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Abstract: Vitamin D is a major steroid hormone that is gaining attention as a therapeutic molecule. 
Due to the general awareness of its importance for the overall well-being, vitamin D deficiency 
(VDD) is now recognized as a major health issue. The main reason for VDD is minimal exposure to 
sunlight. The vitamin D receptor (VDR) is a member of the steroid hormone receptors that induces 
a cascade of cell signaling to maintain healthy Ca2+ levels that serve to regulate several biological 
functions. However, the roles of vitamin D and its metabolism in maintaining gastric homeostasis 
have not yet been completely elucidated. Currently, there is a need to increase the vitamin D status 
in individuals worldwide as it has been shown to improve musculoskeletal health and reduce the 
risk of chronic illnesses, including some cancers, autoimmune and infectious diseases, type 2 
diabetes mellitus, neurocognitive disorders, and general mortality. The role of vitamin D in gastric 
homeostasis is crucial and unexplored. This review attempts to elucidate the central role of vitamin 
D in preserving and maintaining the overall health and homeostasis of the stomach tissue. 

Keywords: 1α,25(OH)2D; vitamin D deficiency; vitamin D epimers; cytochrome P450; 1,25-MARRS; 
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1. Introduction 

Vitamin D deficiency (VDD) is a global health issue. More than 1 billion people suffer from 
vitamin D deficiency or insufficiency [1]. Endocrine Connections reported a definite increase in the 
number of individuals affected with VDD in recent decades [2]. The susceptible risk groups include 
people who spend more time indoors [3], like the elderly and those who are homebound [4], people 
with pigmented skins, vegans [5], and pregnant women and their developing children [6,7]. 

The regions most affected by this disease comprise China, India, Mongolia, and the middle 
eastern countries including the UAE, Saudi Arabia, Jordan, and Qatar [8]. Despite receiving plentiful 
sunshine, Vitamin D status is markedly low in the Middle East, for example, over 90% of the UAE 
population is affected [9]. The deficiency is more pronounced in women than in men in the Middle 
East, chiefly due to their traditional clothing style of covering the skin completely [10]. The intense 
heat also contributes to VDD in people staying indoors and in excessive users of sunscreens [11]. 

The discovery of Vitamin D and its role in skeletal health can be traced back to the middle of the 
17th century, to the English physician, Francis Glisson. He published a study titled “A treatise of 
rickets, as a disease common to children”, wherein he described rickets as an “absolutely new disease 
that has never been described in any of the ancient or modern books” [12]. The role of diet in this 
disease was not known at that time [13]. Several years later, Sir Edward Mellanby (1921) ascribed the 
cause of rickets to the deficiency of a fat-soluble vitamin [14]. However, the breakthrough discovery 
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was when McCollum and his associates found that this fat-soluble entity was a dietary supplement 
and named it Vitamin D [15]. 

The detection and role of the vitamin D receptor (VDR) were followed thereafter in various 
human and animal tissues. This led to determining the actual role of vitamin D in health and disease. 
This query led to understanding the role of vitamin D in the development, metabolism, and well-
being of the organism, particularly in calcium homeostasis and bone maintenance [16,17]. The non-
classical functions of vitamin D and its importance in human physiology became evident over the 
past few decades [16–18]. Vitamin D is synthesized by cells of the immune system and controls the 
immune function along with anti-bacterial activities [18,19]. It also plays a role in anti-proliferative 
and anti-tumorigenic activities in the cancer cells of the breast, colon, skin, stomach, and prostate 
[20,21]. Low levels of vitamin D have been coupled to various epidemiological states such as 
inflammatory bowel disease and autoimmune disorders including multiple sclerosis, inflammation 
[22], chronic kidney disease [23], various types of cancer [20], cardiovascular disease [24], obesity [25], 
mortality [26], type 1 diabetes mellitus [27], and hypertension [28]. 

Vitamin D status is assessed by determining the amount of total 25-hydroxyvitamin D 
(25(OH)D) in circulation. The adequate levels of total 25(OH)D are between 50 and 70 ng/mL. In 
VDD, the range is less than 30 ng/mL (Table 1) [27,29]. 

Table 1. The concentrations of circulating 25(OH)D in serum found in various biological conditions. 

25(OH)D Levels Condition 
<30 ng/mL Severe deficiency 

30–50 ng/mL Minor deficiency 
50–70 ng/mL Adequate levels 
>80 ng/mL Excess 

There have been a few methods used for the clinical detection of total 25(OH)D. Most of these 
methods measure total 25(OH)D along with other hydroxylated vitamin D metabolites in human 
serum. Vitamin D metabolites in circulation at a given time account for 2‒20% of the total 25(OH)D 
present. Therefore, the active levels of vitamin D could be misinterpreted. 

The common detection methods of vitamin D in clinical laboratories include high-performance 
liquid chromatography (HPLC), radioimmunoassay (RIA), enzyme-linked immunoassay (ELISA), 
and quantitative chemiluminescent immunoassay (CLIA). A kit-based method of RIA developed by 
DiaSorin S.p.A (Saluggia, Italy) is the gold standard for total 25(OH)D measurements and is used to 
establish the reference range of serum vitamin D [30,31]. Lately, liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) is gaining attention due to its application in measuring the various forms 
of vitamin D and the D3 epimers in the serum of people of all ages [32]. This method is labor-intensive 
and technically strenuous, but is earning extensive credence. Many publications evaluating the 
different methods to determine serum vitamin D levels authenticate the fact that this method is cost-
effective and highly precise [30,33]. 

People are given vitamin D supplements to overcome VDD for specific periods, depending on 
the nature and severity of the scarcity [34]. Global awareness of the health benefits of vitamin D are 
alarmingly low. For example, there are a few studies investigating the role of vitamin D or its receptor 
in the gastrointestinal tract (GIT). This review discusses the general characteristics, function, and 
importance of vitamin D, its metabolism and the two different forms of the VDRs. The second half of 
the review highlights the role of vitamin D in the stomach tissue and its function in maintaining the 
homeostasis of the gastric environment and the preservation of gastric health. 

2. Vitamin D Ligands 

Vitamin D is a hormone. Its active form is commonly known as 1α,25-dihydroxyvitamin D 
(1α,25(OH)2D). The latest research reveals a dual role for 1α,25(OH)2D, which is generated as an 
activator or inhibitor, depending on the location and function of the target cells [35]. Vitamin D is a 
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fat-soluble vitamin existing mainly in two forms, ergocalciferol (Vitamin D2, 1α,25(OH)2D2), which 
is of plant origin, and cholecalciferol, (Vitamin D3, 1α,25(OH)2D3), which is of animal origin (Figure 
1) [36]. The presence of 1α,25(OH)2D2 has been confirmed in several members of the plant kingdom, 
including algae, fungi, and in plants contaminated with certain types of fungi. 1α,25(OH)2D3 on the 
other hand, is found mostly in dairy products, fatty fish, beef liver, and egg yolks [35]. 

 
Figure 1. The structure of vitamin D2, vitamin D3, and their precursors. The structural difference 
between vitamin D2 and D3 is present in their side chains. The side chain of vitamin D3 has a broken 
ring, while D2 contains a double bond between carbons, 22 and 23, and a methyl group on carbon 24 
on the broken ring. 

Askew et al. identified the structure of 1α,25(OH)2D2 in 1931. Later, the structure of 
1α,25(OH)2D3 was determined through synthetic means [37]. The findings from the second half of 
the 20th century showed that vitamin D is a prohormone [38]. Prohormones are inactive precursors 
of hormones that are converted to active anabolic forms with the help of enzymatic activities in the 
body [39]. Vitamin D is photochemically produced in the skin from 7-dehydrocholesterol [40]. 
Subsequent chemical reactions in the liver and kidneys convert 7-dehydrocholesterol into the active 
form that exerts biological functions by binding to the VDRs. 

Maestro et al., (2016) reported that VDR is found in most human tissues and has more than 1000 
target genes [41]. 1α,25(OH)2D exerts its biological action by binding to VDR and generates biological 
effects through genomic and rapid non-genomic responses. The details of the two types of VDRs are 
discussed in Sections 3.1 and 3.2. 

2.1. Vitamin D Structure and Biosynthesis 

1α,25(OH)2D is a secosteroid with a broken 9,10 carbon-carbon bond in the B ring of the 
cyclopentanoperhydrophenanthrene structure, which is a carbon skeleton found in steroids. The 
main structural difference between 1α,25(OH)2D2 and 1α,25(OH)2D3 is the presence of a double bond 
and a methyl group on the side chain of vitamin D2 (Figure 1) [20,42]. Norman et al. (1982) reported 
that the structurally flexible nature of 1α,25(OH)2D molecule helps it to successfully fit into the ligand 
binding domains (LBD) of the vitamin D binding protein (DBP), nuclear VDR (nVDR), and 
membrane VDR (mVDR), mainly depending on the function of 1α,25(OH)2D [43]. 1α,25(OH)2D can 
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exist in both bowl-like and planar-like shapes, which support a mechanism by which it can induce 
many cellular responses [44]. 

1α,25(OH)2D3 is synthesized through the action of sunlight along with subsequent enzymatic 
reactions. 1α,25(OH)2D2 is formed by ultraviolet B (UVB) irradiation of the ergosterol in plants and 
fungi (Figure 2). 

 
Figure 2. Photobiosynthesis and activation of Vitamin D. 7-dehydrocholesterol in the skin is 
converted to pre-vitamin D3, upon exposure to sunlight, which contains UVB radiation. Pre-vitamin 
D3 is converted to vitamin D3 in a heat-dependent process. Vitamin D2 and D3 from the diet are 
incorporated into chylomicrons and introduced into the circulation. Vitamin D formed in the skin or 
ingested through diet is stored and released from fat cells. In the serum, vitamin D is circulated while 
being bound to the vitamin D binding protein, DBP. DBP transports it to the liver where it is converted 
to 25(OH)D (circulating form) by vitamin D-25-hydroxylase. This form of vitamin D is biologically 
inactive and is converted in the kidneys to the biologically active form, 1α,25(OH)2D by 25-
hydroxyvitamin D-1α- hydroxylase (1α-OHase). The 1α,25(OH)2D binds to the membrane vitamin D 
receptor (mVDR) or the nuclear vitamin D receptor (nVDR) and elicits specific biological responses. 

The skin synthesizes 1α,25(OH)2D3 from 7-dehydrocholesterol, by the photochemical 
conversion of pre-vitamin D3 (pre-D). The continued UV-irradiation causes isomerization of pre-D3 

to D3, which is taken up by DBP. The presence of methyl group at C24 side chain in vitamin-D2 
reduces its affinity for DBP (this is discussed in Section 2.3), resulting in faster clearance from the 
circulation. This factor limits the conversion of 1α,25(OH)2D2 to 25OHD2 by the CYP hydroxylases 
present in the system [45]. 
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The subsequent steps in the biosynthesis, function, and regulation of 1α,25(OH)2D implicate a 
major group of enzymes, widely known as cytochrome P450 (CYP) enzymes or vitamin D 
hydroxylases. The key members of the CYP enzyme family, include CYP2R1, CYP27A1, CYP24A1, 
CYP2J3, and CYP3A4. In eukaryotes, they are membrane-bound and take part in biosynthetic 
reactions of steroid hormones and bile acid [46]. The initial step (Figure 2) occurs in the liver and also 
in some extrahepatic tissues such as the kidney. Vitamin D2 and D3 ingested orally or from the skin 
are metabolized to form 25-hydroxy vitamin-D2 and D3 (25(OH)D2 and 25(OH)D3), which is the 
circulatory form [47]. The multistep reaction is catalyzed by different members of CYP enzymes such 
as CYP2J3 and CYP3A4, in addition to CYP27A1 (a mitochondrial 25-hydroxylase) and CYP2R1. Both 
of the former enzymes are expressed in the liver and conserved among species and cause the 
generation of 25(OH)D by the addition of a hydroxyl group. 

Consequently, a dominant target gene of 1α,25(OH)2D codes for CYP27B1 or 25-hydroxyvitamin 
D3 lα-hydroxylase, an enzyme found principally in the kidney, which metabolizes 25(OH)D to 
1α,25(OH)2D [48,49]. 1α,25(OH)2D is the hormonally active form of vitamin D and is responsible for 
most of its biological functions. Various factors regulate the formation and inhibition of 1α,25(OH)2D. 
The appropriate signals such as the action of parathyroid hormone (PTH) promote the synthesis of 
1α,25(OH)2D, while calcium, fibroblast growth factor-23 (FGF23), and phosphate, inhibit 
1α,25(OH)2D [50]. CYP24A1 is induced by 1α,25(OH)2D and functions through a feedback 
mechanism to prevent vitamin D toxicity (VDT). 

2.2. Vitamin D Metabolites 

Clinicians find it difficult to quantify major metabolites of 1α,25(OH)2D found in circulation. 
Most of the vitamin-D intermediate metabolites can be epimerized with the help of epimerization 
enzymes like 3-epimerase [51]. These epimerization enzymes belong to the CYP group of enzymes 
and have the ability to further metabolize these epimers as in the common pathway [36]. 
Epimerization is a mechanism involved in vitamin D metabolism and occurs in extrarenal tissues 
[52]. Some of the common metabolites of vitamin D that are found in circulation along with their 
major functions have been described. 

2.2.1. 25-hydroxyvitamin-D2 (25(OH)D2) 

The levels of 25(OH)2D2 (also known as 25-Hydroxyergocalciferol) produced by hydroxylation 
in the liver reflect an individual’s overall vitamin D status. Plants and mushrooms are important 
sources. Its deficiency has been linked to hypertension, autoimmune diseases, and cancer. It is a bone 
density conservation agent. Thus, it can inhibit bone resorption and aid in bone mineralization and 
regeneration. It is used to heal bone fractures and to treat bone diseases, such as osteopenia and 
osteoporosis [39]. 

2.2.2. 25-hydroxyvitamin-D3 (25(OH)D3) 

Obtained from the animal diet, 25OHD3 is transported to the kidney where it is hydroxylated 
in the mitochondria by 1-hydroxylase to form 1α,25(OH)2D3 and 24,25(OH)2D3. The deficiency of 
this metabolite is linked to hypertension, autoimmune diseases, and cancer [45]. 

2.2.3. 24, 25-dihydroxyvitamin-D (24,25(OH)2D) 

Vitamin D obtained from the diet goes through a series of biosynthetic reactions in the liver and 
kidney where it gets converted to either 24, 25-dihydroxyvitamin-D (24,25(OH)2D) or 1,25-
dihydroxyvitamin D (1α,25(OH)2D) [53]. It has been reported that 24,25(OH)2D may have a role in 
bone mineralization [54]. Competition studies conducted by Sömjen et al. in (1982) demonstrated the 
existence of specific cytoplasmic and nuclear receptors (NRs) for 24,25(OH)2D D3 [55]. 
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2.2.4. 1-α, 25-dihydroxyvitamin-D3 (1α,25(OH)2D3 or 1,25D3) 

1,25D3 is biologically active; has roles in calcium absorption and deposition; affects cellular 
differentiation and proliferation and central nervous system (CNS); and modulates immune 
responsiveness. Recent reports advocate it as a major chemopreventive agent against various 
malignancies including cancers of the stomach, prostate, and colon [56]. 

