphocyte 
proliferation, release of immunoglobulins and transformation of B lymphocytes 
into plasmocytes, hereby suppressing specific immune response, release of IL-1, 
IL-6, IL-8, IL-12 cytokines and alpha TNF-α [16, 21, 52]. IL-1, IL-6 and TNF-α are 
potential activators of osteoclasts and supporters of inflammation. IL-1 is released 
not only by afore mentioned monocyte-macrophages, but by endothelial and epi-
thelial cells, fibroblasts and lymphocytes as well. This substance supports inflama-
tion, stimulates production, differentiation and activation of osteoclasts, leading to 
resorption of alveolar bone, release of enzymes splitting extracellular matrix and 
release of E2 prostaglandin, enhancing relaxation of blood vessels and edema in PTs 
[13]. IL-6 activates synthesis of C reactive protein and glucose metabolism [54]. It is 
proven, that increase of vitamin D serum levels leads to decrease of IL-6 and leptin 
(factor indicating inflammation) levels, increase of adiponectin (cytokine inhibi-
tor) and IL-8 levels [54, 55]. IL-8 activates neutrophil chemotaxis and is found in 
normal PTs. Its levels increase with the progression of inflammatory processes, 
therefore polymorphonuclear neutrophils are the first to react to inflammation. Its 
deficiency is related to severe forms of periodontitis. As the amount of pathogens 
increases, IL-8 levels and number of neutrophils increase as well, causing destruc-
tion of PTs [6]. Vitamin D acts on periopathogens, inhibits inflammation of PT and 
decreases IL-8 expression in periodontal ligament [55]. It can be concluded, that 
vitamin D plays important role in defensive mechanisms of PT and vital for the 
health of both soft and hard PTs.

4.  Change in the concentration of 25-hydroxyvitamin D in plasma by 
periodontal diseases

There is no unanimous attitude towards the relation between these two factors 
as there exist differences between populations, test methodology and occurring 
limitations of the tests. When analyzing the relation between vitamin D, as protec-
tive factor, and PD, different criteria of vitamin D and examination of PTs are 
applied: average plasma level of vitamin D, dosage applied or any other certain 
diagnostic criteria. Status of PTs is evaluated according to the periodontal pocket 
depth, clinical attachment level, clinical attachment loss, attachment gain, alveolar 
bone loss, bone defects in oral cavity or any other selected criteria, such as short/
long term results of periodontal surgery [56]. If only one side of oral cavity is 
examined, data cannot be accurate and the amount of information is lost. Studies 
can cover general population or part of it, e.g., smoking individuals, individuals of 
different age, with different PD, etc. Scientific base of linking these two factors and 
widening of the knowledge is possible due to widely chosen evaluative protocols 
and indicators. For example, smoking is risk factor for PD, but with the additional 
deficiency of vitamin D, destruction of PTs is more severe and more cases are 
identified [57]. Individuals over 50 year with low vitamin D levels have greater 
periodontal attachment loss than ones with high levels [58]. PTs in most cases are 
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of phagocytosis, immunoglobulins and serum complement envelope foreign 
substance. Such formation enters phagocytic vacuoles and is destroyed by lysosome 
enzymes. Afterwards these substances are transferred to lymphocytes, determin-
ing further immune response [42]. Products of tissue breakdown, histamine and 
complement system enhances phagocytosis. Specific immune response manifests 
later. Antibodies circulate in blood, T and B lymphocytes react only to specific 
antigen. Lymphocytes are often related to Langerhans cells of oral epithelium, pro-
ducing cytokines, e.g., IL-1, activating T lymphocytes, enhancing proliferation and 
production of antibodies. Active T lymphocytes have cytotoxic effect. Keratinocytes 
of oral epithelium produce IL-1 and IL-8, regulating the amount of lymphocytes 
and polymorphonuclear leucocytes [42]. Impaired specific immunity is responsible 
for resorption, osteoclast genesis and inflammatory processes of bone, thus causing 
autoimmune diseases. Calcitriol suppresses progression of OP and PD with signs of 
autoimmune diseases.

Active hormonal form of vitamin D, 1,25(OH)2D3, directly regulates antimicro-
bial immune response, modulates cytokine production and stimulates secretion of 
antimicrobial peptides by monocytes-macrophages and activates release of hydro-
gen peroxide in monocytes, thus exhibiting anti-inflammatory and antimicrobial 
properties [7, 43, 44]. Monocytes not only produce cytokines, but TNF-α as well, 
they release substances, activating lymphocytes and interacting with them as anti-
gen-presenting cell (APC), destroy PTs, accelerate proliferation, differentiation 
and activation of osteoclasts, move in tissues in chemotactic way and participate in 
phagocytosis. Antimicrobial peptides play important role in nonspecific immunity 
against periodontitis causing agents. Antimicrobial peptides, β-defensines and 
especially cathelicidine LL-37 take part in neutralization of bacterial endotoxins, 
healing of wounds, regulate cell multiplication, blood vessel permeability, cytokine 
and chemokine production and chemotaxis, have prolonged antimicrobial activity 
and neutralize lipopolysaccharides as well [3, 7, 23, 25, 45, 46]. Activity of defen-
sines depends on vitamin D levels [45, 46]. β-defensines show antimicrobial activ-
ity on PD bacteria– Actinobacilus actinomycetemcomitans, Porphyromonas gingivalis, 
Fusobacterium nucleatum, Candida and papilloma viruses [47]. APCs, including 
macrophages and dendritic cells, transform the main 25(OH)D3 form circulating in 
blood into active 1,25(OH)2D3, and, via VDR, induce cellular response and regulate 
transcription. Antimicrobial activity via VDR is associated with cathelicidine 
hCAP-18 gene [48]. Cathelicidine has wide antimicrobial activity against gram-
positive and gram-negative bacteria, some fungi and viruses [3]. Treatment with 
vitamin D increases cathelicidine mRNA level in keratinocytes, neutrophils and 
macrophages [3, 44]. Irritation of macrophage receptors with pathogens increases 
synthesis of 1,25(OH)2D3, activity in macrophages and production of antibacterial 
proteins, cathelicidine and β-defensines, increases [43]. Therefore, it is supposed 
that vitamin D deficiency determines weak antibacterial response and tendency to 
infections [49].

During specific immune response, 1,25(OH)2D3 affects B and T lymphocytes 
[7]. The latter release cytokines (interleukine-1, TNF-α, macrophage activat-
ing factor, macrophage migration inhibitory factor), stimulating resorption of 
dental supportive tissues (due to increased number of osteoclasts) and decay of 
extracellular matrix; release immunoglobulins; destroy pathogens, transferred by 
macrophages and dendritic cells and participate in production of antibodies. Such 
immune response mechanism enhances pathogenesis of PTs and aggravates the 
course of disease [16, 21, 33]. 1,25(OH)2D3 suppresses proliferation, maturation 
and differentiation of dendritic cells [50]. T lymphocytes are one of the dominat-
ing cells in the beginning of PTs pathologic process and its regulator; immature 
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dendritic cells stimulate their tolerance, whereas mature dendritic cells activate 
them [51]. 1,25(OH)2D3 decreases the number of APCs and ability of T lymphocyte 
to stimulate monocytes-macrophages [52]. The main target is T helpers. Vitamin 
D can contribute to formation of acquired immune response by selective stimula-
tion of the specific T helpers [53]. B lymphocytes interact with macrophages and 
become plasmocytes, releasing Ig, which adhere to antigens. Such antigen–anti-
body complex activates complement system, initiating production of cytotoxic 
molecules, increasing blood vessel permeability, acting as chemotactic agents for 
polymorphonuclear leucocytes and macrophages. Vitamin D inhibits T lymphocyte 
proliferation, release of immunoglobulins and transformation of B lymphocytes 
into plasmocytes, hereby suppressing specific immune response, release of IL-1, 
IL-6, IL-8, IL-12 cytokines and alpha TNF-α [16, 21, 52]. IL-1, IL-6 and TNF-α are 
potential activators of osteoclasts and supporters of inflammation. IL-1 is released 
not only by afore mentioned monocyte-macrophages, but by endothelial and epi-
thelial cells, fibroblasts and lymphocytes as well. This substance supports inflama-
tion, stimulates production, differentiation and activation of osteoclasts, leading to 
resorption of alveolar bone, release of enzymes splitting extracellular matrix and 
release of E2 prostaglandin, enhancing relaxation of blood vessels and edema in PTs 
[13]. IL-6 activates synthesis of C reactive protein and glucose metabolism [54]. It is 
proven, that increase of vitamin D serum levels leads to decrease of IL-6 and leptin 
(factor indicating inflammation) levels, increase of adiponectin (cytokine inhibi-
tor) and IL-8 levels [54, 55]. IL-8 activates neutrophil chemotaxis and is found in 
normal PTs. Its levels increase with the progression of inflammatory processes, 
therefore polymorphonuclear neutrophils are the first to react to inflammation. Its 
deficiency is related to severe forms of periodontitis. As the amount of pathogens 
increases, IL-8 levels and number of neutrophils increase as well, causing destruc-
tion of PTs [6]. Vitamin D acts on periopathogens, inhibits inflammation of PT and 
decreases IL-8 expression in periodontal ligament [55]. It can be concluded, that 
vitamin D plays important role in defensive mechanisms of PT and vital for the 
health of both soft and hard PTs.

4.  Change in the concentration of 25-hydroxyvitamin D in plasma by 
periodontal diseases

There is no unanimous attitude towards the relation between these two factors 
as there exist differences between populations, test methodology and occurring 
limitations of the tests. When analyzing the relation between vitamin D, as protec-
tive factor, and PD, different criteria of vitamin D and examination of PTs are 
applied: average plasma level of vitamin D, dosage applied or any other certain 
diagnostic criteria. Status of PTs is evaluated according to the periodontal pocket 
depth, clinical attachment level, clinical attachment loss, attachment gain, alveolar 
bone loss, bone defects in oral cavity or any other selected criteria, such as short/
long term results of periodontal surgery [56]. If only one side of oral cavity is 
examined, data cannot be accurate and the amount of information is lost. Studies 
can cover general population or part of it, e.g., smoking individuals, individuals of 
different age, with different PD, etc. Scientific base of linking these two factors and 
widening of the knowledge is possible due to widely chosen evaluative protocols 
and indicators. For example, smoking is risk factor for PD, but with the additional 
deficiency of vitamin D, destruction of PTs is more severe and more cases are 
identified [57]. Individuals over 50 year with low vitamin D levels have greater 
periodontal attachment loss than ones with high levels [58]. PTs in most cases are 
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healthier and risk is lower in individuals with sufficient levels of vitamin D, but it is 
not successfully proved in all the cases, leading to the controversial interpretation 
of the results obtained [56, 58–61]. It is becoming clear, that performing blood tests 
and monitoring vitamin D levels it is possible to suspect that individual is suffering 
from chronic periodontitis and condition of PTs is poor, especially in older popula-
tion [56, 62, 63]. It can be one of additional diagnostic possibilities.

In case of acute inflammation, serum levels of 25-hydroxyvitamin D are 
increasing, as periodontal cells are producing it in the site of inflammation as 
anti-inflammatory agent. Serum levels of 25-hydroxyvitamin D usually are lower 
in cases of chronic inflammation. Such correlation might be explained that because 
of low serum levels of vitamin D, ability of epithelium to fight against pathogens is 
impaired and inflammation develops. Optimal serum level of 25-hydroxyvitamin 
D for prophylactic and therapeutic purposes should be 90-100 nmol/l, but it is 
not definitely clear what should be the daily dose of vitamin D in order to achieve 
these levels [13]. Gingival bleeding are the sign of both, acute and chronic PD. 
Decreased level of 25-hydroxyvitamin D correlates with worsened health status of 
PTs; course of chronic gingivitis (with insufficient serum levels) and intensified 
gingival bleeding [36, 58]. Gingival bleeding during the probing is observed by 
20% less in patients with high serum levels of 25(OH)D, those with sufficient (≥ 
50 nmol/L) levels of vitamin are less likely to develop PD by 33% and by 42% are 
less likely to have more than 50% of gingival bleeding [60, 64]. Prolonged com-
bined supplementation of vitamin D and calcium decreases bleeding on probing, 
changes the clinical attachment level and pockets depth [65]. The tendency to 
severe periodontitis may decrease up to 33% with daily dose of 800 IU of vitamin 
D [62]. Exacerbation of gingival bleeding is observed during pregnancy, thus there 
are data, concerning the influence of vitamin D during this period (if 25(OH)
D level < 75 nmol/L) [36]. Without timely evaluation of all these data, peri-
odontitis of more severe form develops, as correlation between increased serum 
levels of vitamin D3 and severity of PD exists, though it is not always confirmed 
[36, 66, 67]. There are cases described when serum level of 1,25(OH)D increases 
significantly following the periodontal treatment [68]. Besides, increased serum 
level of 25(OH)D is common in patients with aggressive periodontitis (AP)- dis-
ease of PTs, affecting young individuals, characterized by rapid destruction of 
PT and tooth loss. Significantly higher vitamin D binding protein (DBP), IL-6, 
procalctonine and 25(OH)D3 plasma levels and higher counts of leucocytes and 
neutrophils are found in patients with this PD [69]. Level of 25(OH)D3 increases 
due to activation of 25-hydroxylase in periodontal cells in acute inflammation of 
PTs, and decrease in chronic one [67]. Due to production of this enzyme in cases 
of AP, levels of 25(OH)D3 in gingival sulcus is up to 300 times higher than in 
blood plasma [21]. DBP is plasma protein and is synthesized by hepatocytes [70]. 
It is the main carrier of 25(OH)D3 in the plasma, directly affecting cellular func-
tions, including activity of macrophages [71, 72]. DBP bound to the cell surface, 
B-lymphocytes, T-lymphocytes, monocytes, neutrophils [70]. The amount of this 
protein is related to the severity degree of illness with direct relation to neutrophil 
– increased number of neutrophils and IL-6 can contribute to increased plasma 
levels of DBP by active periodontitis. DBP is the most important “during inflam-
mation since it induces selective recruitment of neutrophils” [70]. Activated 
neutrophils can excrete DBP, which expression is regulated by IL-6, participating 
in immune response [69]. Thus detection of plasma levels of DBP could confirm 
correlation between it and periodontal inflammation. Anti-inflammatory effect 
depends on the dose of vitamin supplement. Safe and effective anti-inflammatory 
dose of 500–2000 IU of vitamin D is recommended. Results are noted earlier when 
higher dose of 2000 IU is used [73].
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Chapter 9

Vitamin D and Diabetic Foot
Antony Macido

Abstract

Approximately 15% of patients with diabetes mellitus (DM) are prone to 
developing diabetic foot ulcers (DFU) in their lifetime. The term vitamin D status 
or 25-hydroxyvitamin D [25(OH)D] levels are used interchangeably to represent 
the status of vitamin D in individuals throughout this paper. Evidence suggests 
a relationship between 25(OH)D levels and DFU. However, very minimal data 
is available on the association between DFU and vitamin D deficiency. After a 
careful review of the literature, it was inferred that vitamin D could be associated 
with DFU and diabetic foot infections. Available evidence on vitamin D and DFU 
suggests a negative correlation between 25(OH)D levels and the presence of DFU. 
Evidence also supports a negative relationship between 25(OH)D levels and diabetic 
foot infections. Further large-scale randomized controlled studies need to be done 
to confirm the relationship between 25(OH)D levels and DFU including the use of 
vitamin D in the management of DFU and diabetic foot infections.