2.2.5. 1-α, 25-dihydroxy vitamin-D2 (1α,25(OH)2D2 or 1,25D2) 

Activated vitamin-D2 has been used in a broad range of studies to assess the immune function 
and calcium homeostasis. The ingestion of vitamin D2 results in an increase in serum concentrations 
of 1α,25(OH)2D2. Knutson et al., reported that an increase in 1α,25(OH)2D2 is accompanied by a 
comparable decrease in serum concentrations of 1α,25(OH)2D3 in rats and monkeys [56] 

2.2.6. 3-epi-vitamin D 

3-epi-vitamin D denotes the following metabolites: 3-epi-25-hydroxyvitamin-D3 (3-epi-
25(OH)D3); 3-epi-24; 25-dihydroxy-vitamin-D3 (3-epi-24,25(OH)2D3); 3-epi-1α,25-hydroxyvitamin-
D3 (3-epi-1α,25(OH)2D3) [51]. Reddy and colleagues (2001) described an alternate metabolic pathway 
where C3 epimerization causes a change in the orientation of the hydroxyl group at position C3 of 
the A ring. 3-epi-vitamin D metabolites have less affinity to DBP and the VDR than the respective 
25(OH)D3 and 1α,25(OH)2D3 forms [57]. 3-epi-1α,25(OH)D3 possesses some anti-proliferative and 
differentiation activities and suppresses PTH secretion but only at lower levels compared to the non-
epimeric compounds [58]. Recent publications have shown the presence of 3-epi-vitamin D in infant, 
pediatric, and adult populations [37]. 

Further studies are required to ascertain the source of epimers, whether they are attained 
exogenously or formed endogenously and to determine their specific roles. Since 1α,25(OH)2D3 

extracts are sensitive to photodegradation, the quantification of epimers present in vitamin D 
supplements is difficult. 

2.3. Vitamin D Transport 

A minor portion of the free or unbound 1α,25(OH)2D enters the cells through simple diffusion. 
The majority of circulating vitamin D and its metabolites are attached to special carrier proteins called 
DBP or albumin. 1α,25(OH)2D-DBP complex enters the cell with the help of membrane proteins like 
caveolin, cubilin, and megalin or through simple diffusion (Figure 3) [59]. DBP, which is synthesized 
in the liver is a steroid binding protein and acts as a carrier molecule of 25(OH)D [20,60,61]. It has a 
higher affinity to 25(OH)D and 24,25(OH)2D than vitamin D or 1α,25(OH)2D. DBP acts as a storage 
protein that accumulates 25-OHD under conditions of accessibility to 1α,25(OH)2D and usually 
releases it for biological requirements [62]. In patients suffering from liver diseases, like specific 
protein-losing enteropathies or the nephrotic syndrome, the synthesis of normal levels of DBP and 
albumin may be affected. These individuals may have low total levels of DBP, resulting in the 
presence of unbound vitamin D metabolites in the serum [63]. 

Vitamin-D2 and D3-DBP complexes are internalized by the liver. The hepatocytes convert the 
vitamin D into 25(OH)D. DBP-25(OH)D is internalized by a process called receptor-mediated 
endocytosis in the renal tubules of the kidney. Megalin and cubilin proteins help in receptor-
mediated endocytosis and occur in the proximal convoluted tubules of the kidney and in extra-renal 
tissues, like mammary cells [64]. Figure 3 shows the critical steps in vitamin D activation taking place 
in the renal cell. 25(OH)D dissociates from DBP and gets hydroxylated to 1α,25-(OH)2D by CYP27B1. 
Subsequently, CYP24A1 (24-hydroxylase) can act on two substrates, 1α,25(OH)2D and 25(OH)D 
through negative feedback mechanisms and convert them to inactive end-products like 1,24,25-
trihydroxyvitamin D (1,24,25-(OH)3D) and 24,25-dihydroxyvitamin D (24,25-(OH)2D), the roles of 
which are discussed in Section 5 [65]. 
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Figure 3. The roles of endocytic proteins in the delivery of 1α,25(OH)2D in the renal cells. The majority 
of the circulating 25-hydroxyvitamin D is bound to DBP, which is endocytosed via megalin and 
cubulin-mediated endocytosis. DBP is degraded, and 25(OH)D is either converted to 1α,25(OH)2D in 
the mitochondria for CYP27B1-mediated bioactivation or is secreted into circulation where it binds to 
DBP by CYP24A1-mediated inactivation. Cubilin and megalin then return back to the cell surface and 
the process gets repeated. 

3. Vitamin D Receptors (VDRs) 

Maestro et al., (2016) reported that the vitamin D receptor (VDR) is found in most human tissues 
and has more than 1000 target genes [41]. 1α,25(OH)2D3 exerts its effect with the help of high-affinity 
VDR through a series of cell-signaling reactions or as a ligand-activated transcription factor [66,67]. 
The mode of action may be genomic or non-genomic and can be executed using nVDR or mVDR, 
respectively [68,69]. In a cell, 1α,25(OH)2D exerts its non-genomic effects by initiating multiple 
signaling pathways via binding to a membrane receptor. These result in immediate responses in the 
target cells. However, 1α,25(OH)2D3 exerts its genomic effects through the NR, which binds to target 
genes and leads to gene expression [70]. Detailed discussions on the distinguishing features of the 
two types of receptors, the nature of their diversity, and functions are provided in the upcoming 
sections. 

3.1. Nuclear VDR (nVDR) 

The VDR is widely distributed and not limited to the classic target tissues of vitamin D. The VDR 
belongs to the superfamily of NRs. It acts as a transactivating transcription factor by regulating the 
expression of genes that mediate its biological activity [71]. The 1,25D-dependent genomic responses 
in the nucleus materialize as a result of the ligand-activated transcription factors and are relatively 
slow (may take from several hours to days) [72]. 

In humans, the VDR is encoded by a large gene (>100 kb), which is present on the long arm of 
chromosome 12q12. It possesses a complex intron/exon structure and is composed of nine exons 
(Figure 4) [66]. Exons 1a to 1f encode the 5′ untranslated region, UTR of the VDR mRNA and are 
alternatively spliced. Exons 2 and 3 encode the translation start site, and consists of the DNA-binding 
domain. This region comprises two highly conserved zinc-finger motifs, one in each domain and is a 
distinguishing feature of the NRs. Exons 4 to 9 encode the overlapping ligand-binding domain, LBD 
as well as strong heterodimerization domains. Exon 9 localizes at the 3′ UTR region [71]. The Vdr gene 
of a mouse is located on chromosome 15 [72]. 
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Figure 4. A map of the nVDR gene on chromosome 12q12. Blue boxes: Exon 1 (a to f), maroon boxes: 
Exons 2 to 9, yellow box: 3′ UTR. 

The DNA binding domain of the VDR contains a zinc-finger motif which is the core of the VDR 
protein, involved in the activation of the target genes. Upon binding of 1α,25(OH)2D3 to the receptor, 
two independent protein interaction surfaces form on the VDR protein, one of which is needed for 
specific DNA binding, while the other recruits the large coregulatory complexes and is necessary for 
gene modulation [58]. 

Subsequently, the VDR forms a heterodimer with the retinoid X receptors, RXR (Figure 5). This 
heterodimer recognizes the vitamin D response element (VDRE) located in the promoter of vitamin 
D target genes. The 12-helical LBD is located in the C-terminal region of the receptor and binds to 
1α,25(OH)2D3 [73]. The coregulator proteins complex with 1α,25(OH)2D3 to activate (coactivators) or 
inhibit (corepressors) the target gene transcriptional activity. The coactivators mainly include the 
following two types: (i) Proteins like the vitamin D receptor interacting protein complex, DRIP, also 
known as a mediator, form a bridge that connects VDR binding to VDRE at the transcription start 
site (TSS) and (ii) Proteins such as the steroid receptor coactivator family 1-3 (SRC 1-3) help in 
transactivation [17]. VDR trans-repression involves diverse sets of mechanisms involving the 
suppression of gene expression by various transcription factors [74,75]. Genes get transcribed, 
leading to the formation of respective proteins like SLUG, which may downregulate genetic functions 
by the VDR [76]. 

The target genes of vitamin D respond in a cell-specific manner. It has been discovered that the 
total number of vitamin D targets in the human genome is more than one thousand. This is further 
supported in cells such as human lymphoblastoid and THP-1 human monocytic leukemia cells used 
for chromatin immunoprecipitation combined with high throughput sequencing (ChIP-seq) [77,78]. 
Table 2 shows some of the target genes of 1α,25(OH)2D, along with their specific roles and functions 
[42,79–81]. 

Table 2. Direct target genes of 1α,25(OH)2D3, their location, and roles. 

Target Gene Cell Type Function 
ASAP2 (ArfGAP with SH3 
domain, ankyrin repeat and 
PH domain 2) 

Human THP-1 cells 
(monocytes) 

Regulates autophagy, cellular migration 
and vesicular transport [44] 

CYP24A1 (Cytochrome 
P450 24A1) 

Kidney Vitamin-D3 catabolizing enzyme [82] 

PTHLH (Parathyroid 
hormone-like hormone) 

Cytoplasm, golgi complex 
and nucleus of most cells 

Activates PLC signaling pathways, 
proliferation of chondrocytes, regulation of 
bone formation by promoting recruitment 

5’ Promoter Coding region 3’Regulatory

aef cbd 2 3 4 5 7 8 96 3’UTR

˜100 kb 
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and survival of osteoblasts, and plays a 
role in the physiological regulation of bone 
resorption [83] 

CAMP (Cathelicidin 
antimicrobial protein) 

Primary keratinocytes, 
monocytes, phagocytes, B 
cells and neutrophils 

Antibacterial, antifungal and antiviral 
activities, the encoded protein functions in 
cell chemotaxis, immune mediator 
induction and inflammatory response 
regulation [84] 

Trpv6 (Transient Receptor 
Potential Vanilloid 6) 

Brush border membranes of 
the intestinal epithelia 

Potential mediator of calcium uptake into 
the enterocyte [85] 

CYP27B1(Cytochrome P450 
27B1) 

Kidneys, epithelial cells, 
lungs, breast, intestine, 
stomach, endocrine glands, 
cells of the immune system, 
osteoblasts chondrocytes 

Expression of 1a-hydroxylase [44] 

CALB1 
Avian intestine and kidney 
and mammalian intestine, 
respectively 

Codes for Calbindin-D28K and Calbindin-
D9K proteins, upregulated by 
1α,25(OH)2D3 [86,87]  

Osteocalcin Osteocytes, cartilages Mineral deposition, bone resorption [86] 

FOXP3 (fork head box P3) Immune system 
Maturity and performance of T regulatory 
cells [88] 

CD14 (Cluster of 
differentiation) 

Monocytes and most tissue 
macrophages and to a 
minor extent in monoblasts 
and promonocytes 

Interacts with soluble lipopolysaccharide 
(LPS) released from gram-negative bacteria 
in combination with a plasma protein, LPS-
binding protein [44] 

NINJ1 (Ninjurin 1) Hepatic stellate cells 

Promotes axonal growth, may play a role 
in nerve regeneration and in the formation 
and function of other tissues 
[89] 

X-ray crystallographic studies have shown that the nVDR-1α,25-(OH)2D complex has a classic 
genomic ligand binding pocket called the VDR-genomic pocket, GP and an alternative ligand binding 
pocket, VDR-alternative pocket, AP, that partially overlaps the VDR-GP [81]. Rochel et al. (2000) 
demonstrated that the VDR-GP favors a bowl-like molecular geometry with 1α,25(OH)2D3 by X-ray 
and computational studies [82]. This shape initiates genomic responses, whereas the VDR-AP accepts 
a ligand with a more planar-like, extended molecular geometry and initiates a rapid response [82]. 

The nVDR gene is frequently susceptible to polymorphisms. Polymorphism can be defined as 
subtle sequence variations transpiring in a population and are detected using techniques like 
restriction fragment length polymorphisms (RFLPs). It is a technique that exploits variations in 
homologous DNA sequences. Polymorphisms alter gene expression, thereby affecting protein levels 
of the VDR gene, leading to functional changes [83,84]. The research data indicate that VDR gene 
polymorphisms are associated with diabetes; cancers of the colon and prostate; autoimmune 
disorders like Crohn’s disease, Grave’s disease, and multiple sclerosis; kidney diseases; and various 
neurodegenerative diseases like schizophrenia [85]. The actions of 1α,25-(OH)2D3 are most likely due 
to the combined effects of both genomic and non-genomic responses [86]. 
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3.2. Membrane VDR (mVDR) 

The rapid, non-genomic activity is affected by the interaction of 1α,25(OH)2D3 ligand with 
specific binding sites on the plasma membrane and vesicle membranes of target cells referred to as 
membrane VDR (mVDR). mVDRs are also known as 1,25 membrane-associated rapid response 
steroid-binding proteins (1,25-MARRS), protein disulfide isomerase family A member 3 (Pdia3), 
endoplasmic reticulum proteins 57 and 60 (ERp57, ERp60), and glucose-regulated protein 58 (GRP58) 
[87,88]. These complexes are thought to be modified VDRs. They are chaperone proteins and coupled 
to signal transduction systems [87]. In this review, the mVDRs are addressed by the name 1,25-
MARRS. 

Chick intestinal cells; adult rat and mouse cardiomyocytes, epithelial cells, myocytes, 
osteoblasts, chondrocytes, and cancer; and in humans, bone, teeth, brain, parathyroid, muscle, 
kidney, and cancer cells are 1,25D-responsive cells that function via the rapid response mechanism 
[88,89]. Some of the widely studied responses include calcium uptake from the intestine, insulin 
secretion by β-cells of the islets of pancreas, the growth and differentiation of smooth muscle cells, 
deviations in chondrocyte and keratinocyte growth, the changes in intracellular second messengers 
including Mitogen-Activated Protein Kinase (MAPK), phosphoinositides and cyclic AMP (cAMP), as 
well as the opening of the voltage-gated ion channels and the activation of cytosolic kinases [47,90]. 
Nevertheless, the rapid genomic actions are less studied, and the downstream responses following 
ligand-receptor binding are obscure. 

1,25-MARRS are associated with membrane scaffold proteins like caveolin that are associated 
with lipid-rich craters of the plasma membrane and are responsible for the formation of caveolae in 
multiple cell types [91]. They are associated directly with the signaling pathways of the cells, using a 
rapid response that is elicited in the cell by the activation of the receptor complex upon ligand binding 
(Figure 4) [92]. Garbi et al. (2006) reported that ubiquitous ERp57 deletion in mice is embryonically 
lethal [93]. Wang et al. (2010) developed Pdia3-deficient mice to study the role of skeletal development 
[94]. It was revealed that no homozygous mice were observed at birth indicating that the Pdia3 gene 
knockdown resulted in lethality of the homozygous mice at the embryonic stage. There were 
abnormalities in the skeletal tissues of Pdia3+/− mice compared to the Pdia3+/+ mice [94]. In chick 
intestinal epithelial cells, targeted disruption of the 1,25-MARRS receptor gene was observed to 
eliminate the rapid response to 1α,25(OH)2D3 in terms of rapid calcium uptake and Protein kinase A 
(PKA) signaling [95]. An association between the nVDR and 1,25-MARRS was observed in 
1α,25(OH)2D3-mediated growth regulation of rat growth plate chondrocytes. It was also proven that 
chondrocytes from nVdr(−/−) mice have Pdia3 and exhibit a rapid escalation in Protein kinase C (PKC) 
levels in response to 1α,25(OH)2D3 [96]. These findings suggest that 1,25-MARRS has other functions 
in addition to acting as a receptor for 1α,25(OH)2D3. 