Keywords: Vitamin D, 1,25-dihydroxyvitamin D, diabetic foot ulcers, diabetic foot 
infections

1. Introduction

The role of serum vitamin D in diabetes mellitus (DM) and in the complica-
tions related to DM is an area of interest among researchers in the recent past [1, 2]. 
Diabetic foot complications including diabetic foot ulcers (DFU) and diabetic foot 
infections are often common with vitamin D deficiency [3]. The global prevalence 
of diabetic foot complication is 6.3% [4]. Almost 15% of patients with DM can 
develop DFU in their lives [1]. Infection of DFU is one of the common causes of 
hospitalization related to DM and accounts for 20% of admissions to hospitals 
[5]. Recurrence rates are very high with DFU although the recurrence rates have 
decreased recently [6].

DFU accounts for growing economic burden, while increasing the morbidity 
and mortality globally. It is estimated that the global economic burden of caring for 
DFU is more than $1.5 billion per year [7]. Every 30 seconds someone loses a lower 
extremity from DM in the world [8]. The five-year mortality in patients with DFU 
is 2.5 times higher than patients with DM but has no DFU [9].

There is growing evidence on the relationship between DFU and vitamin D 
levels. Nevertheless, data is scarce on the association between vitamin D deficiency 
and DFU [2]. Evidence suggests a negative correlation between DFU and vitamin D 
levels. There is growing evidence on a negative relationship between diabetic 
foot infections and vitamin D levels. Further large-scale randomized controlled 
studies are needed to solidify the evidence of the correlation between DFU and 
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vitamin D levels. Before evaluating the significance of vitamin D in diabetic foot 
complications it is essential to review the effects of vitamin D in diabetic foot 
complications including the non-skeletal effects of vitamin D.

2. Non-skeletal effects of vitamin D

Vitamin D is a fat-soluble vitamin that has effects that are not confined to the 
skeleton. Vitamin D aids in glucose metabolism, angiogenesis, and migration of 
inflammatory cells [10]. 1,25-(OH)2D is the active form of vitamin D and it acts as a 
ligand for an intracellular receptor and transcription factor VDR [11, 12]. Vitamin D 
in the form of 1,25-(OH)2D exerts prodifferentiative and antiproliferative effects on 
the cutaneous keratinocytes [13], which in turn helps in defense against toxins and 
pathogens while helping to prevent water loss from the skin [11]. Vitamin D recep-
tor is essential for differentiation, migration, and self-renewal of epidermal stem 
cells in wound healing [14].

3. Diabetic foot ulcers

International Working Group on the Diabetic Foot (IWGDF) defines DFU as a 
foot ulcer in persons with previously diagnosed or currently diagnosed DM and is 
usually accompanied by peripheral artery disease (PAD) and/or neuropathy in the 
lower extremity. Diabetic foot is defined as an ulceration, infection, or destruction 
of tissues of the foot of an individual with previously or currently diagnosed DM, 
usually accompanied by PAD and/or neuropathy in the lower extremity. A foot 
ulcer involves a break of the skin of the foot involving the entire epidermis and the 
dermis in part [15]. Diabetic foot ulcers can be located in different areas of the foot. 
Almost 25% of DFU are plantar ulcers that are localized to the forefoot [16].

4. Risk factors for developing DFU

Peripheral vascular disease and diabetic neuropathy are the important risk 
factors associated with the development of DFU [17]. Foot deformities and prior 
history of DFU are also risk factors associated with the development of DFU [18]. 
Inflammation along with oxidative stress have been postulated in the development 
of DFU [19]. Vitamin D deficiency is labeled as an independent risk factor in the 
development of diabetic neuropathy [20].

5.  Vitamin D deficiency as a risk factor for diabetic foot  
ulcers/infections

Significantly low levels of vitamin D can be seen with diabetic foot complica-
tions [3]. Although vitamin D deficiency is common in DM, the magnitude of 
hypovitaminosis D is noticed to be more significant with infected DFU [21–23]. 
Vitamin D deficiency can in turn increase inflammatory cytokines and delay wound 
healing in patients with DFU [23]. An antimicrobial peptide called cathelicidin 
has an important role in wound healing process [24, 25]. In fact, 1,25-(OH)2D can 
increase the genes capable of inducing cathelicidin production [26]. The literature 
on vitamin D deficiency and diabetic foot can be synthesized as follows.
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6. Literature review

Although there is literature available on the association between vitamin D and 
diabetic foot, only a few randomized controlled studies and metanalyses are avail-
able. A metanalysis by Iannuzzo et al. [27] reported that vitamin D deficiency was 
associated with PAD and may be an independent risk factor for developing PAD. 
Adults with diabetes and severe vitamin D deficiency are three times more likely to 
develop a diabetic foot ulcer than similar patients with sufficient vitamin D levels 
[28]. The Dai et al. [28] study is the first meta-analysis demonstrating the associa-
tion between serum vitamin D levels and DFU.

A double-blind, randomized controlled clinical trial by Razzaghi et al. [29] 
showed that vitamin D supplementation can aid in the healing of DFU possibly 
from its effect of improved glycemic control. The study revealed reasonable 
decrease in ulcer depth, width, and length in the experiment group with vitamin D 
therapy [29]. The Tiwari et al. [22] study identified a cutoff value for vitamin D 
levels (25(OH)D < 25 nmol/l) in diabetic patients that put them at risk to develop 
diabetic foot infections. The study was a prospective cohort research but not 
randomized. Another non-randomized prospective cohort hospital-based study by 
Zubair et al. [2] revealed that patients with DFU had a median lower plasma level of 
25(OH)D than the control group.

There is more than a dozen of other non-randomized studies that evaluated the 
prevalence of vitamin D deficiency and the potential use of vitamin D in diabetic 
foot complications. Majority of these studies reported low vitamin D levels in 
patients with DFU when compared to their counterparts with no DFU [3]. This 
strong association between vitamin D deficiency and DFU may not imply causation 
or correlation. However, this relationship of vitamin D deficiency and the presence 
of DFU may have implications in the clinical management of DFU [3]. Surprisingly, 
a study by Afarideh et al. [30] revealed increased levels of circulating 25 (OH)D 
with active chronic DFU. The authors claim that this is the only study that showed 
the conflicting finding of increased vitamin D levels in patients with DFU [30].

7. Vitamin D deficiency and supplementation

According to The Endocrine Society, vitamin D deficiency implies a serum 
25(OH)D of less than 20 nanograms per milliliter (ng/ml). The recommended assay 
for diagnosing vitamin D deficiency is the measurement of serum 25(OH)D.  
Vitamin D deficiency can be treated with either vitamin D3 or vitamin D2 [31]. 
Vitamin D supplementation needs to be tailored according to the age, sex, pres-
ence of comorbidities, etc. Vitamin D deficiency in adults need to be treated with 
50,000 IU of vitamin D2 or D3 once a week for a duration of eight weeks or its 
equivalent vitamin D2 or vitamin D3 as daily doses to achieve a serum 25 (OH)
D level of more than 30 ng/ml, followed by 1500–2000 IU daily for maintenance 
therapy [31]. There are no current recommendations on vitamin D dosage for 
individuals with DM or individuals with DFU who also have vitamin D deficiency.

8. Conclusion

There is insufficient data on the significance of vitamin D in DFU. There are no 
guidelines or standardized measures available on routine evaluation of vitamin D 
levels and vitamin D supplementation in DFU or infected DFU. Data available on 
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ulcer involves a break of the skin of the foot involving the entire epidermis and the 
dermis in part [15]. Diabetic foot ulcers can be located in different areas of the foot. 
Almost 25% of DFU are plantar ulcers that are localized to the forefoot [16].

4. Risk factors for developing DFU

Peripheral vascular disease and diabetic neuropathy are the important risk 
factors associated with the development of DFU [17]. Foot deformities and prior 
history of DFU are also risk factors associated with the development of DFU [18]. 
Inflammation along with oxidative stress have been postulated in the development 
of DFU [19]. Vitamin D deficiency is labeled as an independent risk factor in the 
development of diabetic neuropathy [20].

5.  Vitamin D deficiency as a risk factor for diabetic foot  
ulcers/infections

Significantly low levels of vitamin D can be seen with diabetic foot complica-
tions [3]. Although vitamin D deficiency is common in DM, the magnitude of 
hypovitaminosis D is noticed to be more significant with infected DFU [21–23]. 
Vitamin D deficiency can in turn increase inflammatory cytokines and delay wound 
healing in patients with DFU [23]. An antimicrobial peptide called cathelicidin 
has an important role in wound healing process [24, 25]. In fact, 1,25-(OH)2D can 
increase the genes capable of inducing cathelicidin production [26]. The literature 
on vitamin D deficiency and diabetic foot can be synthesized as follows.
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6. Literature review

Although there is literature available on the association between vitamin D and 
diabetic foot, only a few randomized controlled studies and metanalyses are avail-
able. A metanalysis by Iannuzzo et al. [27] reported that vitamin D deficiency was 
associated with PAD and may be an independent risk factor for developing PAD. 
Adults with diabetes and severe vitamin D deficiency are three times more likely to 
develop a diabetic foot ulcer than similar patients with sufficient vitamin D levels 
[28]. The Dai et al. [28] study is the first meta-analysis demonstrating the associa-
tion between serum vitamin D levels and DFU.

A double-blind, randomized controlled clinical trial by Razzaghi et al. [29] 
showed that vitamin D supplementation can aid in the healing of DFU possibly 
from its effect of improved glycemic control. The study revealed reasonable 
decrease in ulcer depth, width, and length in the experiment group with vitamin D 
therapy [29]. The Tiwari et al. [22] study identified a cutoff value for vitamin D 
levels (25(OH)D < 25 nmol/l) in diabetic patients that put them at risk to develop 
diabetic foot infections. The study was a prospective cohort research but not 
randomized. Another non-randomized prospective cohort hospital-based study by 
Zubair et al. [2] revealed that patients with DFU had a median lower plasma level of 
25(OH)D than the control group.

There is more than a dozen of other non-randomized studies that evaluated the 
prevalence of vitamin D deficiency and the potential use of vitamin D in diabetic 
foot complications. Majority of these studies reported low vitamin D levels in 
patients with DFU when compared to their counterparts with no DFU [3]. This 
strong association between vitamin D deficiency and DFU may not imply causation 
or correlation. However, this relationship of vitamin D deficiency and the presence 
of DFU may have implications in the clinical management of DFU [3]. Surprisingly, 
a study by Afarideh et al. [30] revealed increased levels of circulating 25 (OH)D 
with active chronic DFU. The authors claim that this is the only study that showed 
the conflicting finding of increased vitamin D levels in patients with DFU [30].

7. Vitamin D deficiency and supplementation

According to The Endocrine Society, vitamin D deficiency implies a serum 
25(OH)D of less than 20 nanograms per milliliter (ng/ml). The recommended assay 
for diagnosing vitamin D deficiency is the measurement of serum 25(OH)D.  
Vitamin D deficiency can be treated with either vitamin D3 or vitamin D2 [31]. 
Vitamin D supplementation needs to be tailored according to the age, sex, pres-
ence of comorbidities, etc. Vitamin D deficiency in adults need to be treated with 
50,000 IU of vitamin D2 or D3 once a week for a duration of eight weeks or its 
equivalent vitamin D2 or vitamin D3 as daily doses to achieve a serum 25 (OH)
D level of more than 30 ng/ml, followed by 1500–2000 IU daily for maintenance 
therapy [31]. There are no current recommendations on vitamin D dosage for 
individuals with DM or individuals with DFU who also have vitamin D deficiency.

8. Conclusion

There is insufficient data on the significance of vitamin D in DFU. There are no 
guidelines or standardized measures available on routine evaluation of vitamin D 
levels and vitamin D supplementation in DFU or infected DFU. Data available on 
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Chapter 10

The Role of Vitamin D in 
Neurodegeneration and Other 
Pathological Processes of the 
Central Nervous System
Carl Nikolaus Homann

Abstract

The nervous system is the most complex organ in the human body, and it is the 
most essential. However nerve cells are particularly precious as, only like muscle 
cells, once formed, they do not replicate. This means that neural injuries cannot 
easily be replaced or repaired. Vitamin D seems to play a pivotal role in protect-
ing these vulnerable and most important structures, but exactly how and to what 
extend is still subject to debate. Systematically reviewing the vast body of research 
on the influence of Vitamin D in various neuropathological processes, we found 
that Vitamin D particularly plays a mitigating role in the development of chronic 
neurodegeneration and the measured response to acutely acquired traumatic and 
non-traumatic nerve cells incidents. Adequate serum levels of Vitamin D before 
the initiation of these processes is increasingly viewed as being neuroprotec-
tive. However, comprehensive data on using it as a treatment during the ongoing 
process or after the injury to neurons is completed are much more ambiguous. A 
recommendation for testing and supplementation of insufficiencies seems to be 
well-founded.

Keywords: Vitamin D, nervous system, neurodegeneration, nerve cell damage, 
traumatic brain injury, acquired brain injury, metabolic encephalopathy, toxic 
encephalopathy, meningitis, stroke, autoimmune processes, neurooncoloy, 
Parkinson’s disease, Alzheimer’s disease

1. Introduction

The nervous system is the most complex organ in the human body. The brain, 
as the nervous system’s command center, is fundamental to the human experience 
as it produces our every thought, action, memory, and feeling. In short, it is our 
apparatus to take in and react to phenomena of the inner and outside world. For this 
task, the brain has a highly interconnected network of approximately one hundred 
billion neurons at its disposal.

These cells, however, are particularly vulnerable. Compared to other cells, 
neurons have markedly higher energy demands. Also, as they neither have a backup 
energy source nor adequate energy stores, they depend on a continuous supply of 
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glucose and oxygen by the blood. Any misalignment between demand and supply 
potentially contributes to permanent damage or cell death. Damage to brain cells 
can occur through events even before birth, as in congenital disorders caused by 
genetic abnormalities or perinatal exposure to noxious conditions. Causative condi-
tions after birth can be divided into acquired, traumatic or non-traumatic, and 
neurodegenerative. Traumatic injuries commonly arise from exposure to external 
mechanical forces, as in traffic accidents, falls, and assaults [1]. Non-traumatic 
injuries derive from either an internal or external source and can be classified 
according to etiology into neurovascular, neoplastic, metabolic, neurotoxic, 
infectious, or autoimmune inflammatory (Figure 1). Only a few epidemiological 
studies provide proportional figures regarding traumatic and non-traumatic brain 
injuries. In one population-based survey on annual incidences of acquired brain 
injuries in Massachusetts [2], the outpatient diagnosis was most frequently related 
to traumatic causes (97%). Of the 3% of non-traumatic etiologies 39% were infec-
tions, in 25% metabolic or toxic conditions, 22% neoplastic, and 14% vascular 
brain diseases. The most severe cases were admitted to ICU, for which the authors 
calculated a ratio of 19% traumatic and 81% non-traumatic causes. The latter were 
predominantly of vascular origin (63%), followed by toxic-metabolic (30%) and 
infectious conditions (7%).

Whereas traumatic assaults primarily cause tearing and breaking of cells and 
structural tissue injuries, non-traumatic incidents tend to affect the metabolic 
functioning on a subcellular basis that either acutely or chronically lead to malfunc-
tion and cell destruction.