Caveolae are flask-shaped invaginations found on the plasma membrane and other membranes 
of cellular organelles, the main components of which are cholesterol, sphingolipids, and the protein, 
caveolin [97]. The structural components of caveolae are caveolin and exist as three isoforms, 
caveolin-1, -2, and -3, according to their location and function in different cells. Caveolin-1 and -2 are 
the most extensively studied [98]. The primary function of caveolae was thought to be vesicle 
trafficking, but subsequent studies have shown that they are significant partakers in cholesterol 
biosynthesis, signal transduction, tumor suppression, and anti-proliferative action. Caveolin-1 is 
found to interact with and regulate the receptor protein signaling and cellular docking mechanisms. 
Upon activation, they get endocytosed and translocated to the nucleus where they exert their 
genomic function. Recently, a loss of caveolin-1 was identified as a marker of the cancer-associated 
fibroblast phenotype. Caveolae are found to contain mVDR, which indicates the vital role of caveolae 
and caveolin proteins in VDR signaling on cell membranes [99]. 

Studies have linked components of cell-signaling pathways like diacylglycerol (DAG), 
phospholipase A2 (PLA2), and phospholipase A2-activating protein (PLAA) to mVDR, which may 
point to the role of caveolae in the signaling axis of 1α,25(OH)2D3 and 1,25-MARRS by interacting 
with G proteins [87]. 
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4. Signaling Pathways of Vitamin D 

As mentioned earlier, recent studies have established that vitamin D and associated metabolites 
can evoke a rapid, non-genomic response in the cell by binding to 1,25-MARRS [87,90,91,99,100]. 
Numerous studies on 1,25-MARRS activated signaling pathways over the past three decades indicate 
that the major pathway was related to calcium influx, and is termed transcaltachia [101]. This review 
is focusing on a few of the most common and widely discussed signaling pathways like regulation 
of PKC-mediated calcium and phosphorus uptake [102], phosphatidyl inositol (PI) and PLA2 activity 
[103], and MAPK pathway [104] and how they are involved in genomic cross-talk (Figure 5). 
However, there are several other signaling pathways like PKA/cAMP, protein kinase B [104], CAMK, 
and multiple MAPK pathways [105] that are activated by 1,25-MARRS. Detailed reports on how the 
various signaling pathways are affected by 1,25-MARRS can be found elsewhere [106]. 

 
Figure 5. The mechanism of action of membrane VDR and nuclear VDR. On binding of the 
appropriate ligand to mVDR, cellular signal transduction systems that are linked to the membrane 
receptor get activated, which in turn, trigger the second messengers, resulting in a rapid response. 
The 1α,25(OH)2D3 binds to the membrane-associated VDR and activates signaling pathways such as 
PKA and PKC, following which, polyisoprenyl phosphate (PIPP) levels are elevated, thereby 
triggering the formation of inositol triphosphate (IP3). These signaling pathways help the entry of 
extracellular calcium into the cells or prompt the release of calcium from intracellular stores in the 
endoplasmic recticulum (ER). However, binding of 1α,25(OH)2D to the canonical nVDR causes a 
genomic response by initiating the transcription of targeted genes. Nemere et al. (2004), reported that 
1,25-MARRS have a similar affinity for the ligand as that of the nVDR, but, the membrane-associated 
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protein is 6–10 times more abundant in the cells than the nuclear receptor [107]. 1,25-MARRS is 
usually found associated with caveolin proteins. The intracellular Ca2+ levels are enhanced on binding 
of 1α,25(OH)2D to 1,25-MARRS. A study in keratinocytes showed that binding of 1α,25(OH)2D3 to 
the membrane receptor resulted in elevated metabolism of phosphatidylinositol (PI) to 
phosphatidylinositol triphosphate (PIP3), resulting in increased levels of IP3 in the cells [108,109]. The 
rise in IP3 were in accordance with a rise in calcium levels, eliciting a rapid response within 2–5 min 
[50]. Calcium is released from ER storage pools or through the transmembrane trafficking of calcium 
through the membrane calcium channels [110]. 

PKC activation is observed in chondrocytes by binding of 1α,25(OH)2D3 to 1,25-MARRS [111]. 
The receptor-ligand binding results in a rapid increase in the amount of PLA2 activity. PLA2 activates 
PKC with the help of several intermediate products, the key one being arachidonic acid. Arachidonic 
acid can directly activate PKC, while serving as a substrate for several other enzymes. 
Lysophospholipids are intermediates of arachidonic acid release. They are capable of activating 
phospholipase C, which hydrolyzes PI to DAG and IP3. IP3 binds to receptors that are located on the 
smooth endoplasmic reticulum, causing Ca2+ release, which acts as a co-factor for PKCα. DAG binds 
to PKCα, activating the enzyme and translocating it to the plasma membrane [112]. Richard et al. first 
demonstrated the involvement of 1,25-MARRS in anti-cancer activity in breast cancer cells [101]. 
1α,25(OH)2D3 is thought to inhibit the phosphorylation and expression of Akt, a kinase responsible 
for regulating cell survival and proliferation [113]. 1α,25(OH)2D3 promotes angiogenic factor 
interleukin-8 (IL-8) in squamous carcinoma cells, but calcitriol interrupts IL-8 signaling in prostate 
cancer cells and inhibits the migration and tube formation of endothelial cells [114,115]. Hilliard and 
coworkers in 1994 reported that treatment of COS-1 cells with 1α,25(OH)2D3 caused an increase in 
the phosphorylation of serine residue 208 (S208) located in the VDR, thus recruiting the coactivator 
to form the nVDR-RXR heterodimer [116]. On the other hand, antagonistic functions of genomic and 
rapid response pathways have been observed in breast cancer cells [117]. 

Cross-talk exists between the genetic and rapid signaling pathways. This is brought about by 
phosphorylation of the chief proteins in the VDR-transcriptional complex and is often observed in 
cell-cycle regulation. The different modes of signaling actions and cross-talk operated by 
1α,25(OH)2D3-1,25-MARRS association lead to transcriptional modulation of several genes, 
depending on the cell- or tissue-type considered. Barletta and coworkers (2002) reported that 
1α,25(OH)2D3-1,25-MARRS mediated rapid activation of cytosolic kinases and may be responsible in 
phosphorylating key coactivators involved in diverse pathobiological and physiological processes 
[118]. The diverse biological effects result from genomic or non-genomic cross-talk to some extent as 
well as through context-specific functions of the target genes. Certain second messengers may engage 
in cross-talk with the nucleus to regulate gene expression, particularly the Rapidly Accelerated 
Fibrosarcoma / Mitogen-Activated Protein Kinase (RAF/MAPK) pathway [119]. Deeb et al. (2007) 
reported the activation of MAPK–ERK (extracellular signal-regulated kinase) 1 and 2 cascades 
through the phosphorylation and activation of RAF by PKC, partly induced by the changes in 
intracellular Ca2+ concentration [120]. 

5. Regulation of Calcium and Phosphate Homeostasis by 1α,25(OH)2D3 and PTH 

An essential function of 1α,25(OH)2D3 is the maintenance of serum calcium and phosphate 
levels. Normal serum Ca2+ and PO4 levels serve as the cornerstones for several biological processes. 
1α,25(OH)2D3 helps in effective utilization of calcium by enhancing intestinal Ca2+ absorption or Ca2+ 
mobilization from bones in the absence of calcium in the diet. It acts together with the parathyroid 
hormone (PTH) to help maintain mineral homeostasis between the blood and bones, the 
neuromuscular and immune function, and cardiovascular health, and is essential in the suppression 
of malignant changes [121]. 

Plasma Ca2+ and PO4 concentrations are maintained at constant levels of 2.2–2.6 mMol/L and 0.8–
1.45 mMol/L, respectively [121]. A drop in serum Ca2+ levels stirs a series of quick reactions in the 
biological system, illustrated in Figure 6. 
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Figure 6. The regulation of mineral homeostasis by parathyroid hormone (PTH) and 1α,25(OH)2D3. 
The physiological functions of PTH and 1α,25(OH)2D3 are activated when serum calcium levels drop. 
The hormones act in conjunction with each other and exert coordinated effects on the kidneys, bones, 
and intestine to increase Ca2+ levels to normal. There is bone resorption, increased calcitriol formation 
by the kidneys and decreased calcium excretion from urine, and increased Ca2+ absorption by the 
intestine. Upon achievement of homeostasis, the process is shut down by a negative feedback loop, 
which is initiated by calcitonin secreted by the thyroid gland. Thus, the combined effect of PTH and 
1α,25(OH)2D3 is necessary to maintain mineral homeostasis. 

The parathyroid glands possess transmembrane calcium-sensing proteins that are coupled to a 
G protein system and detect the levels of Ca2+ in the plasma [122]. This stimulates the secretion of 
PTH [123]. PTH advances to the osteoblasts in bones and the proximal convoluted tubule cells in the 
kidney within seconds. PTH stimulates the mobilization of Ca2+ from the bones and reduces its 
excretion by the kidney. These brisk effects increase the concentration of Ca2+ in the blood. In 
conjunction with these changes, PTH promotes the activity of the CYP27B1 gene in the proximal 
convoluted tubule cells of the kidney [124]. Therefore, the proximal convoluted tubule cells of the 
kidney act as the endocrine gland of the vitamin D hormone [125]. 1α,25(OH)2D3 has a quintessential 
role in Ca2+ level homeostasis. 1α,25(OH)2D3 signals the intestine to augment Ca2+ absorption and in 
association with PTH, promotes mobilization of bone Ca2+ and PO4 and renal reabsorption of 
minerals. Consequently, this leads to the deposition of more Ca2+ and PO4 in the system, which boosts 
both mineral levels in the serum [122]. When the levels of serum Ca2+ exceed the set point of the 
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calcium-sensing system, the parathyroid gland-induced cascade of events is shut down. The C-cells 
present in the thyroid gland secrete calcitonin in response to the high serum Ca2+ levels. Calcitonin is 
a 32-amino acid peptide that blocks Ca2+ mobilization from the bone [126]. Calcitonin also stimulates 
the renal CYP27B1 to provide 1α,25(OH)2D3 for non-calcemic needs under normal Ca2+ conditions 
[127]. 

When the Ca2+ levels return to normal, the 24-hydroxylase enzyme in the kidney is stimulated, 
which breaks down the active 1α,25(OH)2D3 to its inactive form. The enzyme also breaks down 
25(OH)D3, which is the form of vitamin D that is stored in the body. 

The increase in the synthesis of 1α,25(OH)2D3 in response to hypocalcemia (via the secretion of 
parathyroid hormone) occurs within a few hours, whereas the parathyroid glands respond to 
hypocalcemia within a few minutes. Under hypercalcemic conditions, the secretion of PTH is 
suppressed, and the synthesis of 1α,25(OH)2D3 is significantly reduced, whereas the synthesis of 
another inactive metabolite, 24R, 25-dihydroxyvitamin D3 (24(R),25-(OH)2D3), destined for excretion 
is increased [128]. 

6. Vitamin D and the Gastric Tissue 

Notably, in the last four decades, non-calcemic effects of 1α,25(OH)2D3 have been explored and 
investigated. Studies have revealed that 1α,25(OH)2D3 as well as its metabolites play a key role in 
controlling and regulating genes responsible for preserving the integrity of the epithelial barrier 
including the GI tract, in addition to immunoregulatory and inflammatory responses [18]. One of the 
best studied non-traditional functions of 1α,25(OH)2D3 is the cellular mechanisms involved in tumor 
control and repression of proliferating epithelial cells of the skin [129], breast [130,131], colon [132], 
and prostate [133]. Therefore, the majority of the studies have focused on tumor cells and their 
progenitors along with the tumor microenvironment (TME) [134]. 

There is a need for further research to study the roles of 1α,25(OH)2D3 and its metabolites in 
maintaining the equilibrium and stability of normal tissue. Despite the increase in the number of 
studies, publications, and summits centering on the various utilities of 1α,25(OH)2D3, there is little 
awareness regarding the metabolites and precise functions of vitamin D in the gastric environment 
[135]. Scientists, clinicians, and dieticians have started to explore the therapeutic advantages of this 
steroid hormone in gastric cancer (GC) coupled with its role in the TME. 

This review is an attempt to assemble a few of the important articles that presents information 
regarding the regular expression and function of vitamin D and the VDR in the gastric tissues. 

Furthermore, the authors were interested in studying the role of vitamin D and the VDR in the 
normal proliferation and differentiation of the gastric cells as well as in maintaining the cellular and 
physiological homeostasis of the gastric tissues. A systematic literature review was conducted using 
the electronic search engines and online databases like Cochrane Library, Google Scholar, PubMed 
Central, Semantic Scholar, Scopus, ScienceDirect, SciFinder, and RefSeek. The databases were 
explored for articles published in the English language between the years 1927 and 2019, using the 
keywords, vitamin D, calcitriol, stomach and gastric environment and gastric tissue. However, the 
articles focusing solely on the role of vitamin D and its analogues in gastric progenitor cell 
proliferation and the differentiation and formation of gastric epithelium were challenging to acquire. 
Nevertheless, a few articles that are related to this area to some extent are included in the study. This 
endeavor warrants the scrutinization of the central role of the VDR in 1α,25(OH)2D3 action and the 
therapeutic roles of 1α,25(OH)2D3 and its analogs in maintaining gastric tissue homeostasis and 
controlling tumor proliferation, and thereby in the betterment of human health. Table 3a,b indicate 
the major available studies that emphasize critical findings in the human and animal stomachs. Table 
3a,b indicate the major available studies that emphasize key findings in the human and animal 
stomachs. 

Table 3. A list of publications in humans and animals between the years, 1927 and 2019. (a) Major 
findings from animal studies; (b) Major findings from human studies. 
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(a) 

No. References 
Organism 
Studied 

Form of vitamin  
D Used in the 
Study 

Key Findings Ref. No.  

1 
Sato K. 
(1993) 

Rats  1α,25(OH)2D3 

Elevated levels of 1α,25(OH)2D3 
when administered to hypercalcemic 
patient with PTHrP-producing gastric 
carcinoma, aggravated the severity of 
malignancy-associated hypercalcemia 
(MAH).  

[110] 

2 
Leigh-Clare 
J. (1927) 

Australasian 
Petrel 

Vitamin D 

One of the first articles to describe the 
presence of Vitamin D in stomach oil. 
The study was an attempt to elucidate 
the source of vitamin D in the oil. 