Neurons are also especially precious as, only like muscle cells, once formed, 
they do not replicate. This means that abnormalities in the development or injuries 
later in life cannot easily be replaced or repaired. Vitamin D (VD) appears to play 
a critical role in safeguarding these delicate and vital structures. VD deficiency 
affects a broad range of adult brain disorders with various etiologies and causative 
pathomechanisms, according to emerging evidence [3, 4], but it is also essential for 
neuronal growth and pruning in neonates and children [5].

This review examines, for each of the primary injury categories (Figure 1), the 
evidence for VD’s role in the resilience to neuronal damage. It mainly focuses on 

Figure 1. 
Classification of brain injuries in adult life.
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the importance of maintaining adequate VD blood levels before the initiation of 
these processes, the use of VD as treatment during the ongoing process, and as a 
remedy after the injury to neurons has been completed. For conciseness, it explicitly 
concentrates on adult diseases and excludes congenital disorders.

2. Role of Vitamin D in specific neurolopathological processes

2.1 Vitamin D and traumatic neuronal injury

Traumatic brain injury (TBI) may have a wide range of mental and physical 
consequences. Depending on the gravity, type, and location of impact, symptoms 
can vary in severity and duration from mild intermittent attention deficits to 
coma, from discrete transient headaches to permanent and complete incapacity 
or death.

Traumatic brain injury (TBI) occurs at an incidence rate of 235–556/10 million 
[6, 7]. Thus, it is one of the most common neurological diseases, and it is also one 
of the leading causes of morbidity and death among civilians and military person-
nel worldwide [1]. The mortality rate in severe TBI cases can be as high as 40%. 
Survivors, on the other hand, have a disability rate of 55–77% [1, 8, 9], resulting in a 
decrease in quality of life and high socioeconomic costs [10].

TBI is generally divided into two stages: primary and secondary injury. These 
two stages overlap to some extent [11]. Primary brain injury occurs at the moment 
of the initial trauma when mechanical forces cause acute and permanent damage 
to the brain parenchyma. The subsequent secondary brain injury usually starts 
quickly but may progress slowly over months or years [11]. It is, to a large extend, 
caused by microparticles released from damaged tissues that trigger hemostatic, 
ischemic, and inflammatory processes. This eventually leads to lasting secondary 
biochemical and cellular alterations. Depolarization, excitotoxicity, disruption 
of calcium homeostasis, free-radical generation, blood–brain barrier disrup-
tion, ischemic injury, edema formation, and intracranial hypertension are some 
of the most frequently cited mechanisms at play [12]. It is widely believed that 
treatments that can mitigate this cascade of events can considerably improve TBI 
outcomes [11, 12].

VD is thought to have a positive effect on this mechanism at various stages, 
and inadequate levels are linked to more insufficient recovery. In a comprehensive 
review, Colon evaluated the current literature regarding the protective properties of 
VD and its clinical relevance after traumatic brain injury, particularly for military 
personnel [13]. The included in vivo and in vitro studies support that VD modulates 
the immune responses to trauma, diminishes oxidative and toxic damage, and 
inhibits activation and progression of neuroinflammation.

Several observational studies suggested VD deficiency is common in patients 
after TBI (34–46·5%) [14, 15] and is associated with psychiatric deterioration 
(cognition, depression) [14] and possibly an unfavorable disease outcome [15]. 
However, the correlation between VD deficiency and worsening of psychiatric 
disorders may be an epiphenomenon since they are known to be related to VD 
deficiency independently of comorbid TBI [4].

There is no human research examining VD given prophylactically before TBI. 
Animal data suggests, however, that this strategy might be protective. Itho et al. 
observed that seven days of oral supplementation decreased the chances of neu-
ronal damage after TBI in rodents [16]. Another animal study, performed by Wei 
et al., shows similar results, which are thought to be due to reducing the free radical 
damage and preventing apoptosis in damaged neurons [17].
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For post-injury interventions, there are also experimental data. They suggest 
that VD treatment decreases brain edema, attenuates free radical damage, reduces 
neuronal loss in TBI animal models, reduces the inflammatory cytokines TNF-
α, IL-6, and nitric oxide (NO), and attenuates neurological abnormalities after 
ischemia [18–20].

There are also a few human TBI trials. Lee et al. investigated in an open study 
the acute and long-term effects of VD supplementation on the recovery of patients 
with TBI [21]. When administering 100,000 IU cholecalciferol intramuscularly to 
244 patients with deficiency (VD < 30 ng/mL) they found that 3 months outcomes 
assessing performance function (Extended Glasgow Outcome Scale: p = 0.002) 
and cognitive function (Mini Mental Status Examination; p = 0.042, and Clinical 
Dementia Rating; p = 0.044) were better than those of 64 non-deficient control 
patients. The initial low VD status measured when patients arrived at the hospital, 
however, was not found to be a risk factor for mortality. In a randomized placebo-
controlled investigation by Sharma et al., 20 patients with moderate to severe TBI 
received 120,000 IU of VD orally [22]. They had a better overall clinical result 
than 15 placebo-treated patients, but no improvement in mortality rates (14.3% 
vs. 14.3%; p = 0.79). The better outcome was depicted by an increase in the level of 
consciousness from day 2 to day 7 (GCS scores: −3.86 vs. +0.19 points; p 0.0001), a 
shorter mechanical ventilation time (4.7 vs. 8.2 days, p = 0.0001), and a shorter ICU 
stay (6.19 vs. 9.07 days, p = 0.003). In addition, relative to the control group, there 
was a small rise in anti-inflammatory IFN- levels (p = 0.65) and a significant reduc-
tion in cytokines, which are key pro-inflammatory biomarkers for brain damage 
(IL-6: p = 0.08, TNF-: p = 0.02, IL-2: p = 0.36).

Despite promising experimental results, we are unaware of any clinical studies 
on primary (pre-trauma) or secondary (post-trauma) prophylaxis.

2.2 Vitamin D and neurovascular incidents

Stroke is the leading cause of disability and the second most common cause 
of death in the world, causing more than 10% or 5.7 million deaths per year [23]. 
Although relative stroke mortality has declined in the last decades, stroke preva-
lence is increasing due to the demographic shift towards a higher life expectancy 
[23, 24].

Brain tissue injury following stroke results from a complex series of pathophysi-
ological events, including excitotoxicity, oxidative and nitrative stress, inflamma-
tion, and apoptosis [25]. VD is thought to have a beneficial impact on several of 
these factors. In a recently published comprehensive review Yarlagadda et al., based 
on experimental data, suggest several neuroprotective mechanisms of VD concern-
ing vascular health: First, it can increase the expression of insulin-like growth 
factor 1 (IGF-1). IGF-1 can mitigate axon and dendrite degeneration, and by 
activating plasminogen, it also has antithrombotic effects [26]. Second, VD affects 
the vascular system by inducing vasodilation through nitric oxide synthase poten-
tiation (NOS). As a result, it has the ability to decrease blood pressure, increase 
blood supply to neurons after an ischemic stroke, and relieve cerebral vasospasm 
after a subarachnoid hemorrhage. Third, VD stimulates the synthesis of stromal 
cell-derived factor 1α (SDF1α), vascular endothelial growth factor (VEGF), and 
endothelial NOS, thereby displaying an anti-inflammatory effect on myeloid and 
endothelial cells. Finally, VD protects cerebral endothelial cells from post-stroke 
blood–brain barrier (BBB) dysfunction. Relevant factors for this are its antioxidant 
properties, which include inhibiting the development of reactive oxygen species 
(ROS) production, and its ability to prevent tight junction proteins (occludin and 
claudin-5) expression from decreasing.
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It is widely accepted that low plasma concentrations of VD are associated with 
an increased risk of symptomatic ischemic stroke in the general population. In 
a large population-based prospective study, Brøndum-Jacobsen et al. observed 
in 10,170 individuals from the general population a stepwise increasing risk of 
symptomatic ischemic stroke with decreasing plasma VD concentrations [27]. This 
finding was substantiated in a meta-analysis on prospective general population 
studies, including ten studies, 58,384 participants, and 2,644 events [27]. The odds 
ratio of ischemic stroke was 1.54 (1.43–1.65) when comparing the lowest versus 
highest quartile of VD concentrations [27].

Low serum VD levels are also thought to be significantly associated with poor 
prognosis in stroke patients. This has been confirmed by a recent meta-analysis 
by Liu et al. including ten studies and 6845 stroke patients indicating an increased 
risk of poor functional outcome (RR = 1.86; 95% CI = 1.16–2.98), all-cause mortal-
ity (RR = 3.56; 95% CI = 1.54–8.25), and recurrence of stroke (RR 5.49; 95% CI 
2.69–11.23) [28].

While there is a significant body of randomized controlled trials examining 
vascular changes from VD treatment, there are only two on stroke outcome. In 
a non-blinded randomized controlled trial on 66 VD-deficient and -insufficient 
stroke patients, Narasimhan et al. tested the effects of administering single doses 
of Cholecalciferol (600,000 IU i.m.). The three months improvements of func-
tional outcomes were significantly more prominent in the treatment group than 
in the control group (Scandinavian Stroke Scale: 6.39 ± 4.56 vs. 2.5 ± 2.20 points, 
p < 0.001) [29]. The randomized controlled trial by Gupta et al. tested VD-calcium 
supplementation in 25 out of 53 VD-deficient stroke patients (<75 nmol/L). After six 
months, patients in the treatment arm had a decreased mortality risk (HR = 0.26) 
and attained a better functional outcome (modified Rankin Scale score) (OR = 1.90) 
compared to those of the untreated group [30].

There are two recent studies to clarify the effects of oral VD supplementation on 
the outcomes in post-acute stroke patients in a rehabilitation setting. One random-
ized, double-blind placebo-controlled study by Sari et al. assessed if VD treatment 
(300,000 IU i.m.) affects the outcomes of rehabilitation and balance in 72 VD defi-
cient hemiplegic stroke patients. By the end of the third month, activity levels (modi-
fied Barthel index scores) had significantly increased, and balance recovery (Berg 
balance scale) had accelerated in the supplementation group compared to the group 
of untreated patients [31]. Momosaki et al. conducted a multicenter, randomized, 
double-blind, placebo-controlled, parallel-group trial in 100 patients admitted to a 
convalescent rehabilitation ward after having an acute stroke [32]. After eight weeks 
of oral VD supplementation (2,000 IU/day), there were no between-group differ-
ences in Barthel Index scores, in Barthel Index efficiency, handgrip strength, and calf 
circumference. Thus, based on their findings and in contrast to those of the previous 
study, they cannot report on a positive effect of VD on rehabilitation outcomes.

2.3 Vitamin D and neurooncologic processes

Glioblastoma multiforme (GBM) is the most commonly occurring malignant 
primary brain tumor, representing 77–81% of all primary CNS malignancies 
[33]. The annual incidence rate is 0.59 to 5 per 100,000 persons. GBM is a grade 
IV diffuse astrocytic and oligodendroglial tumor with a poor prognosis. Despite 
recently improved standard of care treatment involving surgery, chemo, and 
radiation therapy, median survival is 14.6 months. Reasons for GBM development 
are presumably multifactorial, but exact pathomechanisms are not well understood. 
The inactivation of apoptotic pathways seems to play an essential role in facilitating 
tumorigenesis and –progression [34].
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One of the risk factors to develop GBM is birth in the winter months, suggesting 
a VD association that goes back decades before disease onset [35]. Also, expression 
of Vitamin D Receptor (VDR) is associated with a good prognosis in GBM [36]. 
Zigmont et al. reported an inverse association between VD consumption and GBM 
risk among men aged 56 years and older. Levels of VD in men >56 were inversely 
related to the occurrence of high-grade glioma (p = 0.04), i.e., older men with high 
levels (>66 nmol/L) showing a reduced propensity. This association even existed 
in samples drawn premorbid i.e. from ≥2 yr. (OR = 0.59; 95% CI = 0.38, 0.91) 
to ≥15 yr. before diagnosis (OR = 0.61; 95% CI = 0.38,0.96) [37]. This temporal 
sequence is another piece of evidence for a causative relation.

Mulpur et al. explain possible mechanisms of VD as treatment option: [38]. 
First, There is direct cancer control by influencing the signaling of macrophages 
and dendritic cells of the immune system and activating the tumor suppressor p53. 
It is well known, for example, that in other malignancies like breast cancer, VD 
down-regulates Akt and MDM2 leading to TGFβ-1-dependent growth inhibition 
[34]. In GBM, VD can inhibit the hedgehog signaling pathway and disable brain 
tumor stem cells (BTSCs). Due to their importance in tumor formation, recur-
rence, and metastasis, BTSCs are considered to be the tumor’s driving force. Then, 
adequate VD availability also has secondary benefits. The immune system’s role is 
bolstered, which indirectly inhibits tumor cell growth. By reducing some of the 
unintended side effects of standard therapy, sufficient doses can be given, and 
treatment adherence can be improved [38].

There is but one published prospective open label study in humans that investi-
gated in 470 newly diagnosed GBM-patients VD self-use, among other alternative 
medications. The sixty patients taking VD as an individual supplement had reduced 
mortality when compared with non-users (age-adjusted HR = 0.68; p = 0.02) [38].

VD has not yet been studied in a controlled clinical trial as a prophylactic or 
treatment in late-stage GBM or other primary brain tumors, as far as I am aware.

2.4 Vitamin D and infections

Meningitis and encephalitis, the infectious diseases of the brain tissue and the 
covering membranes, are endowed with substantial rates of mortality and with 
long-term sequelae in survivors. The WHO estimates the global incident cases to be 
2.82 million and the death rate to be 318,400. Globally in 2016, 1.48 million YLDs 
and 21.87 million DALYs were due to meningitis [39]. Incidence, mortality and dis-
ability rates vary significantly according to region and pathogen. Bacterial infection 
is a major cause of meningitis, globally outnumbering other classes of organisms 
such as viruses, fungi, or parasites [39].

The mechanism of infection-induced brain cell damage is elaborately explained 
by Chaudhry, Hoffman and Weber [40]: They state that the cascade starts with 
pathogen invasion, which triggers activation of the immune system, including 
white blood cells, complement, and immunoglobulins. Immune cells and the dam-
aged endothelial cells start to release cytokines, matrix metalloproteinases (MMPs), 
and nitric oxide (NO). While cytokines induce capillary wall changes in the blood–
brain barrier, the MMPs, and NO, on the other hand, stimulate vasodilation that 
alters the cerebral blood flow. Cytokine release provokes the expression of more 
leukocyte receptors, which increases both white blood cell binding, i.e., adherence 
to capillary endothelium as well as extravasation. This then leads to further damage 
to the meninges and endothelial cells, thereby stimulating cytotoxic reactive oxygen 
species production and release of even more cytokines and chemokines. This 
coordinated assault aims to eliminate the invading pathogen, but it also harms and 
destroys nearby brain cells. Increased cytotoxic metabolite levels and permeability 
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may further lead to cerebral edema and elevated intracerebral pressure. Those two 
factors, together with the altered blood flow, causes reduced perfusion pressure and 
possibly neural ischemia.