[136] 

3 
Selye H. and 
Bois (1957) 

Sprague-
Dawley rats 

Ergocalciferol 
VDT lead to calcium deposition in the 
muscularis of rat stomachs 

[137] 

4 
Stumpf W. 
(1979) 

Rats  
1α,25(OH)2D3 
and its 
metabolites 

Vitamin D receptors for 
1α,25(OH)2D3 or its metabolites 
target tissues of the GIT including the 
nuclei of some of the cells of the 
stomach 

[138] 

5 
Kirui N. 
(1981) 

Rats  1α,25(OH)2D3 

1α,25(OH)2D3 has a direct role on 
hypercalcemia and STM with lesions 
forming in most of the soft tissues, 
including the gastric glandular 
mucosa and muscularis  

[139] 

6 
Selking O. 
(1982) 

Rats  Ergocalciferol 

Vitamin D induced hypercalcemia in 
parathyroidectomized rats is 
associated with a thickened gastric 
mucosa, but the serum gastrin, 
number of gastrin (G) cells or antral 
gastrin remained unchanged 

[140] 

7 
Kurose, T. 
(1988) 

Rats  1α,25(OH)2D3 

Calcium and 1α,25(OH)2D3 
deficiency impair gastrin and 
somatostain secretion in the perfused 
rat stomach 

[141] 

8 
Axelson J. 
(1991) 

Rats 1α,25(OH)2D3 

Gastrectomy may lead to an increase 
in the levels of serum 1α,25(OH)2D3, 
resulting in enhanced absorption of 
calcium by the small intestine. This 
may be the cause for diseases like 
osteomalacia in the gastrectomized 
patients. 

[142] 

9 
Holick M. 
(1995) 

Rats, mice, 
humans 

1α,25(OH)2D3 

Non-calcemic tissues including the 
gonads, pituitary gland, thymus, 
pancreas, stomach, breast, and skin 
possess the nuclear receptors for 
1α,25(OH)2D3, targeting these 
receptors with analogs of 
1α,25(OH)2D3 provides treatment 
against different diseases.  

[143] 

10 
Stumpf W. 
(1995) 

Two- month 
old mice 

1α,25(OH)2D3 
and its analogue 
22-Oxacalcitriol 
(OCT) 

Autoradiographic studies showed 
nuclear concentration and retention 
of 1α,25(OH)2D3 and its analogue 22-
Oxacalcitriol (OCT) in neck mucus 
cells of gastric and pyloric glands and 

[144] 
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in dispersed endocrine cells in the 
antrum  

11 
Ikezaki S. 
(1996) 

Male Wistar 
rats  

24R,25(OH)2D3  

The development of atypical 
hyperplasias and adenocarcinomas in 
the glandular stomachs was 
decreased by exposure to 
24R,25(OH)2D3, which shows that 
24R,25(OH)2D3 has chemopreventive 
effects. 

[145] 

12 
Gagnemo- 
Persson R. 
(1999) 

Male 
Sprague-
Dawley rats  

Ergocalciferol / 
Vitamin D2 

Gastrin–ECL-cell axis can be 
suppressed by vitamin D or by 
vitamin D-dependent mechanisms. 
Also, vitamin D receptor gene 
expression was seen in the rat oxyntic 
mucosa.  

[146] 

13 
Stumpf W. 
(2008) 

Rats, mice, 
hamsters and 
zebra finch  

1α,25(OH)2D3 

Autoradiography studies confirmed 
the binding of 1α,25(OH)2D3 and its 
oxygen analog OCT in numerous 
regions of the digestive tract 

[147] 

14 

Häkkinen I. 
and 
Lindgren I. 
(2009) 

Albino rats 1α,25(OH)2D3 
Excess of 1α,25(OH)2D3 leads to 
calcification of gastric tissues 

[148] 

15 
Sahin H. 
(2018) 

Rats  1α,25(OH)2D3 

1α,25(OH)2D3 protects the gastric 
mucosa via attenuation of 
inflammatory reaction, oxidative 
stress and apoptosis.  

[149] 

(b) 

No.  
First Author, 
Year  

Form of Vitamin 
D Used in the 
Study 

Key Findings 
Ref. 
No.  

1 
Paterson C. 
(1965) 

1α,25(OH)2D3 

Gastrectomy and other surgeries of the stomach can 
trigger osteomalacia due to the increased levels of 
serum vitamin D which results in increased absorption 
of calcium by the small intestine. 

[150] 

2 
Kimura K. 
(1967) 

1α,25(OH)2D3 
Calcium deposits were found in the soft tissues of a 
patient who died of uremia after administration of toxic 
levels of Vitamin D for 6 months  

[151] 

3 
Lawrence, W. 
(1977) 

1α,25(OH)2D3 
Inadequate absorption of Vitamin D in patients who 
underwent gastrectomy is due to steatorrhea which 
may contribute to osteomalacia later on. 

[152] 

4 
Giovannucci 
E. (2006) 

1α,25(OH)2D3 
Black men with poor vitamin D status are highly 
susceptible for digestive system cancer and have a 
higher mortality rate. 

[153] 

5 
Chen W. 
(2007) 

25(OH)D 

A direct association between higher serum 25(OH)D 
concentration and increased risk of oesophageal 
squamous cell carcinomas (ESCC) in men but not 
women but no association with risk of gastric cardia or 
noncardia adenocarcinoma in either sex.  

[154] 

6 Pan L. (2010) 1α,25(OH)2D3 

Studies in HGC-27 adenocarcinoma cells showed that 
Vitamin D can be used in gastric cancer therapies in 
association with trichostatin A ⁄ sodium butyrate and 5-
aza-2-deoxycytidine  

[155] 

7 
Antico A. 
(2012) 

1,25(OH)2D 
Low vitamin D concentration in H. pylori gastritis 
patients might lead to a more severe Th1-type 
aggression to the stomach epithelium  

[156] 
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8 
Park M.R. 
(2012) 

Paricalcitol (19-
nor-1,25-
(OH)2D2) 

Paricalcitol, has anticancer activity on GC cells by 
regulating cell cycle, apoptosis and inflammation 

[157] 

9 
Kopic S. 
(2013) 

1α,25(OH)2D3 
Gastric acid, gastrin secretion is increased in humans 
under conditions of hyperparathyroidism with the 
combined actions of both PTH and vitamin D 

[158] 

10 Guo L. (2014) 1α,25(OH)2D3 

VDR and CAMP expression is up-regulated in the 
gastric epithelium during H. pylori infection; thus, VDR 
is important in maintaining the homeostasis of gastric 
mucosa and protection from H. pylori infection. 

[159] 

11 Wen Y (2015) 1,25(OH)2D3 

VDR expression was seen to decline from the 
premalignant stage, to low expression in gastric cancer 
tissues. VDR could be a potential prognostic factor for 
patients with gastric cancer. 

[160] 

12 
Bashir M. 
(2016) 

1α,25(OH)2D3 
Vitamin D influences the composition of gut 
microbiome. 

[161] 

13 
Vyas N. 
(2016) 

25(OH)D 
There is a positive relationship between VDD and 
gastric adenocarcinoma 

[162] 

14 Du C. (2017) 1α,25(OH)2D3 
Vitamin D supplement might be a safe and economical 
way to prevent or treat gastric cancer 

[163] 

15 
Yildirim O. 
(2017) 

25(OH)D 

Deficiency of 25(OH)D may be a risk factor related to 
eradication failure of H. pylori, and supplementation of 
25(OH)D before eradication of H. pylori may provide 
better results. 

[164] 

16 
El Shahawy 
M.S. (2018) 

25(OH)D3 
25(OH)D deficiency can be a risk factor in eradication 
failure of H. pylori infection. 

[165] 

17 
Fletcher J. 
(2019) 

1α,25(OH)2D 
1α,25(OH)2D protects the gastrointestinal barrier and 
evokes immune responses 

[166] 

One of the first studies regarding 1α,25(OH)2D in the stomach was conducted by Leigh Claire in 
1927. The study attempted to explicate the source of 1α,25(OH)2D in the oil present in the stomach of 
fulmar petrel (Aestralata lessoni), also known as muttonbird. The main diet of fulmar petrel and 
Australasian cod includes whale feed which consists principally of a bright red crustacean. It was 
earlier thought that the stomach oil was a residue from the digestion of whale feed, but an analysis 
of the stomach oil showed an abundance in cetyl esters, which are relatively absent in whale feed. 
The study showed that rats fed with muttonbird stomach oil were cured of rickets. This confirmed 
the presence of 1α,25(OH)2D in the oil. However, the source of 1α,25(OH)2D in the stomach oil 
remained unknown, even though it was suggested that whale feed is the common source of 
1α,25(OH)2D in stomach oil and cod-liver oil [136]. 

The field received a spur when the toxic effects of 1α,25(OH)2D3 were described in various 
publications as early as 1928 [138]. Hypervitaminosis of 1α,25(OH)2D3 causes pathological 
modifications such as calcification in the skeletal and soft tissues like the stomach and kidneys [167]. 
One such study published by Dewind in 1961 stated that excessive ingestion of 1α,25(OH)2D3 might 
contribute to osteosclerosis [168]. The pathological effects of ergocalciferol on gastric tissues were 
reported by Selye and Bois (1957). They demonstrated that a subcutaneous injection of ergocalciferol 
simultaneously with cortisol acetate in female Sprague-Dawley rats caused calcification of the tissues 
of the gastric mucosa, but steroids like deoxycorticosterone acetate inhibited this effect [137]. Another 
study in albino rats treated with 1α,25(OH)2D3, dihydrotachysterol (ATl0) and parathyroid extract 
showed that overdosage of these substances could lead to metastatic calcification of the stomach 
tissues as well as the gastric mucosa [148]. 

Kimura et al. (1967) reported an autopsy case of hypervitaminosis D where the patient died due 
to calcium deposition in bones and soft tissues including the stomach and esophagus, subsequently 
leading to uremia [151]. Subsequently, several researchers have studied the toxic effects of 
hypervitaminosis D and hypercalcemia in soft-tissue mineralization (STM), which induces lesions in 
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the proximal and cortico-medullary regions of the renal tubules, aortic media and intima, myocardial 
arterioles and myofibers, and gastric glandular mucosa and muscularis [139]. The 1960s witnessed 
fundamental research on the synthesis, metabolism, and clinical relevance of 1α,25(OH)2D3. It was 
found that a deficiency of 1α,25(OH)2D3 can lead to hepatic and gastrointestinal diseases that 
ultimately affect the bone [84]. 

The VDR was discovered in 1969, and it was established that the VDR was a cell nucleus-
localized receptor [169]. It was found that the VDR is present in over 30 target tissues in humans 
comprising the bone, cartilage, intestine and kidney, as well as in pancreatic β-cells [170], hair follicles 
[43], various cancer cells [119], and B and T lymphocytes [171]. With the advent of new techniques, 
Stumpf and coworkers (1979 and 2008) and Holick (1995) established that rat duodenum, jejunum, 
ileum, colon, stomach [143], pituitary, parathyroid, kidney [172], and skin are target tissues of 
1,25(OH)2D3 [147]. Autoradiographic studies by Stumpf et al. (1995) indicated the nuclear binding of 
radioactively labeled 1,25(OH)2D3, and its analog, 22-Oxacalcitriol, in neck mucus cells of gastric and 
pyloric glands and dispersed endocrine cells in the antrum [144]. Moreover, the Vdr gene expression 
was found in the oxyntic mucosa of rats [146]. These discoveries assisted in correlating a 
1α,25(OH)2D3 deficiency and fat malabsorption to partial gastrectomy [82,173,174]. Gastric bypass 
surgery (GBP) or sleeve gastrectomy is a common and widely advised medical treatment (surgery) 
to overcome morbid obesity by achieving significant weight loss and improving associated medical 
conditions [175]. Despite the beneficial effects of GBP, the complications such as nutritional 
deficiencies, metabolic bone disease (MBD), and osteoporosis have been reported. Post-gastrectomy 
MBD is a distinct condition associated with gastrectomy, due to calcium and 1α,25(OH)2D3 
malabsorption, and includes subclinical osteomalacia symptoms [176,177]. A possible explanation 
provided by Axelson for this trend is that an escalation of serum 1α,25(OH)2D levels in such patients 
may enhance the ability of the small intestine to absorb calcium [142]. Rino et al. points to less food 
intake and fat malabsorption to be potential causes of the deficiency of fat-soluble vitamins in general 
post-gastrectomy, but no significant reduction in serum vitamin D levels was seen [178]. Several case 
studies have reported attempts to examine and investigate the pathophysiology of osteomalacia and 
osteoporosis following gastrectomy [150,152]. 

The scientific world witnessed novel endeavors to uncover the numerous mechanisms of 
1α,25(OH)2D3 responsible for maintaining gastric homeostasis. A major objective is to unearth a 
relationship between calcium or phosphate homeostasis and gastric secretions, like gastric acid and 
gastrin hormone. Gastric secretions and homeostasis are maintained by highly meticulous and 
precise mechanisms [179]. Acid-secretion in the stomach is guarded by a well-schemed machinery 
comprising hormonal, neuronal, and paracrine modules. A remarkable study in this subject was 
conducted by Selking O. et al. (1982), which indicates that hypercalcemia does not cause an increase 
in gastrin secretion in rats, and further reinforces previous findings [140,150,152,179]. However, 
follow-up investigations revealed more than a few unpredictable findings. Kurose, T. et al. (1988) and 
Gagnemo-Persson (1999) demonstrated that calcium and 1α,25(OH)2D3-deficiency impairs gastrin 
and somatostatin secretion in the perfused rat stomach [141,146,180]. 

Enterochromaffin-like (ECL) cells constitute one of the largest endocrine cell populations in the 
mammalian system. They are controlled by the gastrin hormone and are rich in histamine, calcium-
binding protein calbindin, and chromogranin A. Gastrin and the ECL cells form a functional unit, 
known as the gastrin–ECL-cell axis [181]. Gagnemo-Persson (1999) reported that 1α,25(OH)2D3 or 
1α,25(OH)2D3-dependent mechanisms play a direct role in suppressing the gastrin–ECL-cell axis 
[146]. Kopic and Geibel (2013) investigated the effect of calcium on gastric physiology. Serum calcium 
levels are controlled by the combined actions of PTH and 1α,25(OH)2D3 [158]. The minute variations 
in calcium homeostasis can have adverse effects. The homeostasis is maintained by a highly sensitive 
calcium-sensing receptor (CaSR) present on the parathyroid gland in addition to tissues, like the 
kidney and gastrointestinal tract (GIT) along with a negative feedback loop by 1,25(OH)2D3 [158]. In 
humans, calcium stimulates gastric acid secretion. In diseased states like hyperparathyroidism, PTH 
influences gastric cells and gastrin release with the aid of calcium [158,182]. The studies revealed 
controversial results regarding the roles of 1,25(OH)2D3 and its impact on gastric physiology. 
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Studies have demonstrated an association between low levels of 1α,25(OH)2D and related 
complications in people with highly melanized skin. Harris in 2006 reported that a high percentage 
of American black people have lower serum 25(OH)D3 than their white counterparts [183]. 
Giovannucci et al. (2006) conducted a study in a cohort of black and white male health professionals 
that were relatively homogenous in education and living standards [153]. The results indicated that 
black people are at a higher risk of digestive system cancers associated with hypovitaminosis D, and 
thus a higher mortality rate [153]. Several studies have hypothesized that the nutritional status and 
serum levels of 1α,25(OH)2D3 might influence the chances of GC. Chen et al., (2007) observed that 
higher concentrations of serum 25(OH)D3 intensifies the hazard of esophageal squamous cell 
carcinomas in males but not in females, but no association was found in the case of the gastric cardia 
or non-cardia adenocarcinoma in either sex [154]. 

Gastric ulcers are caused by a disruption in the homeostasis between the acidic and protective 
environment of the gastric mucosa [161,184]. The ulceroprotective and antioxidant effects of 
1α,25(OH)2D3 were reported in rats [149]. H. pylori gastritis infection, which is the Th1 type, causes 
autoimmune gastritis (AIG), and is classified as an autoimmune disease. The low serum 
1α,25(OH)2D3 status in H. pylori gastritis patients could possibly act as a predisposing factor for the 
severe Th1-type AIG, which causes intense damage to the stomach epithelium [156]. The gut 
microbiome is reactive to 1α,25(OH)2D3 supplementation and deficiency despite considerable 
heterogeneity [164,165]. For example, 1α,25(OH)2D3 could boost the intracellular killing of the 
replicating H. pylori bacteria [159,185]. Fletcher et al., (2019) reported the importance of 1α,25(OH)2D3 
in maintaining the gastrointestinal barrier integrity, surveillance of the gut microbiota, and 
inflammatory immune responses [166]. 

Du et al. reported that 1α,25(OH)2D3 and the VDR interaction can induce a cascade of gene 
regulation and cell signaling reactions to promote anti-tumor mechanisms [163]. Vitamin D and its 
analogues play an important role in reducing the risk of gastric adenocarcinomas. Expanding 
evidences have indicated that prevention of vitamin D deficiency is an economic and promising way 
to reduce risk of GC [157,162]. In 2015, Wen et al., studied the expression of local VDR in normal, 
premalignant, and malignant gastric tissues by immunohistochemical techniques [160]. The 
relationship between the VDR and clinicopathological factors of GC patients was also analyzed. They 
reported that the VDR was dynamically expressed in various types of gastric tissues. On treatment 
with 1α,25(OH)2D3, a decline in the VDR expression was observed from pre-malignant to gastric 
cancer tissues, and the VDR expression was the least in poorly differentiated tissues [160]. This shows 
that the VDR can be a prospective prognostic factor for GC. Ikezaki (1996) reported that the 
development of atypical hyperplasias and adenocarcinomas was significantly diminished in the 
glandular stomachs of rats by exposure to 24R,25(OH)2D3, which shows that 24R,25(OH)2D3 has 
chemopreventive effects [145]. 

Epigenetic mechanisms like chromatin remodeling complexes, DNA methylation, miRNA, and 
histone modifications are associated with GC [186]. Chromatin remodeling is capable of altering the 
chromatin structure, which disrupts the competence of regulatory proteins from gaining access to the 
target sites. Histone modifications, like acetylation, are vital in transcription and are synchronized by 
a balance between the different activities of histone acetyltransferases and histone deacetylases 
(HDACs) [187]. This process thereby amends the interaction of regulatory proteins with their targets 
and correlates with the transcriptional status of the genes [188]. Trichostatin A (TSA) is a known 
potent inhibitor of HDACs. TSA reportedly has therapeutic effects as it inhibits HDACs with zinc-
containing catalytic sites, leading to the accumulation of acetylated histones in the nucleus and 
subsequent activation of target genes [189]. DNA methylation involves the addition of a methyl 
group to cytosine residues by enzymes called DNA methyltransferases (DNMTs). It is associated 
with transcriptional silencing. The presence of 5-Aza-2′-deoxycytidine (5azadC), a cytidine analog in 
DNA, prevents DNA methylation [155,190,191]. In association with TSA/sodium butyrate (TSA/ 
NaBu) and 5-aza-2-deoxycytidine (5-Aza), 1α,25(OH)2D3 can induce apoptosis in GC cells through 
the expression of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), which is an 
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important tumor suppressor gene. This can lead to the potential application of 1α,25(OH)2D3 as a 
novel molecular target in GC therapies in association with the usage of TSA ⁄ NaBu and 5-Aza [155]. 

7. Conclusions 

Unfortunately, for the gastroenterologist, there are limited data available on the impacts of VDD 
associated with gastric disorders. Considering the main roles of 1α,25(OH)2D3 in the 
immunoregulatory and preservation of the morphology and physiology of tissues, it is worth 
investigating the importance of 1α,25(OH)2D3 and its metabolites in maintaining stomach 
homeostasis. The information from research can be used for public awareness, recommending it as a 
necessary dietary supplement in daily lives thereby, improving human health. In the past 30–40 
years, researchers have revealed an in-depth and detailed mechanism of how this miracle hormone 
facilitates various physiological processes in many biological systems. However, extensive research, 
both basic and applied, is required to explain the role of 1α,25(OH)2D3 and its metabolites in the 
gastric environment. If scientists, and the agencies that fund them, direct their efforts and expertise 
to focus on the role of this vitamin, better ways to treat abnormalities arising in the gastric tissues can 
be anticipated. These attempts can make more efficacious and serious use of 1α,25(OH)2D3, its 
metabolites, and synthetic analogs, which can cause a significant paradigm shift in the progress of 
medical science and the welfare of human and animal populations. 
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Abbreviations 

1α,25(OH)2D2 1α,25-dihydroxyvitamin D2 

1α,25(OH)2D3 1α,25-dihydroxyvitamin D3 

1,25-MARRS 1,25 membrane-associated rapid response steroid-binding proteins 

24(R),25-(OH)2D 24R, 25-dihydroxyvitamin D 

25(OH)D 25-hydroxyvitamin D 

25(OH)D3 25-hydroxyvitamin-D3 

5azadC 5-Aza-2′-deoxycytidine  

ASAP2 ArfGAP with SH3 domain, ankyrin repeat and PH domain 2 

cAMP Cyclic AMP  

CaSR Calcium-sensing receptor 

CAMP Cathelicidin antimicrobial protein 

CLIA Chemiluminescent immunoassay  

CYP Cytochrome P450  

DAG Diacylglycerol  

DBP Vitamin D binding protein  

DNMT DNA methyltransferase 

ECL Enterochromaffin-like cells 

ELISA Enzyme-linked immunoassay  
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ER Endoplasmic recticulum 

ERp57 Endoplasmic reticulum proteins 57 

ERp60 Endoplasmic reticulum proteins 60 

FGF23 Fibroblast growth factor-23 

FOXP3 Fork head box P3 

GBP Gastric bypass surgery  

GC Gastric cancer 

GIT Gastrointestinal tract 

GRP58 Glucose-regulated protein 58 

HDAC Histone deacetylases 

HPLC High-performance liquid chromatography 

IL-8 Interleukin-8 

IP3 Inositol triphosphate 

LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry 

LBD Ligand binding domains 

mVDR Membrane VDR 

MAH Malignancy-associated hypercalcemia 

MAPK Mitogen-Activated Protein Kinase 

MBD Metabolic bone disease 

NINJ1 Ninjurin 1 

nVDR Nuclear VDR 

Pdia3 Protein disulfide isomerase family A member 3 

PI Phosphatidyl inositol 

PIP3 Phosphatidylinositol triphosphate 

PIPP Polyisoprenyl phosphate 

PKA  Protein kinase A 

PKC Protein kinase C 

PLA2 Phospholipase A2 

PLAA  Phospholipase A2-activating protein 

PTEN  Phosphatase and tensin homolog deleted on chromosome 10 

PTH  Parathyroid hormone 

PTHLH Parathyroid hormone like hormone 

RAF/MAPK Rapidly Accelerated Fibrosarcoma / Mitogen-Activated Protein Kinase 

RIA Radioimmunoassay 

SRC 1-3 Steroid receptor coactivator family 1-3 

STM Soft-tissue mineralization 

TME Tumor microenvironment 

Trpv6 Transient Receptor Potential Vanilloid 6 

TSA Trichostatin A 

UVB Ultraviolet B 

VDD Vitamin D deficiency 

VDR Vitamin D receptor 

VDRE Vitamin D response element 
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VDT Vitamin D Toxicity 

References 

1. Sahota, O. Understanding vitamin D deficiency. Age Ageing 2014, 43, 589–591. 
2. McKenna, M.J.; Murray, B.F.; O’Keane, M.; Kilbane, M.T. Rising trend in vitamin D status from 1993 to 

2013: Dual concerns for the future. Endocr. Connect. 2015, 4, 163–171. 
3. Kuchuk, N.O.; Pluijm, S.M.F.; Van Schoor, N.M.; Looman, C.W.N.; Smit, J.H.; Lips, P. Relationships of 

Serum 25-Hydroxyvitamin D to Bone Mineral Density and Serum Parathyroid Hormone and Markers of 
Bone Turnover in Older Persons. J. Clin. Endocrinol. Metab. 2009, 94, 1244–1250. 

4. Holick, M.F. Vitamin D Deficiency. N. Engl. J. Med. 2007, 357, 266–281. 
5. Chan, J.; Jaceldo-Siegl, K.; Fraser, G.E. Serum 25-hydroxyvitamin D status of vegetarians, partial 

vegetarians, and nonvegetarians: The Adventist Health Study-21234. Am. J. Clin. Nutr. 2009, 89, 1686S–
1692S. 

6. Looker, A.C.; Bowman, B.A.; Hollis, B.W.; Gillespie, C.; Allen, C.; Doughertly, C.; Gunter, E.W.; Cogswell, 
M.E.; Nesby-O’Dell, S.; Scanlon, K.S. Hypovitaminosis D prevalence and determinants among African 
American and white women of reproductive age: Third National Health and Nutrition Examination 
Survey, 1988–1994. Am. J. Clin. Nutr. 2002, 76, 187–192. 

7. Vitamin D Deficiency: The Ultimate Guide. Available online: https://www.your.md/blog/vitamin-d-
deficiency/ (accessed on 21 March 2019). 

8. Van Schoor, N.; Lips, P. Global Overview of Vitamin D Status. Endocrinol. Metab. Clin. N. Am. 2017, 46, 845–
870. 

9. 90% of UAE Population Vitamin D Deficient, Says DHA Official. Available online: 
https://gulfnews.com/going-out/society/90-of-uae-population-vitamin-d-deficient-says-dha-official-
1.2113556 (accessed on 22 March 2019). 

10. Buyukuslu, N.; Esin, K.; Hizli, H.; Sunal, N.; Yiğit, P.; Garipağaoğlu, M. Clothing preference affects vitamin 
D status of young women. Nutr. Res. 2014, 34, 688–693. 

11. Vitamin D Deficiency Could Cause Deadly Diseases, Warn UAE Doctors—Khaleej Times. Available online: 
https://www.khaleejtimes.com/nation/abu-dhabi/vitamin-d-deficiency-could-cause-deadly-diseases-
warn-uae-doctors (accessed on 22 March 2019). 

12. Dunn, P.M. Francis Glisson (1597–1677) and the “Discovery” of Rickets. Arch. Dis. Child. Fetal Neonatal Ed. 
1998, 78, F154–F155. 

13. O’Riordan, J.L.H.; Bijvoet, O.L.M. Rickets before the discovery of vitamin D. BoneKEy Rep. 2014, 3, 3. 
14. The History of Vitamin D|Ddrops® Blog. Available online: http://blog.vitaminddrops.com/the-history-of-

vitamin-d/ (accessed on 22 March 2019). 
15. McCollum, E.V.; Simmonds, N.; Becker, J.E.; Shipley, P.G. Studies on experimental rickets. Nutr. Rev. 1975, 

33, 48–50. 
16. Cantorna, M.T.; Hayes, C.E.; DeLuca, H.F. 1,25-Dihydroxycholecalciferol Inhibits the Progression of 

Arthritis in Murine Models of Human Arthritis. J. Nutr. 1998, 128, 68–72. 
17. Chun, R.F.; Peercy, B.E.; Orwoll, E.S.; Nielson, C.M.; Adams, J.S.; Hewison, M. Vitamin D and DBP: The 

free hormone hypothesis revisited. J. Steroid Biochem. Mol. Biol. 2014, 144, 132–137. 
18. Christakos, S.; Hewison, M.; Gardner, D.G.; Wagner, C.L.; Sergeev, I.N.; Rutten, E.; Pittas, A.G.; Boland, R.; 

Ferrucci, L.; Bikle, D.D. Vitamin D: Beyond bone: Vitamin D: Beyond bone. Ann. N. Y. Acad. Sci. 2013, 1287, 
45–58. 

19. Hewison, M. Vitamin D and the immune system: New perspectives on an old theme. Endocrinol. Metab. 
Clin. N. Am. 2010, 39, 365–379. 

20. Welsh, J. Cellular and molecular effects of vitamin D on carcinogenesis. Arch. Biochem. Biophys. 2012, 523, 
107–114. 

21. Mondul, A.M.; Weinstein, S.J.; Layne, T.M.; Albanes, D. Vitamin D and Cancer Risk and Mortality: State of 
the Science, Gaps, and Challenges. Epidemiol. Rev. 2017, 39, 28–48. 

22. Guillot, X.; Semerano, L.; Saidenberg-Kermanac’h, N.; Falgarone, G.; Boissier, M.-C. Vitamin D and 
inflammation. Joint Bone Spine 2010, 77, 552–557. 



Int. J. Mol. Sci. 2019, 20, 3832 23 of 30 

 

23. Wolf, M.; Shah, A.; Gutierrez, O.; Ankers, E.; Monroy, M.; Tamez, H.; Steele, D.; Chang, Y.; Camargo, C.; 
Tonelli, M.; et al. Vitamin D levels and early mortality among incident hemodialysis patients. Kidney Int. 
2007, 72, 1004–1013. 

24. Vimaleswaran, K.S.; Cavadino, A.; Berry, D.J.; Jorde, R.; Dieffenbach, A.K.; Lu, C.; Alves, A.C.; Heerspink, 
H.J.L.; Tikkanen, E.; Eriksson, J.; et al. Association of vitamin D status with arterial blood pressure and 
hypertension risk: A mendelian randomisation study. Lancet Diabetes Endocrinol. 2014, 2, 719–729. 

25. Vanlint, S. Vitamin D and Obesity. Nutrients 2013, 5, 949–956. 
26. Pilz, S.; Grübler, M.; Gaksch, M.; Schwetz, V.; Trummer, C.; Hartaigh, B.Ó.; Verheyen, N.; Tomaschitz, A.; 

März, W. Vitamin D and Mortality. Anticancer Res. 2016, 36, 1379–1387. 
27. Penckofer, S.; Kouba, J.; Wallis, D.E.; Emanuele, M.A. Vitamin D and Diabetes Let the Sunshine in. Diabetes 

Educ. 2008, 34, 939–954. 
28. Jeong, H.Y.; Park, K.M.; Lee, M.J.; Yang, D.H.; Kim, S.H.; Lee, S.-Y. Vitamin D and Hypertension. Electrolyte 

Blood Press 2017, 15, 1–11. 
29. Low Vitamin D Levels in Adults|Empoweryourhealth.org. Available online: 

https://www.empoweryourhealth.org/issue-1/Low-Vitamin-D-LEVELS-IN-ADULTS (accessed on 31 
March 2019). 