As Guevara et al. and Golpour et al. pointed out in their overviews, [41, 42]. 
VD exerts a wide range of effects on the very pathomechanisms implicated in brain 
infection. The targets of these actions can be both host cells by enhancing innate 
immunomodulatory activity as well as pathogen cells by displaying direct antibacte-
rial and antimicrobial properties [41, 42]. The authors elucidate that VD, which 
is signaling through the VDR, stimulates innate immune cell functions, including 
phagocytosis, production of antimicrobial peptides (AMPs), and reactive oxygen 
species (ROS). It is also responsible for upregulation of the pattern recognition 
receptors (PRR) TLR2 and NOD2 and generation of TIMP-1, which downregulates 
matrix metalloproteinases (MMPs) [41]. Furthermore, VD inhibits the production 
of MMPs and proinflammatory cytokines. VD also deranges Th17 programming, 
which instead leads to the promotion of the regulatory T cell phenotype [41]. But, 
VD also directly impedes the growth, viability, and biofilm formation of various 
bacteria [41–43].

Infections with Streptococci and Mycobacteria, both not infrequently causing 
meningitis, have been shown to be repressed in the presence of adequate VD levels. 
In an in vitro experiment on isolated human neutrophils, Subramanian et al. found 
that VD boosts neutrophil killing of S. pneumoniae while also lowering inflamma-
tory responses and apoptosis [44]. Rode et al. found in their experiments with naive 
human CD4+ T cells that in the defense against M. tuberculosis, there is an increased 
expression of VDR and an upregulation of VD-1 hydroxylase genes. VD blocks M. 
tuberculosis-induced cathelicidin downregulation and enables Th1 differentiation 
and IFN secretion, both of which are protective. These processes promoted M. 
tuberculosis intracellular death in human macrophages and monocytes [45].

While there is plenty of studies on lung, gut, or generalized infections in the 
form of sepsis [46], there is hardly any data on infections of the CNS. Regarding 
the effect of VD deficiency and meningitis outcome in adults, there is but one study 
on tuberculous meningitis (TBM). Dangeti et al. examined prospectively 40 HIV 
patients with tuberculous meningitis and found that there was but a trend for  
lower VD levels in patients with a poor compared to those with a good outcome 
(28.30 +/− 14.96 vs. 35.92 +/− 17.11 ng/ml, p = 0.141) [47].

Contrary to somewhat positive results of a meta-analysis including eight add-on 
supplementation studies to treat pulmonary tuberculosis, [46] there are no data on 
supplementing tuberculous meningitis patients. Neither are there any trials in the 
adult population on encephalitis or meningitis caused by other pathogens. There is 
also no study investigating prophylactic effects in highly exposed individuals.

2.5 Vitamin D and neuro-autoimmune processes

Multiple sclerosis (MS) is the most common inflammatory autoimmune dis-
order of the central nervous system, afflicting worldwide more than 2.8 million 
people, most of them young and of the female gender [48]. MS is a chronic, incur-
able condition that causes severe incapacity in one-third of patients after either a 
relapsing–remitting or gradual, steadily progressing disease path. It is also the most 
frequent cause of non-traumatic neurological disability among young adults in the 
Western Hemisphere [49].

The pathological hallmark, as the name implies, are multifocal demyelinated 
lesions, or “plaques”, followed by gliosis. Perivascular inflammatory infiltration and 
focal blood–brain barrier breakdown can be seen in these plaques [50]. However, 
there is diffuse tissue damage even in the normal-appearing white and gray matter. 
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Here we find a low-grade diffuse inflammation with perivascular accumulation 
and parenchymal infiltration of lymphocytes, diffuse microglial activation, diffuse 
astrocytic gliosis, and diffuse neural or neuroaxonal loss and injury [50]. Different 
immunological mechanisms seem to be involved in the induction of tissue injury, 
but microglia activation associated with oxidative injury and mitochondrial damage 
appears to play a dominant role [50].

Several observational studies have shown that low serum VD levels are associ-
ated with an increased risk of developing MS, as well as increased disease activity 
and progression [51]. Miclea summarizes the various factors on how VD can 
positively influence MS pathology on a molecular level [51]: The ability of VD to 
suppress the progression of the experimental disease is attributed to its modulation 
of T cell trafficking into the CNS, its inhibition of Th1 cells, and its stimulation of 
IL-10 production. Demyelination is reduced via VD’s activation of microglia result-
ing in the clearance of myelin debris and phagocytosis of pathological proteins 
such as amyloid-β peptides. Another supportive aspect is VD’s ability to reduce the 
expression of inducible nitric acid synthase, a pro-inflammatory enzyme. Lastly, 
VD might induce remyelination by stimulating the maturation of oligodendrocytes 
and the activation of astrocytes.

There is no human study to examine the potential of VD to be used as a preven-
tive therapy to control MS severity. Minura conducted a preclinical study in the 
MS animal model (EAE). Mice injected with VD but not those with VD analog had 
better outcomes. VD’s down-modulatory potential was demonstrated in the histo-
pathology of VD-treated animals, which showed reduced recruitment of inflamma-
tory cells, mRNA expression of inflammatory parameters, and CNS demyelination.

Optic neuritis is an acute inflammatory and demyelinating disease of the optic 
nerve, of which at least half of monosymptomatic patients will eventually convert to 
clinically manifest MS. There is one double-blind, randomized, placebo-controlled 
pilot clinical trial examining the preventive effect of VD supplementation on 
conversion to MS [52]. When compared to the 15 patients in the placebo group, the 
fifteen VD deficient patients who received 50,000 IU of VD weekly for 12 months 
had a 68.4% lower risk of conversion to MS (relative risk = 0.316, p = 0.007) and a 
significantly lower incidence rate-ratio of demyelinating plaques in MRI (i.e., less 
cortical, juxtacortical, and corpus callosal plaques, less new T2 lesions, less new gad-
olinium-enhancing lesions, and less T1-weighted black holes) (p = 0.001 – 0.005).

Concerning supplementation of VD for patients with clinical manifest MS, there 
is a large number of studies and several meta-analyses. Overall results, however, 
were inconclusive. A Cochrane review pointed out that the unresolved nature of 
the final conclusion rests in great part in the low quality of included studies, but 
particularly in the heterogeneity of patient cohorts and the small sample size of 
most studies [53]. Taking this into consideration, Martínez-Lapiscina et al., in a 
most recent meta-analysis with 13 high-quality studies and 3,498 patients with early 
relapsing MS, showed that each 25 nmol/L increase in serum VD levels brings with 
it an average 10% decrease in new relapses and a 14–31% reduction in the risk of 
new radiological inflammatory activity [54].

The three most recent randomized controlled VD add-on trials published since 
2019 that were not included in the previous meta-analyses showed mixed results. 
The SOLAR trial studied the effect of high-dose VD supplementation (14,007 IU/d) 
vs. placebo as an add-on therapy to interferon beta-1a. It demonstrated that at week 
48 the 113 high-dose VD (14,007 IU/d) treated compared to 116 untreated patients 
had better MRI outcomes for combined unique active lesions (incidence rate ratio 
0.68; 95% CI = 0.52–0.89; p = 0.0045) and for change from baseline in total volume 
of T2 lesions (difference in mean ranks: −0.074; p = 0.035). However, there was 
no difference regarding the development of the proportion of patients with no 
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evidence of disease activity [55]. The CHOLINE trial reported in the VD group 
after 96 weeks a slower progression of disability (EDSS) (p = 0.026), better MRI 
outcomes with fewer new hypointense T1-weighted lesions (p = 0.025), and a lower 
volume of hypointense T1-weighted lesions (p = 0.031). However, there was only a 
marginal downward trend in the annualized relapse rate [56]. In the EVIDIMS trial, 
at the 18 months followups, there was no difference between high- (20,400 IU) 
and low-dose (400 IU) treatment arms regarding clinical outcomes (relapse rates, 
disability progression) and radiographical markers (T2-weighted lesion, contrast-
enhancing lesion, brain atrophy) [57]. Unfortunately, only data on intergroup dif-
ferences, not on intragroup shifts from baseline, were provided in this publication.

2.6 Vitamin D and toxic or metabolic encephalopathy

The National Institute of Neurological Disorders and Stroke (NINDS) defines 
encephalopathy as any diffuse disease of the brain that alters brain function or 
structure … [in a way that it leads to an] altered mental status [58]. Patients can 
exhibit acute confusion, attention deficits, seizures, and coma, or more insidious 
chronic symptoms, such as mood disturbances and fatigue.

Even though toxic encephalopathy is a condition that can be coded in ICD 10, 
there is no sound data on its epidemiology, neither regionally nor internationally.

Encephalopathies can, according to etiology, be classified into toxic and meta-
bolic and, according to disease course, into acute and chronic. Toxic causes are 
medications, illicit drugs, or toxic chemicals. Metabolic etiologies include electro-
lyte imbalance, organ failure (e.g., hepatic, renal), hypoxemia, sepsis, dehydra-
tion, hypertension, hereditary enzyme deficiencies, and vitamin deficiency (e.g., 
Wernicke: thiamine). Chronic encephalopathies are usually slowly progressing and 
lead to permanent, mostly irreversible, structural changes. Only rarely, depending 
on early detection and treatment, they may be halted or reversed. In contrast, acute 
encephalopathies often have a good outcome as soon as underlying abnormalities 
are corrected. Whereas many metabolic encephalopathies have an acute onset, toxic 
encephalopathies can have acute (e.g., CO) or chronic (e.g., heavy metals) disease 
courses.

Encephalopathies are morphologically characterized by cytotoxic cerebral 
edema (membrane damage), disruption of the membrane enzyme systems, axonal 
and neuronal injury, focal necrosis, and impairment of neurotransmitters secretion 
or receptor function [59]. Pathogenetic mechanisms include impairment of oxida-
tive metabolism, protein synthesis, cytoskeletal structure, as well as the injury of 
capillaries and astroglial and microglial reactions [59].

There are but a few hints of an association of environmental toxins and VD, one 
of which concerns a patient’s vulnerability to toxins. Studies using genetic markers 
of susceptibility suggest that genes can make specific individuals more vulnerable 
to environmental toxins. One of these candidates is the VDR gene. Recent findings 
suggest that VDR polymorphism influences, for example, the accumulation of lead in 
bones and could thus serve as a marker for lead-induced chronic encephalopathy [60].

Air pollutants and other environmental chemicals may trigger VD deficiency, 
either directly or indirectly. The exact mechanism is still not clear, but for heavy 
metals, it was suggested that it might be by increasing renal tubular dysfunction 
and downregulating the transcription of CYPs [61]. Endocrine-disrupting chemi-
cals, on the other hand, may either directly inhibit the activity and expression of 
CYPs or can do this through indirect pathways [61]. Finally, carbon monoxide (CO) 
interferes with cytochrome-dependent cellular functions, but how it does this is 
not fully understood. It is known, however, that CO is released from CO-releasing 
molecules (CORM) and that CORM-2 decreases VD synthesis [62].
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courses.
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edema (membrane damage), disruption of the membrane enzyme systems, axonal 
and neuronal injury, focal necrosis, and impairment of neurotransmitters secretion 
or receptor function [59]. Pathogenetic mechanisms include impairment of oxida-
tive metabolism, protein synthesis, cytoskeletal structure, as well as the injury of 
capillaries and astroglial and microglial reactions [59].

There are but a few hints of an association of environmental toxins and VD, one 
of which concerns a patient’s vulnerability to toxins. Studies using genetic markers 
of susceptibility suggest that genes can make specific individuals more vulnerable 
to environmental toxins. One of these candidates is the VDR gene. Recent findings 
suggest that VDR polymorphism influences, for example, the accumulation of lead in 
bones and could thus serve as a marker for lead-induced chronic encephalopathy [60].

Air pollutants and other environmental chemicals may trigger VD deficiency, 
either directly or indirectly. The exact mechanism is still not clear, but for heavy 
metals, it was suggested that it might be by increasing renal tubular dysfunction 
and downregulating the transcription of CYPs [61]. Endocrine-disrupting chemi-
cals, on the other hand, may either directly inhibit the activity and expression of 
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molecules (CORM) and that CORM-2 decreases VD synthesis [62].
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For metabolic encephalopathy, there is but one study. In this prospective inves-
tigation by Yousif et al. on 135 HCV-related liver cirrhosis patients, he detected 
significantly lower VD levels ((6.81 ± 2.75, vs. 16.28 ± 6.60; p < o.o5) in the 45 
patients that developed hepatic encephalopathy (HE) [63]. HE patients with 
particularly severe deficiency had a significantly higher mortality rate (HR = 2.76, 
p = 0.001).

There are no retrospective or prospective controlled studies that have looked 
into the effect of VD as a treatment for encephalopathies.

2.7 Vitamin D and neurodegeneration

Neurodegeneration is characterized by selective dysfunction and progressive 
loss of synapses and neurons associated with pathologically altered proteins that 
deposit primarily in the human central nervous system [64]. Although each neuro-
degenerative disease is differentiated from the others by distinct protein accumula-
tions and anatomic vulnerability of specific neuronal populations, they all share 
several fundamental mechanisms that are associated with progressive neuronal loss 
and death. These pathomechanisms include inflammation, apoptosis, oxidative 
stress, and proteotoxic stress linked to defects in the ubiquitin–proteasomal and 
autophagosomal/lysosomal systems [65].

In the following paragraphs, we will discuss the role of VD in Alzheimer’s 
disease (AD) and Parkinson’s disease (PD) as typical examples of neurodegenera-
tive disorders.

2.7.1 Alzheimer’s dementia

Dementia is a syndrome in which there is deterioration in memory, thinking, 
behavior and the ability to perform everyday activities. Globally, around 50 million 
people, of which 62% are women and 38% are men, have dementia, and there are 
nearly 10 million new cases every year. It is one of the major causes of disability and 
dependency among older people worldwide. Dementia, accounting for 2·4 million 
deaths is the fifth leading cause of death globally [66].

AD is the most common form of dementia, making up 60–70% of cases, [67] 
and is also the most common neurodegenerative disease. The cardinal pathological 
features of the disease are senile plaques and neurofibrillary tangles. Senile plaques 
consist of a central core of beta-amyloid, a 4-kD peptide. They are found outside of 
neurons and are typically surrounded by neurites that are abnormally configured 
[68]. Senile plaques are thought to contribute to the damage and death of neurons 
by interfering with neuron-to-neuron communication at synapses. Neurofibrillary 
tangles are made up of abnormally phosphorylated tau that accumulates in the peri-
karyal cytoplasm of specific neurons [68]. They block the intracellular transport of 
nutrients and other essential molecules [69]. Both senile plaques and neurofibrillary 
tangles activate microglia, with the aim of clearing toxic proteins and debris from 
dead and dying cells [69]. Chronic inflammation may set in when the microglia 
cannot keep up with all that needs to be cleared [69]. Brain function is further 
compromised by decreases in the brain’s ability to metabolize glucose, its primary 
source of energy [69].

Based on experimental findings of treatment with the VD analog, Maxacalcitol, 
Saad El-Din suggested that VD may improve the histopathological picture of the 
brains of AD rats [70]. Also, it might significantly increase expression of Nrf2 
and its downstream effectors (HO-1 and GSH), improve serum levels of calcium, 
decrease neuro-inflammation and Amyloid β load, as well as hyperphosphorylation 
of MAPK-38, ERK1/2, and tau proteins [70]. Masoumi was able to stimulate AD 
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patients’ macrophages with VD so that Aß phagocytosis and clearance increased 
while at the same time apoptosis decreased [71].

Cohort studies, including several meta-analyses, essentially indicate that VD defi-
ciency is associated with a significantly increased risk of AD and all-cause dementia. 
There are three important prospective studies on the effect of VD to mitigate the risk 
of developing AD. Littlejohns et al. studied 1,658 older people (mean age 73.6 years), 
of which 102 developed AD after being observed for 5.6 years. VD deficiency, accord-
ing to his results, is related to a substantially higher risk of AD. When compared to 
participants with adequate serum levels, the risk of developing AD was higher in 
severely (VD 25 nmol/L; HR = 2.22; 95 % CI = 1.02–4.83) and to a lesser extent also in 
moderately deficient (VD 50 nmol/L; HR = 1.69; 95 % CI = 1.06–2.69) patients [72]. 
Annweiler et al. investigating the effect of dietary VD intake in 498 older women fol-
lowed for seven years, also confirmed that higher intake of VD (on average 2336.41 IU 
weekly) reduced AD risk (OR = 0.23; 95% CI = 0.08–0.67) compared to those with 
lower intake [73]. SanMartin et al. conducted a study to see whether VD might have 
properties that could prevent subjects with mild cognitive impairment (MCI) from 
deteriorating and thus converting to AD. After six months of VD supplementation, 
they found that correcting low VD levels would protect lymphocytes from oxidative 
death and increase Aβ1–40 plasma levels in 16 MCI patients. Aβ1–40 was monitored 
because it served as a marker for Aβ-amyloid clearance from the brain. Additionally, 
at the 18-month follow-up, cognitive status was assessed, and scores on the Clinical 
Dementia Rating (CDR), Montreal Cognitive Assessment (MoCA), and Memory 
Index Score improved [74].

Two trials looked at the effect of VD in patients with established AD. In a 
retrospective study by Chaves et al. on 202 patients with mild stage AD, the time 
of progression to severe stage of AD was shorter under VD compared with those 
without this treatment (5.4 ± 0.4 years vs. 4.4 ± 0.16 years, p = 0.003) [75]. The 
randomized, double-blind, placebo-controlled trial by Jingya Jia et al. on 210 AD 
patients suggests that daily oral VD supplementation (800 IU/day) over 12 months 
may improve cognitive function reflected by information retrieval, arithmetic, 
digit span, vocabulary, block design, and picture arrange scores (p < 0.05). It also 
had positive effects on the Aβ-related biomarkers in plasma Aβ42, APP, BACE1, 
APPmRNA, BACE1mRNA (p < 0.001) [76].

2.7.2 Parkinson’s disease and other movement disorders

Parkinson’s disease (PD) is a slowly progressing disabling disease characterized 
by bradykinesia, tremor, rigidity, and eventually postural instability. Furthermore, 
non-motor symptoms such as autonomic, sensory, or psychiatric symptoms also 
occur in most patients. PD is the second most common neurodegenerative dis-
order worldwide, with a prevalence of 1% in populations over 60 years of age in 
developed countries [77]. Males outnumber women one and a half to one [77]. In 
2016 PD was affecting more than 6.1 million people globally and caused 3.2 million 
DALYs and 211,296 deaths [78].

PD is characterized by the loss of dopaminergic neurons in the substantia nigra 
pars compacta, but it also affects a variety of other brain regions. Lewy bodies are 
the histopathological hallmark of PD and are also held accountable for initiating 
and maintaining the pathological process [79]. They include several misfolded 
amyloid proteins such as alpha-synuclein (SNCA), phosphorylated tau (p-tau), 
and amyloid beta-protein (Aß). Although the exact mechanism of how misfolded 
proteins accumulate and cause neurodegeneration is unknown, mitochondrial 
damage, energy failure, oxidative stress, excitotoxicity, impaired protein clearance, 
and cell-autonomous mechanisms are all thought to play a role [79]. According 
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DALYs and 211,296 deaths [78].

PD is characterized by the loss of dopaminergic neurons in the substantia nigra 
pars compacta, but it also affects a variety of other brain regions. Lewy bodies are 
the histopathological hallmark of PD and are also held accountable for initiating 
and maintaining the pathological process [79]. They include several misfolded 
amyloid proteins such as alpha-synuclein (SNCA), phosphorylated tau (p-tau), 
and amyloid beta-protein (Aß). Although the exact mechanism of how misfolded 
proteins accumulate and cause neurodegeneration is unknown, mitochondrial 
damage, energy failure, oxidative stress, excitotoxicity, impaired protein clearance, 
and cell-autonomous mechanisms are all thought to play a role [79]. According 
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to Braak’s widely accepted theory, these processes are triggered by a “prion-like 
protein infection”, starting in the gut or nasal mucosa and is then propagated via 
olfactory pulp or the vagal nerve to the brainstem. It then spreads to successive parts 
of the brain in a chronologically predictable rostrocaudal sequence [80].

VD has been linked to PD-pathology through its effects on L-type voltage-
sensitive calcium channels (L-VSCC), nerve growth factor (NGF), matrix metal-
loproteinases (MMPs), prostaglandins (PGs), cyclooxygenase-2 (COX-2), reactive 
oxygen species (ROS), and nitric oxide synthase (NOS) [81]. VD has also been 
shown to play a role in dopamine synthesis by regulating the tyrosine hydroxylase 
gene [81].

Seven observational studies and a meta-analysis [82] have looked into the 
connection between VD and PD and, except for one, have consistently found low 
serum VD levels in PD patients. Like for other basal ganglia disorders [83], the 
prevalence of VD deficiency in PD is high (57% - 71%) [82]. However, data to tie 
this to a causal relationship have been controversial. Using the Finish National 
Drug-Reimbursement Database, Knekt et al. looked at the connection between VD 
levels in midlife and the risk of developing PD later in life. Throughout the 29-year 
follow-up period, 50 of the 3,173 men and women in the sample developed PD. 
Individuals with higher serum VD concentrations had a 65% lower PD risk than 
those with insufficient levels. After adjustment for confounding factors, the relative 
risk highest vs. lowest quartiles was 0.33 (95% CI = 0.14–0.80). Contrary to that, 
Shrestha et al. in their U.S. population-based prospective cohort study including 
15,792 individuals aged 45 to 64 years, discovered no connection between serum 
VD concentrations and PD risk [84]. A total of 67 participants developed PD after 
a median of 17 years of follow-up. For those who developed PD and those who did 
not, the mean serum concentrations of VD were comparable (25.6 ± 8.4 ng/mL vs. 
24.2 ± 8.5 ng/mL, p = 0.24).

Several meta-analyses have looked into the connection between VDR poly-
morphisms and PD risk. The most recent investigation by Wang et al. suggests 
that the SNP FokI is linked to a lower risk of PD in Asian but not in Caucasian 
 populations [85].

There are three prospective PD supplementation studies and one small meta-
analysis, but results are mixed [86]. Suzuki et al. randomized 114 PD patients to 
receive 1,200 IU of VD a day (n = 58) or a placebo (n = 56) for a period of 12 months 
[87]. The intervention group’s serum VD level doubled, while the placebo group’s 
level remained unchanged. At the same time, the intervention group’s motor scores 
(H&Y stage, UPDRS) remained stable, while the placebo group’s scores signifi-
cantly deteriorated (difference between groups: p = 0.005). They concluded that 
VD supplementation might help stabilize PD motor aspects, at least for a short 
period [87]. Habibi et al. randomized 120 PD patients with levodopa-induced dys-
kinesia to receive either 1,000 IU of VD a day or a placebo [88]. At the 3-month fol-
low-up, there was no difference in scores for levodopa-induced dyskinesia (UPDRS 
IV sub score) or motor function (UPDRS III motor score) [88]. Hiller et a. looked 
at balance problems and falls, [89] which are considered to be particularly frequent 
in PD [90], a major cause of morbidity and mortality, and challenging to treat, 
even with non-pharmacological therapies specifically designed to alleviate balance 
deficits [91]. They conducted a pilot (n = 58) randomized, double-blind interven-
tion trial to measure the effects of 16 weeks of high dose VD (10,000 IU/day) on 
PD symptoms, but mainly on balance. Despite an increase in VD serum concen-
trations (30.2 ng/ml to 61.1 ng/ml), in the 27 VD treated patients, the Sensory 
Organization Test did not show a substantial improvement in balance (p = 0.43). A 
post hoc analysis comparing treatment effects in younger (age < 67 yrs.) and older 
(age ≥ 67 yrs.) participants, however, found a significant improvement in the SOT 
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period [87]. Habibi et al. randomized 120 PD patients with levodopa-induced dys-
kinesia to receive either 1,000 IU of VD a day or a placebo [88]. At the 3-month fol-
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at balance problems and falls, [89] which are considered to be particularly frequent 
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even with non-pharmacological therapies specifically designed to alleviate balance 
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of 10.6 points in the group of younger PD patients (p = 0.012) [89]. There was, 
however, no effect on other PD symptoms.

In summary, there exist a large number of studies on VD and neurological 
diseases, but there is a broad variety of levels of evidence for individual neu-
ropathological processes, and the result is not always favorable (Table 1). On 
epidemiological trials, the most widespread agreement is that VD deficiency is a 
risk factor for acquired and neurodegenerative nerve cell injury (Vit D ≈ risk) and 
a poor outcome (Vit D ≈ outcome) once the injury has occurred. Epidemiological 
studies with the highest degree of evidence (A) exist for stroke and AD, but there 
are none for brain infections and toxic-metabolic encephalopathy. VD as medica-
tion, particularly when used early in the process, has been extensively investigated 
in all categories with high-quality research for autoimmune diseases of the brain 
(A), neuro-trauma (B), and PD (B). VD was only studied as a late-stage treatment 
for stroke, with high-quality evidence (A) but mixed results, and as a prophylaxis 
for autoimmune diseases and AD, with medium to low-quality evidence (C and D) 
and positive results.

3. Conclusion

Going through the meanwhile numerous studies on the influence of VD in the 
various neuropathological processes, there is strong support that VD particularly 
plays a mitigating role in the development of chronic neurodegeneration and the 
measured response to acutely acquired nerve cell injuries and potential secondary 
damages. The mechanisms of cell afflictions and recovery are complex and not fully 
understood. However, despite the differences depending on the type of insult, there 
appear to be some common pathways in which VD is relevant. Adequate serum 
levels of VD prior to the initiation of these processes are now be thought to be 
neuroprotective. However, comprehensive data on using it as a treatment during the 
ongoing process or after the injury to neurons has been completed are much vaguer. 
(Table 1) There appears to be no evidence to support its use in patients who already 
have adequate levels in their system. Extremely high doses seem not to provide any 
added benefit but may increase the risk of VD intoxication [92].

There are a few other reviews on the link between VD and diseases of the brain. 
This work differs from these as it is currently the most up-to-date survey. But, more 
importantly, while most of them covered either specific subsections, for example, 
neurodegenerative [93] and psychiatric diseases [4], or disease groups like dementias 
[72] and movement disorders [83], this is one of the few articles that addresses the 
full spectrum of neurological conditions. Furthermore, it is the first to focus on 
the neuropathological process. This is significant because it refocuses attention on 
the basic science track, where there are still so many uncharted regions and where 
scientific advances can possibly have therapeutic implications.

Due to a vast body of evidence of recorded benefits, a consistent safety record, 
and low costs, VD deficiency should be assessed and corrected on a routine basis 
in all neurological disorders, regardless of the underlying neuropathological 
mechanism.
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Chapter 11

Vitamin D and Autism Spectrum 
Disorder
Maud Vegelin, Gosia Teodorowicz and Huub F.J. Savelkoul

Abstract

1,25(OH)2D is the hormonally active form of vitamin D known for its  
pleiotropic immunomodulatory effects. Via altering gene transcription, 1,25(OH)
D exerts immunosuppressive effects and stimulates immune regulation. Recently, 
the interest in vitamin D in association with autism spectrum disorder (ASD) has 
been triggered. The prevalence of ASD has increased excessively over the last few 
decades, emphasizing the need for a better understanding of the etiology of the 
disorder as well as to find better treatments. Vitamin D levels in ASD patients are 
observed to be lower compared to healthy individuals and maternal vitamin D 
deficiency has been associated with an increased risk of ASD. Moreover, vitamin D 
supplementation improves ASD symptoms. These recent clinical findings strongly 
suggest that vitamin D is a factor in ASD onset and progression. Yet, possible 
mechanisms behind this association remain unknown. This review summarizes 
immunomodulatory properties of vitamin D and peripheral immune dysregulation 
in ASD, after which possible mechanisms via which vitamin D could rebalance the 
immune system in ASD are discussed. Although promising clinical results have 
been found, further research is necessary to draw conclusions about the effect and 
mechanisms behind the effect of vitamin D on ASD development.

Keywords: autism spectrum disorder, vitamin D, vitamin D receptor,  
vitamin D responsive element, immune system

1. Introduction

For many decades vitamin D has been known for its immunomodulatory effects. 
When metabolized into the active hormone calcitriol, it can bind to vitamin D 
receptors (VDRs). These VDRs are expressed by most cells in the human body, 
allowing vitamin D to have a broad range of functions. Upon binding of vitamin 
D to a VDR, gene transcription is altered. All types of immune cells in the human 
body express the vitamin D receptor, enabling vitamin D to alter immune responses 
[1]. In general, vitamin D has immunosuppressive properties and can therefore 
be beneficial in diseases characterized by inflammation and autoimmunity such 
as multiple sclerosis and inflammatory bowel disease [2]. Vitamin D deficiency is 
an increasing global problem with an estimated 30% of the population suffering 
from vitamin D deficiency and 60% being vitamin D insufficient [3]. Inadequate 
levels of vitamin D can have many adverse effects throughout the body due to the 
abundant expression of VDRs. Furthermore, maternal vitamin D deficiency has 
been suggested to affect development of the offspring. To date, the World Health 
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Organization does not recommend vitamin D supplementation to pregnant women. 
This illustrates the lack of awareness on the importance of vitamin D in health.

A disorder that recently received increased attention is autism spectrum dis-
order (ASD). ASD is a heterogeneous neurodevelopmental disorder, collectively 
describing autistic disorder, Asperger’s syndrome and Pervasive Developmental 
Disorders Not Otherwise Specified (PDD-NOS). It is characterized by behavioral 
deficits, impaired communicative functioning and restricted and repetitive patterns 
of behavior [4]. ASD onset usually occurs in the first few years of life and proceeds 
into childhood and adulthood [5]. Genetics are of importance in the disorder – 
several studies show monozygotic twins share 60–90% of ASD symptoms [5, 6]. 
Additionally, ASD is four times more prevalent in boys, which is suggested to be due 
to the protective effects of estrogens in women [5, 7].

Despite the role of genetics, the prevalence of ASD has increased tremendously 
over the past few decades [8]. In the Netherlands, the prevalence of ASD increased 
from 90.000 to 190.000 cases between 2001 and 2009 [9]. More recently, the 
prevalence of ASD in the US was estimated at one in every 59 children aged eight 
years in 2014, which increased to one in every 54 children in 2016 [10]. Across all 
ages, the prevalence of ASD is estimated to be 1% of the worldwide population 
[11, 12]. Partially, this increase can be explained by improved diagnostics and 
increased awareness. However, the sudden and rapid increase also suggests the role 
of environmental factors in ASD onset. Research indicates that genetic predisposi-
tion predominates, requiring additional environmental triggers to develop ASD. 
Multiple environmental factors have been suggested, including antibiotic use, 
maternal infections during pregnancy and sun exposure. The strong increase in 
prevalence highlights the importance of understanding the role of environmental 
factors in the etiology of ASD [6].