30. Schmidt, J.A. Measurement of 25-Hydroxyvitamin D Revisited. Clin. Chem. 2006, 52, 2304–2305. 
31. Terry, A.H.; Sandrock, T.; Meikle, A.W. Measurement of 25-Hydroxyvitamin D by the Nichols 

ADVANTAGE, DiaSorin LIAISON, DiaSorin RIA, and Liquid Chromatography-Tandem Mass 
Spectrometry. Clin. Chem. 2005, 51, 1565–1566. 

32. Shah, I.; James, R.; Barker, J.; Petroczi, A.; Naughton, D.P. Misleading measures in Vitamin D analysis: A 
novel LC-MS/MS assay to account for epimers and isobars. Nutr. J. 2011, 10, 46. 

33. De Koning, L.; Al-Turkmani, M.R.; Berg, A.H.; Shkreta, A.; Law, T.; Kellogg, M.D. Variation in clinical 
vitamin D status by DiaSorin Liaison and LC-MS/MS in the presence of elevated 25-OH vitamin D2. Clin. 
Chim. Acta 2013, 415, 54–58. 

34. Vitamin D Deficiency: How Common Is It and What Can I Do about It?|Ddrops® Blog. Available online: 
http://blog.vitaminddrops.com/vitamin-d-deficiency-common-can/ (accessed on 22 March 2019). 

35. Nair, R.; Maseeh, A. Vitamin D: The “sunshine” vitamin. J. Pharmacol. Pharmacother. 2012, 3, 118. 
36. Institute of Medicine (US) Committee to Review Dietary Reference Intakes for Vitamin D and Calcium Dietary 

Reference Intakes for Calcium and Vitamin D; Ross, A.C., Taylor, C.L., Yaktine, A.L., Del Valle, H.B., Eds.; The 
National Academies Collection: Reports Funded by National Institutes of Health; National Academies 
Press (US): Washington, DC, USA, 2011. 

37. Jäpelt, R.B.; Jakobsen, J. Vitamin D in plants: A review of occurrence, analysis, and biosynthesis. Front. Plant 
Sci. 2013, 4, 136. 

38. Wierzbicka, J.; Piotrowska, A.; Żmijewski, M.A. The renaissance of vitamin D. Acta Biochim. Pol. 2014, 61, 
679–686. 

39. Prohormones—A Comprehensive Guide to Prohormones—Updated|Predator Nutrition. Available online: 
https://www.predatornutrition.com/articlesdetail?cid=prohormones-a-comprehensive-guide-to-
prohormones-updated (accessed on 26 March 2019). 

40. Vitamin D|Hormone Health Network. Available online: https://www.hormone.org/hormones-and-
health/hormones/vitamin-d (accessed on 26 March 2019). 

41. Maestro, M.A.; Molnár, F.; Mouriño, A.; Carlberg, C. Vitamin D receptor 2016: Novel ligands and structural 
insights. Expert Opin. Ther. Patents 2016, 26, 1291–1306. 

42. Seuter, S.; Ryynänen, J.; Carlberg, C. The ASAP2 gene is a primary target of 1,25-dihydroxyvitamin D3 in 
human monocytes and macrophages. J. Steroid Biochem. Mol. Boil. 2014, 144, 12–18. 

43. Norman, A.W.; Roth, J.; Orci, L. The Vitamin D Endocrine System: Steroid Metabolism, Hormone 
Receptors, and Biological Response (Calcium Binding Proteins). Endocr. Rev. 1982, 3, 331–366. 

44. Menegaz, D.; Mizwicki, M.T.; Barrientos-Duran, A.; Chen, N.; Henry, H.L.; Norman, A.W. Vitamin D 
Receptor (VDR) Regulation of Voltage-Gated Chloride Channels by Ligands Preferring a VDR-Alternative 
Pocket (VDR-AP). Mol. Endocrinol. 2011, 25, 1289–1300. 

45. Jovičić, S.; Ignjatovic, S.; Majkić-Singh, N. Biochemistry and metabolism of vitamin D/Biohemija i 
metabolizam vitamina D. J. Med. Biochem. 2012, 31, 309–315. 

46. Wikvall, K. Cytochrome P450 enzymes in the bioactivation of vitamin D to its hormonal form (Review). 
Int. J. Mol. Med. 2001, 7, 201–209. 



Int. J. Mol. Sci. 2019, 20, 3832 24 of 30 

 

47. Jones, G.; Prosser, D.E.; Kaufmann, M. Cytochrome P450-mediated metabolism of vitamin D. J. Lipid Res. 
2014, 55, 13–31. 

48. Hollis, B.W. Comparison of equilibrium and disequilibrium assay conditions for ergocalciferol, 
cholecalciferol and their major metabolites. J. Steroid Biochem. 1984, 21, 81–86. 

49. Hewison, M. Antibacterial effects of vitamin D. Nat. Rev. Endocrinol. 2011, 7, 337–345. 
50. Bikle, D. Vitamin D: Production, Metabolism, and Mechanisms of Action. In Endotext; Feingold, K.R., 

Anawalt, B., Boyce, A., Chrousos, G., Dungan, K., Grossman, A., Hershman, J.M., Kaltsas, G., Koch, C., 
Kopp, P., et al., Eds.; MDText.com, Inc.: South Dartmouth, MA, USA, 2000. 

51. Kamao, M.; Tatematsu, S.; Hatakeyama, S.; Sakaki, T.; Sawada, N.; Inouye, K.; Ozono, K.; Kubodera, N.; 
Reddy, G.S.; Okano, T. C-3 Epimerization of Vitamin D3 Metabolites and Further Metabolism of C-3 
Epimers 25-hydroxyvitamin D3 is metabolized to 3-epi-25-hydroxyvitamin D3 and subsequently 
metabolized through C-1α or C-24 hydroxylation. J. Biol. Chem. 2004, 279, 15897–15907. 

52. Bailey, D.; Veljkovic, K.; Yazdanpanah, M.; Adeli, K. Analytical measurement and clinical relevance of 
vitamin D3 C3-epimer. Clin. Biochem. 2013, 46, 190–196. 

53. Cashman, K.D.; Hayes, A.; Galvin, K.; Merkel, J.; Jones, G.; Kaufmann, M.; Hoofnagle, A.N.; Carter, G.D.; 
Durazo-Arvizu, R.A.; Sempos, C.T. Significance of Serum 24,25-Dihydroxyvitamin D in the Assessment of 
Vitamin D Status: A Double-edged Sword? Clin. Chem. 2015, 61, 636–645. 

54. Michio, I.; Kunihisa, K.; Toru, Y.; Toshiaki, O. A simple and sensitive assay for 25-hydroxyvitamin D, 24,25-
dihydroxyvitamin D and 1,25-dihydroxyvitamin D in human serum. Clin. Chim. Acta 1982, 124, 63–73. 

55. Somjen, D.; Somjen, G.J.; Weisman, Y.; Binderman, I.; Dokoh, S.; Haussler, M.R.; Pike, J.W.; Danan, J.L.; 
Mathieu, H.; Lawson, D.E.M.; et al. Evidence for 24,25-dihydroxycholecalciferol receptors in long bones of 
newborn rats. Biochem. J. 1982, 204, 31–36. 

56. Knutson, J.C.; Hollis, B.W.; LeVan, L.W.; Valliere, C.; Gould, K.G.; Bishop, C.W. Metabolism of 1 alpha-
hydroxyvitamin D2 to activated dihydroxyvitamin D 2 metabolites decreases endogenous 1 alpha, 25-
dihydroxyvitamin D 3 in rats and monkeys. Endocrinology 1995, 136, 4749–4753. 

57. Reddy, G.S.; Muralidharan, K.R.; Okamura, W.H.; Tserng, K.Y.; McLane, J.A. Metabolism of 1alpha,25-
dihydroxyvitamin D(3) and its C-3 epimer 1alpha,25-dihydroxy-3-epi-vitamin D(3) in neonatal human 
keratinocytes. Steroids 2001, 66, 441–450. 

58. Brown, A.J.; Ritter, C.; Slatopolsky, E.; Muralidharan, K.R.; Okamura, W.H.; Reddy, G.S. 1Alpha,25-
dihydroxy-3-epi-vitamin D3, a natural metabolite of 1alpha,25-dihydroxyvitamin D3, is a potent 
suppressor of parathyroid hormone secretion. J. Cell. Biochem. 1999, 73, 106–113. 

59. Kaseda, R.; Hosojima, M.; Sato, H.; Saito, A. Role of Megalin and Cubilin in the Metabolism of Vitamin D3. 
Ther. Apher. Dial. 2011, 15, 14–17. 

60. Romagnoli, E.; Pepe, J.; Piemonte, S.; Cipriani, C.; Minisola, S. Value and limitations of assessing vitamin 
D nutritional status and advised levels of vitamin D supplementation. Eur. J. Endocrinol. 2013, 169, R59–
R69. 

61. Chun, R.F; Peercy. B.E.; Adams, J.S.; Hewison, M. Vitamin D Binding Protein and Monocyte Response to 
25-Hydroxy Vitamin D and 1,25-Dihydroxy Vitamin D: Analysis by Mathematical Modeling. PlosOne. 2012, 
7, E30773, doi:10.1371/journal.pone.0030773. 

62. Heaney, R.P.; Armas, L.A.G.; Shary, J.R.; Bell, N.H.; Binkley, N.; Hollis, B.W. 25-Hydroxylation of vitamin 
D3: Relation to circulating vitamin D3 under various input conditions. Am. J. Clin. Nutr. 2008, 87, 1738–
1742. 

63. Nussey, S.; Whitehead, S. Endocrinology: An Integrated Approach; BIOS Scientific Publishers: Oxford, UK, 
2001; ISBN 978-1-85996-252-7. 

64. Rowling, M.J.; Taffany, D.A.; Welsh, J.; Kemmis, C.M. Megalin-Mediated Endocytosis of Vitamin D Binding 
Protein Correlates with 25-Hydroxycholecalciferol Actions in Human Mammary Cells. J. Nutr. 2006, 136, 
2754–2759. 

65. Luo, W.; Karpf, A.R.; Deeb, K.K.; Muindi, J.R.; Morrison, C.D.; Johnson, C.S.; Trump, D.L. Epigenetic 
Regulation of Vitamin D 24-Hydroxylase/CYP24A1 in Human Prostate Cancer. Cancer Res. 2010, 70, 5953–
5962. 

66. Mangelsdorf, D.J.; Thummel, C.; Beato, M.; Herrlich, P.; Schütz, G.; Umesono, K.; Blumberg, B.; Kastner, 
P.; Mark, M.; Chambon, P.; et al. The nuclear receptor superfamily: The second decade. Cell 1995, 83, 835–
839. 



Int. J. Mol. Sci. 2019, 20, 3832 25 of 30 

 

67. Rastinejad, F.; Huang, P.; Chandra, V.; Khorasanizadeh, S. Understanding nuclear receptor form and 
function using structural biology. J. Mol. Endocrinol. 2013, 51, T1–T21. 

68. Luong, K.V.Q.; Nguyen, L.T.H.; Lương, K.V.Q.; Nguyễn, L.T.H. The beneficial role of vitamin D and its 
analogs in cancer treatment and prevention. Crit. Rev. Oncol. 2010, 73, 192–201. 

69. Schwartz, Z.; Sylvia, V.L.; Larsson, D.; Nemere, I.; Casasola, D.; Dean, D.D.; Boyan, B.D. 1α,25(OH) 2 D 3 
Regulates Chondrocyte Matrix Vesicle Protein Kinase C (PKC) Directly via G-protein-dependent 
Mechanisms and Indirectly via Incorporation of PKC during Matrix Vesicle Biogenesis. J. Boil. Chem. 2002, 
277, 11828–11837. 

70. Zhang, C.; Tang, W.; Li, Y.; Yang, F.; Dowd, D.R.; Macdonald, P.N. Osteoblast-Specific Transcription Factor 
Osterix Increases Vitamin D Receptor Gene Expression in Osteoblasts. PLoS ONE 2011, 6, e26504. 

71. Valdivielso, J.M.; Fernández, E. Vitamin D receptor polymorphisms and diseases. Clin. Chim. Acta 2006, 
371, 1–12. 

72. Vdr MGI Mouse Gene Detail—MGI:103076—Vitamin D (1,25-Dihydroxyvitamin D3) Receptor. Available 
online: http://www.informatics.jax.org/marker/MGI:103076 (accessed on 16 April 2019). 

73. Garcia-Vallvé, S.; Palau, J. Nuclear receptors, nuclear-receptor factors, and nuclear-receptor-like orphans 
form a large paralog cluster in Homo sapiens. Mol. Boil. Evol. 1998, 15, 665–682. 

74. Kouzmenko, A.; Ohtake, F.; Fujiki, R.; Kato, S. Chapter 12—Epigenetic Modifications in Vitamin D 
Receptor-mediated Transrepression. In Vitamin D, 3rd ed.; Feldman, D., Pike, J.W., Adams, J.S., Eds.; 
Academic Press: San Diego, CA, USA, 2011; pp. 227–234, ISBN 978-0-12-381978-9. 

75. Wei, P.; Inamdar, N.; Vedeckis, W.V. Transrepression of c- jun Gene Expression by the Glucocorticoid 
Receptor Requires Both AP-1 Sites in the c- jun Promoter. Mol. Endocrinol. 1998, 12, 1322–1333. 

76. Chen, S.; Wu, J.; Hsieh, J.C.; Whitfield, G.K.; Jurutka, P.W.; Haussler, M.R.; Gardner, D.G. Suppression of 
ANP Gene Transcription by Liganded Vitamin D Receptor. Hypertension 1998, 31, 1338–1342. 

77. Heikkinen, S.; Väisänen, S.; Pehkonen, P.; Seuter, S.; Benes, V.; Carlberg, C. Nuclear hormone 1α,25-
dihydroxyvitamin D3 elicits a genome-wide shift in the locations of VDR chromatin occupancy. Nucleic 
Acids Res. 2011, 39, 9181–9193. 

78. Meyer, M.B.; Goetsch, P.D.; Pike, J.W. VDR/RXR and TCF4/β-catenin cistromes in colonic cells of colorectal 
tumor origin: Impact on c-FOS and c-MYC gene expression. Mol. Endocrinol. 2012, 26, 37–51. 

79. Pike, J.W.; Meyer, M.B. Regulation of Mouse Cyp24a1 Expression via Promoter-Proximal and 
Downstream-Distal Enhancers Highlights New Concepts of 1,25-Dihydroxyvitamin D3 Action. Arch. 
Biochem. Biophys. 2012, 523, 2–8. 