The association between vitamin D and ASD was suggested in 2008 when it was 
observed that the increase in ASD prevalence coincides with the medical advice 
to avoid sun exposure [7]. Since then, clinical trials have been performed, trying 
to prove the association between vitamin D and ASD. UV-B is the most important 
source of vitamin D in humans, illustrating the requirement for sunlight. Research 
shows ASD prevalence is higher in countries at higher latitudes, coinciding with 
reduced UV-B intensity. Moreover, ASD patients consistently exhibit lower  vitamin D 
levels than healthy individuals and studies have shown maternal vitamin D defi-
ciency increases the risk of ASD. These findings encouraged scientists to study the 
effect of vitamin D supplementation on improving ASD symptoms, and thus far 
promising results have been found [7, 13]. Yet, the mechanisms behind the possible 
association between vitamin D and ASD remain unknown. Neuroinflammation, 
oxidative stress, autoimmunity and immune dysregulation are all observed in 
individuals with ASD [14]. Of these phenomena, immune dysregulation is the least 
well-described in literature. ASD patients suffer from chronic systemic inflamma-
tion, which is illustrated by a disbalance in cytokine expression and the presence of 
comorbidities such as gastrointestinal problems in a large fraction of ASD patients 
[15]. Increased immune activation is observed in ASD patients and is associated 
with more severe symptoms [16]. Taking into consideration the immunosuppressive 
properties of vitamin D, this suggests that perhaps vitamin D could play a role in 
rebalancing the dysregulated immune system in ASD patients and thereby reduce 
systemic inflammation. However, to date there is no recommendation for vitamin D 
supplementation in ASD patients.

Therefore, in this review the role of vitamin D in immune dysregulation in 
ASD patients is examined. First, immunomodulatory properties of vitamin D in 
general and peripheral immune dysregulation in ASD are described, with a focus on 
CD4+ T cell activity. Next, possible mechanisms behind this effect of vitamin D on 
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immune dysregulation in ASD are discussed. This review is summarizing current 
knowledge on vitamin D and ASD and to examine possible mechanisms via which 
vitamin D might slow ASD development.

2. The immunomodulatory properties of vitamin D

2.1 Vitamin D: production and metabolism

Vitamin D is a steroid hormone with varying functions in the human body. 
Vitamin D precursors are extracted both from food and through the exposure to 
sunlight. Around 10% of the total amount of vitamin D in the body is provided by 
dietary sources and supplements [17]. There are two forms of vitamin D precur-
sors: D2 (ergocalciferol) and D3 (cholecalciferol). Some plant products are rich in 
vitamin D2, whereas vitamin D3 is present in animal products, including fish and 
egg yolk [18]. Sunlight exposure accounts for about 90% of vitamin D and is thus 
the most important source of this vitamin [17]. When the human skin is exposed 
to UV-B, 7-dehydrocholesterol is converted into pre-vitamin D [19]. This process 
depends on factors such as UV-B intensity, skin color and coverage of the skin.

After the production of vitamin D3 in the body, it is first metabolized into the 
precursor 25-hydroxyvitamin D (25(OH)D). This reaction is performed in the 
liver by hydroxylases, of which CYP2R1 has the highest affinity for pre-vitamin D 
[20]. Vitamin D binding protein functions as a transporter of 25(OH)D to the 
kidney. Consequently, 1,25-dihydroxyvitamin D (1,25(OH)2D) is formed in the 
kidney by the enzyme CYP27B1. The activity of this enzyme is essential to produce 
bioactive vitamin D. 1,25(OH)2D is the hormonally active form of vitamin D [21]. 
In this review 1,25 (OH)2D reflects bioactive vitamin D. Besides renal CYP27B1, 
other cells in the human body can also express this enzyme. In this way, vitamin D 
can be directly synthesized not solely in the kidney but also in other tissues [20]. 
1,25(OH)2D can be absorbed and then bind to the intracellular vitamin D receptor 
(VDR). Due to the lack of 1,25(OH)2D in its free form in the blood, vitamin D levels 
are based on 25(OH)D. This precursor is bound to vitamin D binding protein (DBP) 
in the circulation, allowing measurements to determine vitamin D levels [22, 23].

1,25(OH)2D can influence its own serum levels and binding to VDR. When 
serum 1,25(OH)2D levels are high, this enhances VDR expression. Moreover, 
1,25(OH)2D has a negative feedback on CYP27B1, the enzyme involved in 
1,25(OH)2D synthesis. Besides self-regulation, parathyroid hormone (PTH) 
and fibroblast growth factor 23 (FGF23) are important regulators of vitamin D 
metabolism. To sustain normal systemic vitamin D levels, CYP24A1 is stimulated by 
1,25(OH)2D and degrades vitamin D. The CYP24A1 enzyme is present in all vitamin 
D target cells, resulting in the ability to regulate intracellular vitamin D levels [20].

2.2 Vitamin D: mode of action

By binding to VDR, which has a DNA-binding domain, 1,25(OH)2D can exert 
effects on the body through gene transcription. VDRs are located intracellularly 
in a wide range of cells. Due to this, vitamin D can exert effects on many different 
biological processes in the body [21, 24]. The regulation of genes by VDR is cell 
specific. After the binding of vitamin D to VDR, VDR interacts with the retinoic X 
receptor (RXR). The VDR/RXR heterodimer binds to vitamin D responsive ele-
ments (VDRE) in the promoter region of vitamin D responsive genes, influencing 
gene transcription [21, 25]. These VDREs are upstream of many genes and thereby 
exert an effect on different functions of the body. The most well-known activity 
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(VDR). Due to the lack of 1,25(OH)2D in its free form in the blood, vitamin D levels 
are based on 25(OH)D. This precursor is bound to vitamin D binding protein (DBP) 
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serum 1,25(OH)2D levels are high, this enhances VDR expression. Moreover, 
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1,25(OH)2D synthesis. Besides self-regulation, parathyroid hormone (PTH) 
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metabolism. To sustain normal systemic vitamin D levels, CYP24A1 is stimulated by 
1,25(OH)2D and degrades vitamin D. The CYP24A1 enzyme is present in all vitamin 
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in a wide range of cells. Due to this, vitamin D can exert effects on many different 
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specific. After the binding of vitamin D to VDR, VDR interacts with the retinoic X 
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ments (VDRE) in the promoter region of vitamin D responsive genes, influencing 
gene transcription [21, 25]. These VDREs are upstream of many genes and thereby 
exert an effect on different functions of the body. The most well-known activity 
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of vitamin D in the body is its role in calcium homeostasis. By stimulating calcium 
absorption, vitamin D enhances bone density. However, vitamin D also plays a role 
in many other biological processes, including the control of cancer cell prolifera-
tion, skin function, cardiovascular disease and regulation of the immune system 
[20]. It has vasculo-protective roles, especially in blood vessels that are sensitive to 
inflammation [26]. Moreover, vitamin D is important in neurocognitive develop-
ment through its stimulation of nerve growth factor production [27].

2.3 Vitamin D: modulating immune responses

Vitamin D has also been described to affect both innate and adaptive immu-
nity and is therefore considered to be immunomodulatory, including control of 
effector functions, increasing barrier function and stimulating regulatory T cells 
[28]. 1,25(OH)2D binds to a VDR which is located intracellularly. Consequently, 
the VDR/RXR complex translocates to the nucleus and binds to a VDRE, thereby 
altering gene transcription [29]. Studies show that the required 1,25(OH)2D levels 
are likely to be higher than the average serum vitamin D levels to facilitate immuno-
modulation. To maintain bone health, 1,25(OH)2D serum levels should be around 
20 ng/mL or higher [30]. In contrast, 1,25(OH)2D levels should approximately be 
40–80 ng/mL to reach sufficient amounts necessary for immunomodulation. These 
high 1,25(OH)2D levels can be achieved by the autocrine and paracrine functions of 
immune cells regarding vitamin D [31]. As stated before, vitamin D exerts its effects 
through VDRs. These receptors are expressed in all immune cells, although in 
ranging amounts [31]. By binding of 1,25(OH)2D to VDRs, vitamin D can activate 
or suppress gene transcription. Additionally, 1,25(OH)2D can exert rapid non-
genomic responses. In contrast to genomic responses which require hours to days to 
become apparent, these rapid responses take 1 to 45 minutes [32]. Unfortunately, 
the exact mechanism of how this works has yet to be discovered.

Interestingly, immune cells can also affect 1,25(OH)2D levels. Most immune 
cells, including macrophages and dendritic cells, express CYP27B1 and CYP24A1, 
the enzymes needed for active vitamin D synthesis and degradation respectively. 
This allows immune cells to directly control 1,25(OH)2D levels in their direct local 
microenvironment, exerting autocrine and paracrine effects [33, 34]. This contrasts 
with systemic 1,25(OH)2D levels, which are regulated by CYP27B1, PTH and FGF23. 
Previous studies show that the negative feedback loop present in renal CYP24A1 and 
1,25(OH)2D does not apply to immune cell hydroxylases. Due to this, CYP24A1 is not 
activated by high levels of 1,25(OH)2D, resulting in increased vitamin D levels [35].

3. Peripheral immune dysregulation in ASD

ASD is characterized not only by behavioral deficits, but also by comorbidities, 
including gastrointestinal problems. In addition, there is an involvement of the 
immune system based on the increased inflammation, autoimmunity and oxida-
tive stress in ASD patients compared to healthy individuals [36]. Additionally, the 
prevalence of allergies and infections among ASD patients is higher compared to 
healthy individuals [37, 38]. A recent study states that approximately 60% of all 
ASD patients suffers from immune dysregulation [39, 40].

3.1 Antigen presenting cells

Studies indicate that innate immune activation with activated antigen presenting 
cells and associated cytokine production is observed in ASD patients [41]. Increased 
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numbers of monocytes with increased amounts of cytokines, with a shift towards 
pro-inflammatory cytokines are found in ASD patients compared to healthy 
individuals. IL-1β is one of these cytokines and is associated with more severe ASD 
symptoms. Upon TLR signaling, monocytes in ASD patients show increased activa-
tion and pro-inflammatory cytokine production [42, 43]. Macrophage or microglial 
activity associated with increased production of macrophage migration inhibitory 
factor (MIF) neuroinflammation in the brain is also altered in ASD patients [44]. 
MIF is a mediator of innate immunity by enhancing pro-inflammatory cytokine 
release and higher MIF levels result in less suppression of macrophage activity. 
Moreover, MIF levels are positively correlated with increased macrophage activity 
and thus ASD severity [45, 46]. Individuals with ASD show an increased number of 
dendritic cells, which is associated with more severe ASD symptoms [47]. These dif-
ferent findings thus illustrate increased innate immune activation in ASD patients.

Monocyte and macrophage activity are increased in ASD patients, both due 
to increased cell numbers and increased pro-inflammatory cytokine production. 
Contradictory, vitamin D suppresses pro-inflammatory cytokine release by M1 mac-
rophages, while antimicrobial activities and differentiation into M2 macrophages are 
stimulated. Like a balance between Th1 and Th2 cells, a balance between M1 and M2 
macrophages is required for immune homeostasis. An increase in both types of mac-
rophages could thus be beneficial, if a balance is maintained [48, 49]. Altogether, 
vitamin D balances macrophage function and is thereby likely to positively affect 
macrophage function in ASD patients. The number of dendritic cells is also increased 
in individuals with ASD, resulting in increased T cell activation and, indirectly, 
development of more severe symptoms [47]. In contrast, vitamin D can induce a 
tolerogenic state in dendritic cells. The expression of surface molecules required for 
antigen presentation and T cell activation is inhibited and a shift from pro-inflam-
matory to anti-inflammatory cytokine secretion arises. Via these pathways, vitamin D 
could affect dendritic cells in ASD patients in such a way that it facilitates immuno-
suppression. Besides altered cytokine profiles that illustrate changes in CD4+ T cell 
differentiation, this shift in subsets is also shown by absolute cell numbers. Increased 
Th1 and Th17 populations are observed in ASD patients, combined with a decreased 
Treg population. Moreover, Tregs exhibit a reduced expression of Foxp3, CD25 and 
CTLA-4, which are all required for regulation of immune responses. Opposingly, 
vitamin D positively influences Th2 and Treg populations and hereby shifts immune 
responses to a more anti-inflammatory state [50, 51].

3.2 Pro-inflammatory cytokines

Altered cytokine expression has been observed in ASD patients with increased 
levels of pro-inflammatory cytokines IFN-y, IL-6, TNF-alpha, IL-8, IL-12, IL-17, 
IL-1ß, GM-CSF and MCP-1. IL-2 and IL-23. A meta-analysis described the strongest 
elevations were seen for IFN-y and thus Th1 cells stimulating inflammation and 
inhibiting Th2 proliferation in ASD patients compared to healthy individuals [52]. 
Besides, IL-6 is increased which as an important B cell activator enhances antibody 
production. In addition, IL-6 induces innate immune responses via the production 
of acute phase proteins [53]. Besides, IL-6 is important in signaling pathways in 
the central nervous system (CNS) by impairing synaptic plasticity and mediating 
behavioral deficits seen in ASD patients [54, 55]. IL-1ß has been shown to play a role 
in depression and anxiety through the hypothalamus-pituitary–adrenal (HPA) axis. 
Moreover, the role of IL-1ß has been suggested in training of the immune system. 
Upon excessive IL-1ß production, the immune system is characterized by less toler-
ance induction and increased prevalence of chronic inflammation [56]. However, a 
study reported no change in IL-1ß levels in ASD patients [57].
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numbers of monocytes with increased amounts of cytokines, with a shift towards 
pro-inflammatory cytokines are found in ASD patients compared to healthy 
individuals. IL-1β is one of these cytokines and is associated with more severe ASD 
symptoms. Upon TLR signaling, monocytes in ASD patients show increased activa-
tion and pro-inflammatory cytokine production [42, 43]. Macrophage or microglial 
activity associated with increased production of macrophage migration inhibitory 
factor (MIF) neuroinflammation in the brain is also altered in ASD patients [44]. 
MIF is a mediator of innate immunity by enhancing pro-inflammatory cytokine 
release and higher MIF levels result in less suppression of macrophage activity. 
Moreover, MIF levels are positively correlated with increased macrophage activity 
and thus ASD severity [45, 46]. Individuals with ASD show an increased number of 
dendritic cells, which is associated with more severe ASD symptoms [47]. These dif-
ferent findings thus illustrate increased innate immune activation in ASD patients.

Monocyte and macrophage activity are increased in ASD patients, both due 
to increased cell numbers and increased pro-inflammatory cytokine production. 
Contradictory, vitamin D suppresses pro-inflammatory cytokine release by M1 mac-
rophages, while antimicrobial activities and differentiation into M2 macrophages are 
stimulated. Like a balance between Th1 and Th2 cells, a balance between M1 and M2 
macrophages is required for immune homeostasis. An increase in both types of mac-
rophages could thus be beneficial, if a balance is maintained [48, 49]. Altogether, 
vitamin D balances macrophage function and is thereby likely to positively affect 
macrophage function in ASD patients. The number of dendritic cells is also increased 
in individuals with ASD, resulting in increased T cell activation and, indirectly, 
development of more severe symptoms [47]. In contrast, vitamin D can induce a 
tolerogenic state in dendritic cells. The expression of surface molecules required for 
antigen presentation and T cell activation is inhibited and a shift from pro-inflam-
matory to anti-inflammatory cytokine secretion arises. Via these pathways, vitamin D 
could affect dendritic cells in ASD patients in such a way that it facilitates immuno-
suppression. Besides altered cytokine profiles that illustrate changes in CD4+ T cell 
differentiation, this shift in subsets is also shown by absolute cell numbers. Increased 
Th1 and Th17 populations are observed in ASD patients, combined with a decreased 
Treg population. Moreover, Tregs exhibit a reduced expression of Foxp3, CD25 and 
CTLA-4, which are all required for regulation of immune responses. Opposingly, 
vitamin D positively influences Th2 and Treg populations and hereby shifts immune 
responses to a more anti-inflammatory state [50, 51].

3.2 Pro-inflammatory cytokines

Altered cytokine expression has been observed in ASD patients with increased 
levels of pro-inflammatory cytokines IFN-y, IL-6, TNF-alpha, IL-8, IL-12, IL-17, 
IL-1ß, GM-CSF and MCP-1. IL-2 and IL-23. A meta-analysis described the strongest 
elevations were seen for IFN-y and thus Th1 cells stimulating inflammation and 
inhibiting Th2 proliferation in ASD patients compared to healthy individuals [52]. 
Besides, IL-6 is increased which as an important B cell activator enhances antibody 
production. In addition, IL-6 induces innate immune responses via the production 
of acute phase proteins [53]. Besides, IL-6 is important in signaling pathways in 
the central nervous system (CNS) by impairing synaptic plasticity and mediating 
behavioral deficits seen in ASD patients [54, 55]. IL-1ß has been shown to play a role 
in depression and anxiety through the hypothalamus-pituitary–adrenal (HPA) axis. 
Moreover, the role of IL-1ß has been suggested in training of the immune system. 
Upon excessive IL-1ß production, the immune system is characterized by less toler-
ance induction and increased prevalence of chronic inflammation [56]. However, a 
study reported no change in IL-1ß levels in ASD patients [57].
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A study described significantly increased TNF-alpha, IL-6 and IL-17 levels and a 
decrease in IL-2 by peripheral blood samples of thirty ASD individuals compared to 
healthy controls [58]. Another study did not find significant alterations in IL-2 levels 
of ASD patients compared to healthy individuals [59]. TNF-alpha and IL-12 expres-
sion are consistently proven to be elevated in ASD patients [57, 60]. IL-17 expression 
is shown either to be increased [61–63] or similar in ASD patients compared to 
healthy individuals [64, 65]. Besides IL-17, IL-21 and IL-22 are two other important 
Th17 cytokines. These are both shown to be increasingly expressed in ASD patients 
[66]. Contradicting findings exist on the expression of IL-23, a cytokine impor-
tant in Th17 differentiation [64, 65, 67]. GM-CSF is shown to be elevated in ASD 
patients. This cytokine is important in the activation of Th17 cells and hereby plays a 
role in autoimmunity [68]. Contradictory, GM-CSF is also suggested to have ben-
eficial effects on ASD symptoms. For example, GM-CSF can cross the blood brain 
barrier and can act as neuronal growth factor [68]. GM-CSF was associated with 
improved development and behavior in ASD patients. Several chemokines, includ-
ing IL-8 and MCP-1, are also elevated in ASD patients. These chemokines have the 
capacity to attract T cells to tissue inflammation sites [69].

3.3 Anti-inflammatory cytokines

Several studies observe alterations in anti-inflammatory cytokines in ASD 
patients, like reductions in TGF-ß expression [70, 71]. TGF-ß being involved in 
immune regulation and is associated with severity of ASD symptoms; the lower the 
TGF-ß status, the more severe ASD symptoms are [72]. The levels of IL-10 in ASD 
patients remain debatable. Some studies observed increased IL-10 levels [69], while 
others found similar IL-10 levels [73] or even lower IL-10 levels [71, 74] in ASD 
patients compared to healthy individuals. IL-10 modulates inflammatory response 
and thus the observed increased inflammation in ASD patients could be expected 
to be increased. Lack of this compensatory activity of IL-10 suggests immune 
dysregulation. Lastly, IL-35 is also connected to regulatory T cells and was found 
to be reduced in ASD patients [75]. Meta-analysis findings suggest that the changes 
in IL-4, IL-5 and IL-13 levels in ASD patients are insignificant [70]. On the other 
hand, multiple studies observe increased concentrations of IL-4, IL-5 and IL-13 in 
ASD patients [76]. In general, a decreased level of anti-inflammatory cytokines is 
found in ASD patients. This can result in chronic inflammation in ASD patients [6].

In summary, pro-inflammatory cytokines and chemokines are all increasingly 
expressed in ASD patients while anti-inflammatory cytokines are downregulated. 
Nevertheless, other studies showed an increased expression of anti-inflammatory 
cytokines combined with a decreased expression of pro-inflammatory cytokines 
upon vitamin D treatment. Upon exposure to vitamin D, immune cells secrete 
increased amounts of the anti-inflammatory cytokines IL-10 and TGF-ß. At the 
same time vitamin D suppresses the production of pro-inflammatory cytokines and 
chemokines. This cytokine expression profile indicates that vitamin D might have 
protective effects against ASD development.

3.4 CD4+ T cell populations

In general, an increase in inflammatory Th1 and Th17 cells can be observed in 
individuals with ASD and were directly correlated with severity of symptoms  
[71, 77]. In contrast, increased Th2 responses are associated with improved behavior 
in children with ASD [72]. This suggests also beneficial effects of a Th2-skewed 
immune system in ASD patients. While mostly an increased Th1/Th2 ratio is 
observed in ASD patients compared to healthy individuals [78], others describe 
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increased Th2 relative to Th1 [72]. This contrast illustrates immune dysregulation in 
ASD patients [70]. In addition, a decreased Foxp3 expression positive Treg popula-
tion is observed [] as well as decreased CTLA-4 expression [72]. Also, CD25 expres-
sion in activated CD4+ and CD8+ T cells is decreased [66, 71], while others showed a 
decreased ratio [79].

The observed dysregulation of the immune system in individuals with ASD is 
important not only for developing symptoms, but also affects the severity of the 
symptoms. In general, it can be concluded that ASD patients have increased Th1- 
and Th17-mediated immune responses and decreased Th2 and Tregs cytokines. 
Due to the increased immune activation, chronic inflammation can occur and 
worsen ASD symptoms. Children with genetic heritability have a higher chance of 
developing ASD, and the role of a disbalanced immune system in ASD develop-
ment should be acknowledged.

3.5 Inflammation in ASD

In addition to peripheral immune dysregulation in ASD, other immunologi-
cal dysfunctions in ASD are also of importance. The role of neuroinflammation, 
autoimmunity and oxidative stress have been investigated more widely in ASD 
patients and the importance of these processes should be noted. The difference 
between systemic inflammation and neuroinflammation is reflected by the fact 
that some cytokines are differentially expressed in the brain versus systemically. 
Increased TGF-ß levels are measured in the cerebellum of ASD patients, in con-
trast to decreased levels in the cerebrospinal fluid or the periphery [80]. Upon 
cell death, cells often secrete TGF-ß to reduce local inflammation. Neurons that 
showed degeneration were high in TGF-ß, suggesting the increased TGF-ß levels 
found in the brain of ASD patients are targeted at controlling neuroinflamma-
tion. Increased microglial activation, combined with increased pro-inflammatory 
cytokines and i-NOS activation results in neuroinflammation [41]. This is observed 
in a large fraction of all ASD cases and could lead to impaired connectivity in the 
CNS, resulting in the pathophysiology observed in ASD patients. Moreover, oxida-
tive stress is increased in ASD patients, which is among others shown by increased 
i-NOS activation and the presence of reactive oxygen species. Oxidative stress can 
affect both immune cells and neurons, thereby causing neuroinflammation and 
neuron degeneration [36]. Vitamin D has been shown to increase glutamine, an 
antioxidant capable of counteracting the negative activities of free oxygen radicals, 
and to decrease nitric oxide. Via these ways, vitamin D could reduce oxidative stress 
in ASD patients [13].

Lastly, improving ASD symptoms is touched upon most in this review by 
discussing immune dysregulation in ASD, prevention of ASD is another topic 
that requires attention. While vitamin D is presumed to play a role in immune 
dysregulation, and thereby systemic inflammation in ASD patients, this is thought 
to be limited to the progression of ASD symptoms. ASD is a neurodevelopmental 
disorder, indicating the importance of the CNS in the etiology and pathophysiology 
of ASD. Considering the onset of ASD, neuroinflammation, rather than systemic 
inflammation, should be focused on. Vitamin D is proven to play an important role 
in neuronal development, which is also illustrated by the abundance of VDRs in 
the CNS [81]. Maternal vitamin D deficiency and risk of ASD have been commonly 
shown to be associated. When maternal vitamin D deficiency occurs, insufficient 
vitamin D impairs neurodevelopment in the infant [82] This illustrates the impor-
tance of adequate vitamin D levels during gestation. A recent study tested the effi-
cacy of vitamin D supplementation in pregnant mothers of children with autism on 
reducing the risk of autism in the newborn sibling [83]. After maternal vitamin D 
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ASD patients [76]. In general, a decreased level of anti-inflammatory cytokines is 
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In general, an increase in inflammatory Th1 and Th17 cells can be observed in 
individuals with ASD and were directly correlated with severity of symptoms  
[71, 77]. In contrast, increased Th2 responses are associated with improved behavior 
in children with ASD [72]. This suggests also beneficial effects of a Th2-skewed 
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antioxidant capable of counteracting the negative activities of free oxygen radicals, 
and to decrease nitric oxide. Via these ways, vitamin D could reduce oxidative stress 
in ASD patients [13].

Lastly, improving ASD symptoms is touched upon most in this review by 
discussing immune dysregulation in ASD, prevention of ASD is another topic 
that requires attention. While vitamin D is presumed to play a role in immune 
dysregulation, and thereby systemic inflammation in ASD patients, this is thought 
to be limited to the progression of ASD symptoms. ASD is a neurodevelopmental 
disorder, indicating the importance of the CNS in the etiology and pathophysiology 
of ASD. Considering the onset of ASD, neuroinflammation, rather than systemic 
inflammation, should be focused on. Vitamin D is proven to play an important role 
in neuronal development, which is also illustrated by the abundance of VDRs in 
the CNS [81]. Maternal vitamin D deficiency and risk of ASD have been commonly 
shown to be associated. When maternal vitamin D deficiency occurs, insufficient 
vitamin D impairs neurodevelopment in the infant [82] This illustrates the impor-
tance of adequate vitamin D levels during gestation. A recent study tested the effi-
cacy of vitamin D supplementation in pregnant mothers of children with autism on 
reducing the risk of autism in the newborn sibling [83]. After maternal vitamin D 
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supplementation and supplementation during the first three years of the newborn’s 
lives, the risk of autism was shown to be reduced from 20% to 5%. This illustrates 
the importance of adequate maternal vitamin D status and the influence on ASD 
risk. Vitamin D supplementation is likely to be effective at reducing inflammation 
in ASD patients and improve symptoms of ASD. However, to prevent ASD it is more 
relevant to look at maternal vitamin D supplementation and the role of vitamin D 
in neurodevelopment. Therefore, further research should be performed to examine 
the possible mechanisms of vitamin D during gestation and the association with 
ASD development in the infant.

4. Vitamin D and ASD: clinical results

The possibility of an association between vitamin D and ASD was found when 
studies concluded that ASD prevalence is increased in high-latitude countries 
and with more cloud coverage, resulting in reduced UV-B intensity. Many studies 
observe the connection between low sun exposure and risk of ASD [84]. UV-B 
exposure is required for the conversion of 7-dehydrocholesterol into previtamin D 
underscoring the link between UV exposure, vitamin D generation and ASD devel-
opment [85]. However, it was shown that vitamin D insufficiency in ASD patients is 
independent of sun exposure, ruling out the environmental factor causing vitamin D  
deficiency later in life. Moreover, ASD prevalence is suggested to be higher in dark 
skin-colored people compared to light skin-colored people [86]. It is suggested 
that increased skin pigmentation lowers the production of previtamin D, due to 
UV-B radiation that is absorbed by melanin and thereby less available for vitamin 
D synthesis [11]. For example, a study showed only 4.1% of the dark skin-colored 
pregnant women had sufficient vitamin D levels, compared to 37.3% in light skin-
colored pregnant women [87]. However, other studies state skin pigmentation does 
not influence vitamin D synthesis and that a different lifestyle, i.e. less exposure to 
sunlight, could explain lower vitamin D levels in dark skin-colored people [88, 89]. 
Thus, common vitamin D deficiency in dark skin-colored people might explain the 
higher ASD prevalence among this group, however results are contradictory regard-
ing the cause of lower vitamin D status.

4.1 Maternal vitamin D deficiency

ASD prevalence is increased in children of whom the mother was vitamin D 
deficient during gestation [87] and thus it is suggested that maternal vitamin D 
deficiency increases the risk of ASD in the infant [84, 90].

The possible role of maternal vitamin D deficiency is also illustrated by the 
influence of season of birth on ASD risk. Maternal vitamin D levels are often lowest 
in winter and spring months [91], which could be explained by differences in sun 
exposure and UV-B intensity [85, 91]. However, studies observe conflicting results 
regarding seasons most positively associated with ASD risk, questioning whether 
birth season is indeed a cofactor influencing the risk of ASD. Multiple studies 
observe highest ASD prevalence in children born in March [92]. These children have 
a higher risk of maternal vitamin D deficiency in the second half of gestation, since 
maternal 25(OH)D levels are lowest in winter and spring months. On the other 
hand, studies observing highest ASD prevalence among children born in May, July 
or August also exist [93–95]. Autumn months coincided with highest ASD preva-
lence, while birth in spring months reduced the risk of ASD [96]. Studies show that 
the first six months of gestation are most important for neurocognitive develop-
ment in the infant, a process which is influenced by vitamin D [97, 98]. Therefore, 
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it is suggested that maternal vitamin D deficiency increases the risk of ASD most 
when occurring in the first six months of gestation. As vitamin D levels are lowest 
in winter and spring, this would result in highest ASD prevalence among children 
who are born in summer. However, contradicting results on the association between 
birth season and ASD risk hinder a definite conclusion.

4.2 Vitamin D deficiency in ASD children

Studies show that children with ASD have lower vitamin D levels than healthy 
children. Since 2011, vitamin D insufficiency is classified as a 25(OH)D level 
between 20–30 ng/mL, whereas levels below 20 ng/mL are considered vitamin 
D deficient [3]. Individuals with ASD on average show 25(OH)D levels below 
30 ng/mL [99–101]. In a recent study, 48% of the ASD cases was vitamin D 
insufficient and 40% vitamin D deficient, whereas none of the healthy children 
were deficient and only 20% was insufficient [101]. This study used different 
cut-off values, resulting in the fact that when using the standard cut-off of 20 ng/
mL for vitamin D deficiency, the percentage of deficient children would even 
be higher than 40%. An average vitamin D level of 28.5 ng/mL was measured in 
ASD children, compared to 40.1 ng/mL in healthy children [102]. A significant 
negative correlation between vitamin D levels and severity of ASD symptoms 
was found, indicating low vitamin D levels can increase the severity of ASD 
[100]. When combining this finding with the previously mentioned association 
between season and vitamin D levels, this suggests the effect of season on ASD 
symptoms. Several case studies indeed observe that children with ASD experi-
ence less symptoms during summer compared to other seasons, which supports 
the plausible association between vitamin D and ASD [103].