80. Carlberg, C.; Seuter, S.; De Mello, V.D.F.; Schwab, U.; Voutilainen, S.; Pulkki, K.; Nurmi, T.; Virtanen, J.; 
Tuomainen, T.-P.; Uusitupa, M. Primary Vitamin D Target Genes Allow a Categorization of Possible 
Benefits of Vitamin D3 Supplementation. PLoS ONE 2013, 8, e71042. 

81. Norman, A.W.; Mizwicki, M.T.; Norman, D.P.G. Steroid-hormone rapid actions, membrane receptors and 
a conformational ensemble model. Nat. Rev. Drug Discov. 2004, 3, 27–41. 

82. Rochel, N.; Wurtz, J.-M.; Mitschler, A.; Klaholz, B.; Moras, D. The Crystal Structure of the Nuclear Receptor 
for Vitamin D Bound to Its Natural Ligand. Mol. Cell 2000, 5, 173–179. 

83. Bhattacharjee, S.; Renganaath, K.; Mehrotra, R.; Mehrotra, S. Combinatorial Control of Gene Expression. 
BioMed Res. Int. 2013, 2013, 1–11. 

84. Uitterlinden, A.G.; Fang, Y.; Van Meurs, J.B.; Pols, H.A.; Van Leeuwen, J.P. Genetics and biology of vitamin 
D receptor polymorphisms. Gene 2004, 338, 143–156. 

85. Huang, J.; Xie, Z.-F. Polymorphisms in the vitamin D receptor gene and multiple sclerosis risk: A meta-
analysis of case-control studies. J. Neurol. Sci. 2012, 313, 79–85. 

86. Hii, C.S.; Ferrante, A. The Non-Genomic Actions of Vitamin D. Nutrients 2016, 8, 135. 
87. Chen, J.; Doroudi, M.; Cheung, J.; Grozier, A.L.; Schwartz, Z.; Boyan, B.D. Plasma membrane Pdia3 and 

VDR interact to elicit rapid responses to 1α,25(OH)2D3. Cell Signal. 2013, 25, 2362–2373. 
88. Nemere, I.; Farach-Carson, M.C.; Rohe, B.; Sterling, T.M.; Norman, A.W.; Boyan, B.D.; Safford, S.E. 

Ribozyme knockdown functionally links a 1,25(OH)2D3 membrane binding protein (1,25D3-MARRS) and 
phosphate uptake in intestinal cells. Proc. Natl. Acad. Sci. USA 2004, 101, 7392–7397. 

89. Nemere, I. Immunochemical studies on the putative plasmalemmal receptor for 1,25-dihydroxyvitamin 
D3. III. Vitamin D status. Steroids 2000, 65, 451–457. 

90. Pike, J.W.; Meyer, M.B. The Vitamin D Receptor: New Paradigms for the Regulation of Gene Expression by 
1,25-Dihydroxyvitamin D3. Endocrinol. Metab. Clin. N. Am. 2010, 39, 255–269. 



Int. J. Mol. Sci. 2019, 20, 3832 26 of 30 

 

91. Larriba, M.J.; González-Sancho, J.M.; Bonilla, F.; Muñoz, A. Interaction of vitamin D with membrane-based 
signaling pathways. Front. Physiol. 2014, 5, 60. 

92. Zhao, G.; Simpson, R.U. Interaction between vitamin D receptor with caveolin-3 and regulation by 1,25-
dihydroxyvitamin D3 in adult rat cardiomyocytes. J. Steroid Biochem. Mol. Biol. 2010, 121, 159–163. 

93. Garbi, N.; Tanaka, S.; Momburg, F.; Hämmerling, G.J. Impaired assembly of the major histocompatibility 
complex class I peptide-loading complex in mice deficient in the oxidoreductase ERp57. Nat. Immunol. 2006, 
7, 93–102. 

94. Wang, Y.; Chen, J.; Lee, C.S.; Nizkorodov, A.; Riemenschneider, K.; Martin, D.; Hyzy, S.; Schwartz, Z.; 
Boyan, B.D. Disruption of Pdia3 gene results in bone abnormality and affects 1alpha,25-dihydroxy-vitamin 
D3-induced rapid activation of PKC. J. Steroid Biochem. Mol. Biol. 2010, 121, 257–260. 

95. Nemere, I.; Garbi, N.; Hämmerling, G.J.; Khanal, R.C. Intestinal Cell Calcium Uptake and the Targeted 
Knockout of the 1,25D3-MARRS (Membrane-associated, Rapid Response Steroid-binding) 
Receptor/PDIA3/Erp57. J. Boil. Chem. 2010, 285, 31859–31866. 

96. Boyan, B.D.; Sylvia, V.L.; McKinney, N.; Schwartz, Z. Membrane actions of vitamin D metabolites 
1α,25(OH)2D3 and 24R,25(OH)2D3 are retained in growth plate cartilage cells from vitamin D receptor 
knockout mice. J. Cell. Biochem. 2003, 90, 1207–1223. 

97. Patel, H.H.; Murray, F.; Insel, P.A. Caveolae as Organizers of Pharmacologically Relevant Signal 
Transduction Molecules. Annu. Rev. Pharmacol. Toxicol. 2008, 48, 359–391. 

98. Bosch, M.; Marí, M.; Herms, A.; Fernández, A.; Fajardo, A.; Kassan, A.; Giralt, A.; Colell, A.; Balgoma, D.; 
Barbero, E.; et al. Caveolin-1 deficiency causes cholesterol dependent mitochondrial dysfunction and 
apoptotic susceptibility. Curr. Boil. 2011, 21, 681–686. 

99. Mesbah, M.; Nemere, I.; Papagerakis, P.; Nefussi, J.-R.; Nessmann, C.; Berdal, A.; Orestes-Cardoso, S.; 
Orestes-Cardoso, S. Expression of a 1,25-Dihydroxyvitamin D3 Membrane-Associated Rapid-Response 
Steroid Binding Protein During Human Tooth and Bone Development and Biomineralization. J. Bone Miner. 
Res. 2002, 17, 1588–1596. 

100. Norman, A.W. Receptors for 1α,25(OH)2D3: Past, Present, and Future. J. Bone Miner. Res. 1998, 13, 1360–
1369. 

101. Richard, C.L.; Farach-Carson, M.C.; Rohe, B.; Nemere, I.; Meckling, K.A. Involvement of 1,25D3-MARRS 
(membrane associated, rapid response steroid-binding), a novel vitamin D receptor, in growth inhibition 
of breast cancer cells. Exp. Cell Res. 2010, 316, 695–703. 

102. Farach-Carson, M.; Nemere, I. Membrane Receptors for Vitamin D Steroid Hormones: Potential NewDrug 
Targets. Curr. Drug Targets 2003, 4, 67–76. 

103. Sitrin, M. Rapid effects of 1,25(OH)2 vitamin D3 on signal transduction systems in colonic cells. Steroids 
1999, 64, 137–142. 

104. Chen, A.; Davis, B.H.; Bissonnette, M.; Scaglione-Sewell, B.; Brasitus, T.A. 1,25-Dihydroxyvitamin D3 
Stimulates Activator Protein-1-dependent Caco-2 Cell Differentiation. J. Boil. Chem. 1999, 274, 35505–35513. 

105. Doroudi, M.; Boyan, B.D.; Schwartz, Z. Rapid 1α,25(OH)2D3 membrane-mediated activation of 
Ca2+/calmodulin-dependent protein kinase II in growth plate chondrocytes requires Pdia3, PLAA and 
caveolae. Connect. Tissue Res. 2014, 55, 125–128. 

106. Rohe, B.; Safford, S.E.; Nemere, I.; Farach-Carson, M.C. Identification and characterization of 1,25D3-
membrane-associated rapid response, steroid (1,25D3-MARRS)-binding protein in rat IEC-6 cells. Steroids 
2005, 70, 458–463. 

107. Nemere, I.; Safford, S.E.; Rohe, B.; DeSouza, M.M.; Farach-Carson, M.C. Identification and characterization 
of 1,25D3-membrane-associated rapid response, steroid (1,25D3-MARRS) binding protein. J. Steroid 
Biochem. Mol. Boil. 2004, 89, 281–285. 

108. Pillai, S.; Bikle, D.D.; Su, M.J.; Ratnam, A.; Abe, J. 1,25-Dihydroxyvitamin D3 upregulates the 
phosphatidylinositol signaling pathway in human keratinocytes by increasing phospholipase C levels. J. 
Clin. Investig. 1995, 96, 602–609. 

109. Alkon, D.; Rasmussen, H. A spatial-temporal model of cell activation. Science 1988, 239, 998–1005. 
110. Sato, K.; Imaki, T.; Toraya, S.; Demura, H.; Tanaka, M.; Kasajima, T.; Takeuchi, A.; Kobayashi, T. Increased 

1,25-(OH)2D2 Concentration in a Patient with Malignancy-Associated Hypercalcemia Receiving 
Intravenous Hyperalimentation Inadvertently Supplemented with Vitamin D2. Intern. Med. 1993, 32, 886–
890. 



Int. J. Mol. Sci. 2019, 20, 3832 27 of 30 

 

111. Boyan, B.D.; Wang, L.; Wong, K.L.; Jo, H.; Schwartz, Z. Plasma membrane requirements for 
1alpha,25(OH)2D3 dependent PKC signaling in chondrocytes and osteoblasts. Steroids 2006, 71, 286–290. 

112. Schwartz, Z.; Shaked, D.; Hardin, R.; Gruwell, S.; Dean, D.; Sylvia, V.; Boyan, B.; Dean, D. 1α,25(OH)2D3 
causes a rapid increase in phosphatidylinositol-specific PLC-β activity via phospholipase A2-dependent 
production of lysophospholipid. Steroids 2003, 68, 423–437. 

113. Peehl, D.M.; Skowronski, R.J.; Leung, G.K.; Wong, S.T.; Stamey, T.A.; Feldman, D. Antiproliferative effects 
of 1,25-dihydroxyvitamin D3 on primary cultures of human prostatic cells. Cancer Res. 1994, 54, 805–810. 

114. Lin, R.; Nagai, Y.; Sladek, R.; Bastien, Y.; Ho, J.; Petrecca, K.; Sotiropoulou, G.; Diamandis, E.P.; Hudson, 
T.J.; White, J.H. Expression Profiling in Squamous Carcinoma Cells Reveals Pleiotropic Effects of Vitamin 
D3 Analog EB1089 Signaling on Cell Proliferation, Differentiation, and Immune System Regulation. Mol. 
Endocrinol. 2002, 16, 1243–1256. 

115. Bao, B.-Y.; Yao, J.; Lee, Y.-F. 1alpha, 25-dihydroxyvitamin D3 suppresses interleukin-8-mediated prostate 
cancer cell angiogenesis. Carcinogenesis 2006, 27, 1883–1893. 

116. Hilliard, G.M.; Cook, R.G.; Weigel, N.L.; Pike, J.W. 1,25-Dihydroxyvitamin D3 modulates phosphorylation 
of serine 205 in the human vitamin D receptor: Site-directed mutagenesis of this residue promotes 
alternative phosphorylation. Biochemistry 1994, 33, 4300–4311. 

117. Wu, W.; Beilhartz, G.; Roy, Y.; Richard, C.L.; Curtin, M.; Brown, L.; Cadieux, D.; Coppolino, M.; Farach-
Carson, M.C.; Nemere, I.; et al. Nuclear translocation of the 1,25D3-MARRS (membrane associated rapid 
response to steroids) receptor protein and NFkappaB in differentiating NB4 leukemia cells. Exp. Cell Res. 
2010, 316, 1101–1108. 

118. Barletta, F.; Freedman, L.P.; Christakos, S. Enhancement of VDR-Mediated Transcription by 
Phosphorylation: Correlation with Increased Interaction between the VDR and DRIP205, a Subunit of the 
VDR-Interacting Protein Coactivator Complex. Mol. Endocrinol. 2002, 16, 301–314. 

119. Norman, A.W. Vitamin D Receptor: New Assignments for an Already Busy Receptor. Endocrinology 2006, 
147, 5542–5548. 

120. Deeb, K.K.; Trump, D.L.; Johnson, C.S. Vitamin D signalling pathways in cancer: Potential for anticancer 
therapeutics. Nat. Rev. Cancer 2007, 7, 684–700. 

121. Nussey, S.; Whitehead, S. The Parathyroid Glands and Vitamin D; BIOS Scientific Publishers: Didcott, UK, 
2001. 

122. Tanaka, Y.; DeLuca, H. Bone mineral mobilization activity of 1,25-dihydroxycholecalciferol, a metabolite 
of vitamin D. Arch. Biochem. Biophys. 1971, 146, 574–578. 

123. Parathyroid Hormone|You and Your Hormones from the Society for Endocrinology. Available online: 
http://www.yourhormones.info/hormones/parathyroid-hormone/ (accessed on 8 April 2019). 

124. Garabedian, M.; Holick, M.; DeLuca, H.F.; Boyle, I.T. Control of 25-Hydroxycholecalciferol Metabolism by 
Parathyroid Glands. Proc. Natl. Acad. Sci. USA 1972, 69, 1673–1676. 

125. Brenza, H.L.; DeLuca, H.F. Regulation of 25-Hydroxyvitamin D3 1α-Hydroxylase Gene Expression by 
Parathyroid Hormone and 1,25-Dihydroxyvitamin D3. Arch. Biochem. Biophys. 2000, 381, 143–152. 

126. Chambers, T.J.; Magnus, C.J. Calcitonin alters behaviour of isolated osteoclasts. J. Pathol. 1982, 136, 27–39. 
127. Shinki, T.; Ueno, Y.; DeLuca, H.F.; Suda, T. Calcitonin is a major regulator for the expression of renal 25-

hydroxyvitamin D3-1α-hydroxylase gene in normocalcemic rats. Proc. Natl. Acad. Sci. USA 1999, 96, 8253–
8258. 

128. Genetics Home Reference. CYP24A1 Gene. Available online: https://ghr.nlm.nih.gov/gene/CYP24A1 
(accessed on 8 April 2019). 

129. Vuolo, L.; Di Somma, C.; Faggiano, A.; Colao, A. Vitamin D and cancer. Front. Endocrinol. 2012, 3, 58. 
130. Gross, M.; Kost, S.B.; Ennis, B.; Stumpf, W.; Kumar, R. Effect of 1,25-dihydroxyvitamin D3 on mouse 

mammary tumor (GR) cells: Evidence for receptors, cellular uptake, inhibition of growth and alteration in 
morphology at physiologic concentrations of hormone. J. Bone Miner. Res. 1986, 1, 457–467. 

131. Narvaez, C.J.; Matthews, D.; LaPorta, E.; Simmons, K.M.; Beaudin, S.; Welsh, J. The impact of vitamin D in 
breast cancer: Genomics, pathways, metabolism. Front. Physiol. 2014, 5, 5. 

132. Fleet, J.C. Molecular Actions of Vitamin D Contributing to Cancer Prevention. Mol. Asp. Med. 2008, 29, 388–
396. 

133. Skowronski, R.J.; Peehl, D.M.; Feldman, D. Vitamin D and prostate cancer: 1,25 dihydroxyvitamin D3 
receptors and actions in human prostate cancer cell lines. Endocrinology 1993, 132, 1952–1960. 

134. Basit, S. Vitamin D in health and disease: A literature review. Br. J. Biomed. Sci. 2013, 70, 161–72. 



Int. J. Mol. Sci. 2019, 20, 3832 28 of 30 

 

135. Mahendra, A.; Karishma; Choudhury, B.K.; Sharma, T.; Bansal, N.; Bansal, R.; Gupta, S. Vitamin D and 
gastrointestinal cancer. J. Lab. Physicians 2018, 10, 1–5. 

136. Leigh-Clare, J.L. A note on the vitamin D content of the stomach oil of the australasian petrel (aestralata 
lessoni). Biochem. J. 1927, 21, 725–727. 

137. Selye, H.; Bois, P. On the role of corticoids in conditioning the gastric mucosa to certain toxic actions of 
ergocalciferol. Br. J. Nutr. 1957, 11, 18–22. 

138. Stumpf, W.; Sar, M.; Reid, F.; Tanaka, Y.; DeLuca, H. Target cells for 1,25-dihydroxyvitamin D3 in intestinal 
tract, stomach, kidney, skin, pituitary, and parathyroid. Science 1979, 206, 1188–1190. 

139. Kirui, N.A.; Weisbrode, S.E.; Kindig, O.R. The role of dietary calcium on the development of soft tissue 
mineralization due to 1,25-dihydroxyvitamin D3 intoxication in rats. Virchows Arch. B Cell Pathol. Incl. Mol. 
Pathol. 1981, 37, 251–263. 

140. Selking, Ö.; Borch, K.; Johansson, H.; Ljunghall, S.; Wide, L. Evaluation of Parathyroid Function in Patients 
with Hypergastrinaemia and Pernicious Anaemia. Upsala J. Med Sci. 1982, 87, 215–222. 

141. Kurose, T.; Seino, Y.; Ishida, H.; Tsuji, K.; Fukumoto, H.; Koh, G.; Takeda, J.; Kitano, N.; Inagaki, N.; Tsuda, 
K.; et al. Effect of vitamin D on gastrin and gastric somatostatin secretion from the isolated perfused rat 
stomach. Life Sci. 1988, 42, 1995–2001. 

142. Axelson, J.; Persson, P.; Gagnemo-Persson, R.; Hakanson, R. Gut 1991, 32, 1298–1302. 
143. Holick, M.; Holick, M. Noncalcemic actions of 1,25-dihydroxyvitamin D3 and clinical applications. Bone 

1995, 17, S107–S111. 
144. Stumpf, W.E. Vitamin D sites and mechanisms of action: A histochemical perspective. Reflections on the 

utility of autoradiography and cytopharmacology for drug targeting. Histochem. Cell Boil. 1995, 104, 417–
427. 

145. Ikezaki, S.; Nishikawa, A.; Furukawa, F.; Tanakamura, Z.; Kim, H.C.; Mori, H.; Takahashi, M. 
Chemopreventive effects of 24R,25-dihydroxyvitamin D3, a vitamin D3 derivative, on glandular stomach 
carcinogenesis induced in rats by N-methyl-N’-nitro-N-nitrosoguanidine and sodium chloride. Cancer Res. 
1996, 56, 2767–2770. 

146. Gagnemo-Persson, R.; Persson, P.; Bryngelsson, T.; Green, B.; Håkanson, R. Rat stomach ECL-cell histidine 
decarboxylase activity is suppressed by ergocalciferol but unaffected by parathyroid hormone and 
calcitonin. Regul. Pept. 1999, 79, 131–139. 

147. Stumpf, W.E. Vitamin D and the digestive system. Eur. J. Drug Metab. Pharmacokinet. 2008, 33, 85–100. 
148. Häkkinen, I.; Lindgren, I. The localization of tetracycline in the metastatic calcifications in the stomach of 

rat induced by overdosage of dihydrotachysterol and vitamin D3. Acta Pathol. Microbiol. Scand. 2009, 59, 
428–434. 

149. Sahin, H.H.; Cumbul, A.; Uslu, Ünal; Yilmaz, Z.; Ercan, F.; Alican, I. The effect of 1,25 dihydroxyvitamin 
D3 on HCl/Ethanol-induced gastric injury in rats. Tissue Cell 2018, 51, 68–76. 

150. Paterson, C.R.; Woods, C.G. Search for osteomalacia in 1228 patients after gastrectomy and other operations 
on the stomach. Lancet 1965, 2, 1085–1088. 

151. Kimura, K.; Nozawa, Y.; Kitamura, S.; Takahashi, H.; Ota, M.; Norimatsu, H.; Wada, H. An autopsy case of 
hypervitaminosis D. Pathol. Int. 1967, 17, 377–386. 

152. Lawrence, W. Nutritional consequences of surgical resection of the gastrointestinal tract for cancer. Cancer 
Res. 1977, 37, 2379–2386. 

153. Giovannucci, E.; Liu, Y.; Willett, W.C. Cancer Incidence and Mortality and Vitamin D in Black and White 
Male Health Professionals. Cancer Epidemiol. Biomark. Prev. 2006, 15, 2467–2472. 

154. Chen, W.; Dawsey, S.M.; Qiao, Y.-L.; Mark, S.D.; Dong, Z.-W.; Taylor, P.R.; Zhao, P.; Abnet, C.C. 
Prospective study of serum 25(OH)-vitamin D concentration and risk of oesophageal and gastric cancers. 
Br. J. Cancer 2007, 97, 123–128. 

155. Pan, L.; Matloob, A.F.; Du, J.; Pan, H.; Dong, Z.; Zhao, J.; Feng, Y.; Zhong, Y.; Huang, B.; Lu, J. Vitamin D 
stimulates apoptosis in gastric cancer cells in synergy with trichostatin A /sodium butyrate-induced and 5-
aza-2′-deoxycytidine-induced PTEN upregulation. FEBS J. 2010, 277, 989–999. 

156. Antico, A.; Tozzoli, R.; Giavarina, D.; Tonutti, E.; Bizzaro, N. Hypovitaminosis D as predisposing factor for 
atrophic type A gastritis: A case-control study and review of the literature on the interaction of Vitamin D 
with the immune system. Clin. Rev. Allergy Immunol. 2012, 42, 355–364. 



Int. J. Mol. Sci. 2019, 20, 3832 29 of 30 

 

157. Park, M.R.; Lee, J.H.; Park, M.S.; Hwang, J.E.; Shim, H.J.; Cho, S.H.; Chung, I.-J.; Bae, W.K. Suppressive 
Effect of 19-nor-1α-25-Dihydroxyvitamin D2 on Gastric Cancer Cells and Peritoneal Metastasis Model. J. 
Korean Med. Sci. 2012, 27, 1037–1043. 

158. Kopic, S.; Geibel, J.P. Gastric Acid, Calcium Absorption, and Their Impact on Bone Health. Physiol. Rev. 
2013, 93, 189–268. 

159. Guo, L.; Chen, W.; Zhu, H.; Chen, Y.; Wan, X.; Yang, N.; Xu, S.; Yu, C.; Chen, L. Helicobacter pylori induces 
increased expression of the vitamin D receptor in immune responses. Helicobacter 2014, 19, 37–47. 

160. Wen, Y.; Da, M.; Zhang, Y.; Peng, L.; Yao, J.; Duan, Y. Alterations in vitamin D signaling pathway in gastric 
cancer progression: A study of vitamin D receptor expression in human normal, premalignant, and 
malignant gastric tissue. Int. J. Clin. Exp. Pathol. 2015, 8, 13176–13184. 

161. Bashir, M.; Prietl, B.; Tauschmann, M.; Mautner, S.I.; Kump, P.K.; Treiber, G.; Wurm, P.; Gorkiewicz, G.; 
Högenauer, C.; Pieber, T.R. Effects of high doses of vitamin D3 on mucosa-associated gut microbiome vary 
between regions of the human gastrointestinal tract. Eur. J. Nutr. 2016, 55, 1479–1489. 

162. Vyas, N.; Companioni, R.C.; Tiba, M.; AlKhawam, H.; Catalano, C.; Sogomonian, R.; Baum, J.; Walfish, A. 
Association between serum vitamin D levels and gastric cancer: A retrospective chart analysis. World J. 
Gastrointest. Oncol. 2016, 8, 688–694. 

163. Du, C.; Yang, S.; Zhao, X.; Dong, H. Pathogenic roles of alterations in vitamin D and vitamin D receptor in 
gastric tumorigenesis. Oncotarget 2017, 8, 29474–29486. 

164. Yıldırım, O.; Yildirim, T.; Seçkin, Y.; Osanmaz, P.; Bilgic, Y.; Mete, R. The influence of vitamin D deficiency 
on eradication rates of Helicobacter pylori. Adv. Clin. Exp. Med. 2017, 26, 1377–1381. 

165. El Shahawy, M.S.; Hemida, M.H.; El Metwaly, I.; Shady, Z.M. The effect of vitamin D deficiency on 
eradication rates of Helicobacter pylori infection. JGH Open 2018, 2, 270–275. 

166. Fletcher, J.; Cooper, S.C.; Ghosh, S.; Hewison, M. The Role of Vitamin D in Inflammatory Bowel Disease: 
Mechanism to Management. Nutrients 2019, 11, 1019. 

167. Clark, I.; Smith, M.R. Effects of hypervitaminosis A and D on skeletal metabolism. J. Boil. Chem. 1964, 239, 
1266–1271. 

168. DeWind, L.T. Hypervitaminosis D with Osteosclerosis. Arch. Dis. Child. 1961, 36, 373–380. 
169. Compston, J. Vitamin D. Molecular Biology, Physiology and Clinical Applications. Gut 2000, 46, 584. 
170. Albrechtsson, E.; Jonsson, T.; Möller, S.; Höglund, M.; Ohlsson, B.; Axelson, J. Vitamin D receptor is 

expressed in pancreatic cancer cells and a vitamin D3 analogue decreases cell number. Pancreatology 2003, 
3, 41–46. 

171. Hewison, M. Vitamin D and the intracrinology of innate immunity. Mol. Cell. Endocrinol. 2010, 321, 103–
111. 

172. Sandgren, M.E.; Brönnegård, M.; DeLuca, H.F. Tissue distribution of the 1,25-dihydroxyvitamin D3 
receptor in the male rat. Biochem. Biophys. Res. Commun. 1991, 181, 611–616. 

173. Nilas, L.; Christiansen, C.; Christiansen, J. Regulation of vitamin D and calcium metabolism after 
gastrectomy. Gut 1985, 26, 252–257. 

174. Chakhtoura, M.T.; Nakhoul, N.F.; Akl, E.A.; Safadi, B.Y.; Mantzoros, C.S.; Fuleihan, G.E.-H. Vitamin D 
supplementation for obese adults undergoing bariatric surgery. Cochrane Database Syst. Rev. 2015, 
doi:10.1002/14651858.CD011800. 

175. Carrasco, F.; Basfi-Fer, K.; Rojas, P.; Valencia, A.; Csendes, A.; Codoceo, J.; Inostroza, J.; Ruz, M. Changes 
in Bone Mineral Density After Sleeve Gastrectomy or Gastric Bypass: Relationships with Variations in 
Vitamin D, Ghrelin, and Adiponectin Levels. Obes. Surg. 2014, 24, 877–884. 

176. Eddy, R.L. Metabolic bone disease after gastrectomy. Am. J. Med. 1971, 50, 442–449. 
177. Zittel, T.T.; Zeeb, B.; Maier, G.W.; Kaiser, G.W.; Zwirner, M.; Liebich, H.; Starlinger, M.; Becker, H.D. Am. 

J. Surg. 1997, 174, 431–438. 
178. Rino, Y.; Oshima, T.; Yoshikawa, T. Changes in fat-soluble vitamin levels after gastrectomy for gastric 

cancer. Surg. Today 2017, 47, 145–150. 
179. Schubert, M.L.; Peura, D.A. Control of Gastric Acid Secretion in Health and Disease. Gastroenterology 2008, 

134, 1842–1860. 
180. Feng, J.; Petersen, C.D.; Coy, D.H.; Jiang, J.-K.; Thomas, C.J.; Pollak, M.R.; Wank, S.A. Calcium-sensing 

receptor is a physiologic multimodal chemosensor regulating gastric G-cell growth and gastrin secretion. 
Proc. Natl. Acad. Sci. USA 2010, 107, 17791–17796. 



Int. J. Mol. Sci. 2019, 20, 3832 30 of 30 

 

181. Kantham, L.; Quinn, S.J.; Egbuna, O.I.; Baxi, K.; Butters, R.; Pang, J.L.; Pollak, M.R.; Goltzman, D.; Brown, 
E.M. The calcium-sensing receptor (CaSR) defends against hypercalcemia independently of its regulation 
of parathyroid hormone secretion. Am. J. Physiol. Metab. 2009, 297, E915–E923. 

182. Christiansen, J.; Rehfeld, J.F.; Stadil, F. The effect of calcium on gastric acid and gastrin secretion in 
antrectomized subjects. Gut 1974, 15, 622–625. 

183. Harris, S.S. Vitamin D and African Americans. J. Nutr. 2006, 136, 1126–1129. 
184. Dixon, M.F. Pathology of Gastritis and Peptic Ulceration. In Helicobacter Pylori: Physiology and Genetics; 

Mobley, H.L., Mendz, G.L., Hazell, S.L., Eds.; ASM Press: Washington, DC, USA, 2001; ISBN 978-1-55581-
213-3. 

185. Waterhouse, M.; Hope, B.; Krause, L.; Morrison, M.; Protani, M.M.; Zakrzewski, M.; Neale, R.E. Vitamin D 
and the gut microbiome: A systematic review of in vivo studies. Eur. J. Nutr. 2018, 1–16, doi:10.1007/s00394-
018-1842-7. 

186. Gigek, C.O.; Chen, E.S.; Calcagno, D.Q.; Wisnieski, F.; Burbano, R.R.; Smith, M.A.C. Epigenetic mechanisms 
in gastric cancer. Epigenomics 2012, 4, 279–294. 

187. De Ruijter, A.J.; Van Gennip, A.H.; Caron, H.N.; Kemp, S.; Van Kuilenburg, A.B. Histone deacetylases 
(HDACs): Characterization of the classical HDAC family. Biochem. J. 2003, 370, 737–749. 

188. Meshorer, E.; Misteli, T. Chromatin in pluripotent embryonic stem cells and differentiation. Nat. Rev. Mol. 
Cell Boil. 2006, 7, 540–546. 

189. Dokmanovic, M.; Clarke, C.; Marks, P.A. Histone Deacetylase Inhibitors: Overview and Perspectives. Mol. 
Cancer Res. 2007, 5, 981–989. 

190. Jones, P.A. The Role of DNA Methylation in Mammalian Epigenetics. Science 2001, 293, 1068–1070. 
191. Gowher, H.; Jeltsch, A. Mechanism of inhibition of DNA methyltransferases by cytidine analogs in cancer 

therapy. Cancer Boil. Ther. 2004, 3, 1062–1068. 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