In addition to the above-mentioned environmental factors that could cause 
vitamin D deficiency in ASD patients and are associated with progression of the 
disorder, genetics also play a role. In a study that compared vitamin D levels in 
ASD children and their healthy siblings, lower 25(OH)D levels were found in 
ASD children, suggesting genetics are upstream of vitamin D deficiency in ASD 
patients, rather than environmental factors [104]. Moreover, most studies on 
neonatal vitamin D levels and the association with ASD risk have found a negative 
correlation, illustrating that vitamin D deficiency presumably develops during 
gestation and is dependent on either or both genetics and maternal environmental 
factors [105, 106].

Furthermore, genetic polymorphisms are shown to be associated with impaired 
vitamin D metabolism and binding to VDR and can therefore predispose ASD. VDR 
gene polymorphisms were studied of which two were significantly associated with 
ASD [86]. Measured 25(OH)D serum levels did not significantly correlate with gene 
polymorphisms, suggesting vitamin D deficiency itself is not the cause of increased 
ASD risk, but rather genetic mutations. However, not all ASD patients suffer from 
these gene mutations and thus gene polymorphisms cannot explain all ASD cases 
[107]. To conclude, it is uncertain whether genetic or environmental factors alone 
predispose vitamin D deficiency in ASD patients. Nonetheless, clinical trials agree 
that reduced vitamin D levels are observed in ASD patients.

4.3 Vitamin D treatment in ASD patients

Due to the suggested association between vitamin D levels and ASD symptom 
severity, it is being investigated whether vitamin D supplementation could work 
as treatment to reduce ASD symptoms. The effect of vitamin D, n-3 fatty acids 
and the combination of the two were tested on ASD symptoms [108]. In the study, 
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supplementation and supplementation during the first three years of the newborn’s 
lives, the risk of autism was shown to be reduced from 20% to 5%. This illustrates 
the importance of adequate maternal vitamin D status and the influence on ASD 
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it is suggested that maternal vitamin D deficiency increases the risk of ASD most 
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in winter and spring, this would result in highest ASD prevalence among children 
who are born in summer. However, contradicting results on the association between 
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was found, indicating low vitamin D levels can increase the severity of ASD 
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In addition to the above-mentioned environmental factors that could cause 
vitamin D deficiency in ASD patients and are associated with progression of the 
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severity, it is being investigated whether vitamin D supplementation could work 
as treatment to reduce ASD symptoms. The effect of vitamin D, n-3 fatty acids 
and the combination of the two were tested on ASD symptoms [108]. In the study, 
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children with ASD received a daily dose of 2000 IU vitamin D3 for twelve months. 
This study did not find a positive effect of only vitamin D supplementation on 
reducing ASD symptoms. However, treatment with n-3 fatty acids only or the 
combined treatment with vitamin D and n-3 fatty acids did improve social aware-
ness scores in children with ASD. In contrast, a positive effect of vitamin D treat-
ment was observed on ASD symptoms [109]. Autism Behavior Checklist (ABC) and 
Childhood Autism Rating Scale (CARS) scores were used, two methods commonly 
used for scoring ASD symptoms. Children with ASD received one monthly dose of 
150,000 IU vitamin D intramuscularly and daily doses of 400 IU vitamin D orally. 
After three months, both total ABC and total CARS scored were decreased signifi-
cantly. These reductions were prominent in ASD children under the age of three 
compared to ASD children above the age of three, suggesting vitamin D treatment 
possibly is more effective at a younger age. Similarly, vitamin D treatment can be 
effective at reducing ASD symptoms. Upon receiving daily doses of 300 IU vitamin 
D3 per kg bodyweight orally, 67 out of 83 children with ASD experienced improved 
symptoms [110]. The positive effect of vitamin D was most prominent in the group 
with 25(OH)D levels above 40 ng/mL at the end of the study, suggesting higher 
vitamin D levels correlate with increased improvement of behavior. Although 
research is limited, recent studies on the effect of vitamin D treatment in ASD 
children show promising results.

A review supported the need of a high vitamin D dose for its efficacy [31]. 
Whereas the recommended daily intake of vitamin D is 30 ng/mL, a minimum dose 
of 40–80 ng/mL is suggested for vitamin D to exert its immunomodulatory effects 
in general. In ASD, most improved ASD symptoms upon vitamin D administration 
above 40 ng/mL. Worldwide it is estimated that 30% of all children and adults are 
vitamin D deficient, and around 60% has insufficient vitamin D levels [110]. This 
high percentage of insufficiency cases illustrates the need for vitamin D supplemen-
tation and/or increased sun exposure when the effect of vitamin D on the immune 
system is wished upon. Presumably, this would not cause adverse effects as studies 
on the toxicity of vitamin D have found little disease outcomes, except possibly 
hypercalcemia [111]. However, findings on hypercalcemia are inconsistent and it is 
thus not known whether hypercalcemia will indeed occur in the case of vitamin D 
levels above 40–80 ng/mL and most likely at a dose of 150 ng/mL [3, 91].

All in all, many clinical trials have been performed on the association between 
vitamin D and ASD. Low vitamin D levels are observed more often in ASD children 
compared to healthy children. Moreover, research indicates the role of maternal vita-
min D deficiency in ASD is plausible and recent studies have illustrated the effective-
ness of vitamin D treatment on improving ASD symptoms. Thus, clinical trials show 
promising results on the association between vitamin D and ASD and the effective-
ness of vitamin D treatment in ASD patients. Lastly, rather than in ASD children 
there is still little research performed on immune functioning and vitamin D levels in 
adults with ASD as lower 25(OH)D levels were observed in adults with autistic dis-
order compared to healthy individuals [112]. The lack of research in this target group 
complicates extrapolation of the discussed results to adults. It is therefore uncertain 
whether vitamin D supplementation could improve ASD symptoms in adults.

5. Association vitamin D and ASD

The association between vitamin D and ASD is proven through clinical research. 
Clinical trials show promising results on vitamin D supplementation and the 
improvement of ASD symptoms. Characteristics of ASD, including behavioral 
deficits and impaired communicative functioning, impair the lifestyle of both 
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patients and their close relatives – improvement of symptoms therefore would be 
highly beneficial [113]. Insights into the mechanisms would support a better under-
standing of the etiology of the disorder. Consequently, this can enhance the finding 
of better preventive measures and treatments. Besides the lack of research into the 
mechanisms behind the effect of vitamin D on ASD, further research is also required 
to better understand immunomodulatory properties of vitamin D in general, as well 
as immune dysfunction in individuals with ASD [31]. Similarly, there is a lack of 
research on several important cytokines in ASD patients, like IL-21, IL-22 and IL-35. 
Additionally, IL-10 expression in ASD patients remains debatable. Different studies 
have found either reduced, similar or increased IL-10 levels compared to healthy 
individuals. This suggests the high interpersonal variability between ASD patients 
and the heterogeneous etiology of the disorder, emphasizing the need for further 
research to determine possible subgroups on which tailored treatment design could 
be based [114]. In addition, the role of IL-2 in regulating immune responses in ASD 
remains elusive. IL-2 is a Th1 cytokine, important for T cell proliferation of effector 
T cells but also for regulatory T cells. Vitamin D is shown to reduce IL-2 levels. This 
implies a reduction in Th1 cytokines, but as IL-2 is required for TGF-ß-mediated 
induction of CTLA-4 and Foxp3 expression on Tregs this suggests that increased 
IL-2 expression would enhance immunosuppression [115–117].

Although research on the association between vitamin D and ASD is receiving 
increased attention, no causality has been proven. As discussed, it is unknown 
whether vitamin D deficiency is caused by genetic or environmental factors. The 
possibility of reduced endogenous vitamin D production in ASD patients raises 
the question whether vitamin D insufficiency is a cause or consequence of ASD. 
To date, it is uncertain whether vitamin D deficiency predisposes ASD onset or is 
developed because of ASD. Effectiveness of vitamin D supplementation is irre-
spective of the outcome of causality, as clinical trials have shown promising results 
on the positive effect of vitamin D on ASD symptoms. However, increasing sun 
exposure could be less effective in the case of impaired endogenous vitamin D pro-
duction in ASD patients. Research on the mechanisms behind the role of vitamin 
D in ASD could support a better understanding of a possible causal relationship.

6. Conclusion

Vitamin D can have immunosuppressive effects on the immune system that 
could be of interest in ASD. By shifting immune responses away from Th1- and 
Th17-mediated towards Th2- and Treg-mediated, vitamin D promotes a tolerogenic 
state in the immune system. This could rebalance immune dysregulation in ASD, 
consequently reducing systemic inflammation among others. Clinical trials on the 
effect of vitamin D supplementation on improving ASD symptoms and reducing 
ASD risk are promising, highlighting the relevance of investigating vitamin D 
when studying ASD. This relevance is best illustrated by the finding that increased 
immune activity is positively correlated with severity of ASD symptoms, a process 
which could be counteracted by vitamin D. However, studies on the direct mecha-
nisms of vitamin D on the immune system in ASD patients are absent. Therefore, 
further research is necessary to draw conclusions about a possible causal relation-
ship. Moreover, further research into the mechanisms behind maternal vitamin 
deficiency and neuroinflammation are advised to investigate possible preventive 
actions of vitamin D in relation to ASD. Since vitamin D toxicity is rare, it is advised 
to increase vitamin D levels in pregnant women and ASD patients. However, insuf-
ficient research exists to state the effectiveness of vitamin D in regulating immune 
dysregulation in ASD patients with confidence.
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children with ASD received a daily dose of 2000 IU vitamin D3 for twelve months. 
This study did not find a positive effect of only vitamin D supplementation on 
reducing ASD symptoms. However, treatment with n-3 fatty acids only or the 
combined treatment with vitamin D and n-3 fatty acids did improve social aware-
ness scores in children with ASD. In contrast, a positive effect of vitamin D treat-
ment was observed on ASD symptoms [109]. Autism Behavior Checklist (ABC) and 
Childhood Autism Rating Scale (CARS) scores were used, two methods commonly 
used for scoring ASD symptoms. Children with ASD received one monthly dose of 
150,000 IU vitamin D intramuscularly and daily doses of 400 IU vitamin D orally. 
After three months, both total ABC and total CARS scored were decreased signifi-
cantly. These reductions were prominent in ASD children under the age of three 
compared to ASD children above the age of three, suggesting vitamin D treatment 
possibly is more effective at a younger age. Similarly, vitamin D treatment can be 
effective at reducing ASD symptoms. Upon receiving daily doses of 300 IU vitamin 
D3 per kg bodyweight orally, 67 out of 83 children with ASD experienced improved 
symptoms [110]. The positive effect of vitamin D was most prominent in the group 
with 25(OH)D levels above 40 ng/mL at the end of the study, suggesting higher 
vitamin D levels correlate with increased improvement of behavior. Although 
research is limited, recent studies on the effect of vitamin D treatment in ASD 
children show promising results.

A review supported the need of a high vitamin D dose for its efficacy [31]. 
Whereas the recommended daily intake of vitamin D is 30 ng/mL, a minimum dose 
of 40–80 ng/mL is suggested for vitamin D to exert its immunomodulatory effects 
in general. In ASD, most improved ASD symptoms upon vitamin D administration 
above 40 ng/mL. Worldwide it is estimated that 30% of all children and adults are 
vitamin D deficient, and around 60% has insufficient vitamin D levels [110]. This 
high percentage of insufficiency cases illustrates the need for vitamin D supplemen-
tation and/or increased sun exposure when the effect of vitamin D on the immune 
system is wished upon. Presumably, this would not cause adverse effects as studies 
on the toxicity of vitamin D have found little disease outcomes, except possibly 
hypercalcemia [111]. However, findings on hypercalcemia are inconsistent and it is 
thus not known whether hypercalcemia will indeed occur in the case of vitamin D 
levels above 40–80 ng/mL and most likely at a dose of 150 ng/mL [3, 91].

All in all, many clinical trials have been performed on the association between 
vitamin D and ASD. Low vitamin D levels are observed more often in ASD children 
compared to healthy children. Moreover, research indicates the role of maternal vita-
min D deficiency in ASD is plausible and recent studies have illustrated the effective-
ness of vitamin D treatment on improving ASD symptoms. Thus, clinical trials show 
promising results on the association between vitamin D and ASD and the effective-
ness of vitamin D treatment in ASD patients. Lastly, rather than in ASD children 
there is still little research performed on immune functioning and vitamin D levels in 
adults with ASD as lower 25(OH)D levels were observed in adults with autistic dis-
order compared to healthy individuals [112]. The lack of research in this target group 
complicates extrapolation of the discussed results to adults. It is therefore uncertain 
whether vitamin D supplementation could improve ASD symptoms in adults.

5. Association vitamin D and ASD

The association between vitamin D and ASD is proven through clinical research. 
Clinical trials show promising results on vitamin D supplementation and the 
improvement of ASD symptoms. Characteristics of ASD, including behavioral 
deficits and impaired communicative functioning, impair the lifestyle of both 
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patients and their close relatives – improvement of symptoms therefore would be 
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T cells but also for regulatory T cells. Vitamin D is shown to reduce IL-2 levels. This 
implies a reduction in Th1 cytokines, but as IL-2 is required for TGF-ß-mediated 
induction of CTLA-4 and Foxp3 expression on Tregs this suggests that increased 
IL-2 expression would enhance immunosuppression [115–117].

Although research on the association between vitamin D and ASD is receiving 
increased attention, no causality has been proven. As discussed, it is unknown 
whether vitamin D deficiency is caused by genetic or environmental factors. The 
possibility of reduced endogenous vitamin D production in ASD patients raises 
the question whether vitamin D insufficiency is a cause or consequence of ASD. 
To date, it is uncertain whether vitamin D deficiency predisposes ASD onset or is 
developed because of ASD. Effectiveness of vitamin D supplementation is irre-
spective of the outcome of causality, as clinical trials have shown promising results 
on the positive effect of vitamin D on ASD symptoms. However, increasing sun 
exposure could be less effective in the case of impaired endogenous vitamin D pro-
duction in ASD patients. Research on the mechanisms behind the role of vitamin 
D in ASD could support a better understanding of a possible causal relationship.

6. Conclusion

Vitamin D can have immunosuppressive effects on the immune system that 
could be of interest in ASD. By shifting immune responses away from Th1- and 
Th17-mediated towards Th2- and Treg-mediated, vitamin D promotes a tolerogenic 
state in the immune system. This could rebalance immune dysregulation in ASD, 
consequently reducing systemic inflammation among others. Clinical trials on the 
effect of vitamin D supplementation on improving ASD symptoms and reducing 
ASD risk are promising, highlighting the relevance of investigating vitamin D 
when studying ASD. This relevance is best illustrated by the finding that increased 
immune activity is positively correlated with severity of ASD symptoms, a process 
which could be counteracted by vitamin D. However, studies on the direct mecha-
nisms of vitamin D on the immune system in ASD patients are absent. Therefore, 
further research is necessary to draw conclusions about a possible causal relation-
ship. Moreover, further research into the mechanisms behind maternal vitamin 
deficiency and neuroinflammation are advised to investigate possible preventive 
actions of vitamin D in relation to ASD. Since vitamin D toxicity is rare, it is advised 
to increase vitamin D levels in pregnant women and ASD patients. However, insuf-
ficient research exists to state the effectiveness of vitamin D in regulating immune 
dysregulation in ASD patients with confidence.
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