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There is a growing body of evidence for the effects of vitamin D on intestinal host-
microbiome interactions related to gut dysbiosis and bowel inflammation. This brief review
highlights the potential links between vitamin D and gut health, emphasizing the role of
vitamin D in microbiological and immunological mechanisms of inflammatory bowel
diseases. A comprehensive literature search was carried out in PubMed and Google
Scholar using combinations of keywords “vitamin D,” “intestines,” “gut microflora,” “bowel
inflammation”. Only articles published in English and related to the study topic are included
in the review. We discuss how vitamin D (a) modulates intestinal microbiome function, (b)
controls antimicrobial peptide expression, and (c) has a protective effect on epithelial
barriers in the gut mucosa. Vitamin D and its nuclear receptor (VDR) regulate intestinal
barrier integrity, and control innate and adaptive immunity in the gut. Metabolites from the
gut microbiota may also regulate expression of VDR, while vitamin D may influence the gut
microbiota and exert anti-inflammatory and immune-modulating effects. The underlying
mechanism of vitamin D in the pathogenesis of bowel diseases is not fully understood, but
maintaining an optimal vitamin D status appears to be beneficial for gut health. Future
studies will shed light on the molecular mechanisms through which vitamin D and VDR
interactions affect intestinal mucosal immunity, pathogen invasion, symbiont colonization,

and antimicrobial peptide expression.
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I. Introduction

The human body is subjected to constant exposure to
foreign antigens and pathogens. This has resulted in forma-
tion of several powerful protective systems that are neces-
sary to maintain control over endogenous opportunistic
microorganisms and to prevent harmful effects of exoge-
nous microbial organisms. One of the main elements in this
series of subtle mechanisms of anti-infective protection is
the healthy microbiome (microflora, microbiota), formation
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of which begins immediately after birth and continues
throughout the lifespan. Recent evidence suggests that the
fetus is exposed to bacterial DNA and metabolites even
before birth [77].

The role of the symbiotic microbiota is not limited to
antagonistic functions. In many species, the microbiome
collectively acts as an “organ” to regulate physiological
processes such as metabolic and immunomodulatory
effects, and biosynthesis of a variety compounds, and thus
is an integral part of the host [34, 52]. Changes or im-
balance in the qualitative and quantitative composition of
autochthonous microorganisms, which are normally in a
positive commensal relationship with the host, has unsafe
consequences for human health in general and directly
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Distribution and predominance of the gut microbiota in the digestive tract. The total amount of microbiota increases gradually along the

gastrointestinal tract (GIT), with low concentrations in the stomach and higher levels in the colon. The stomach harbors around 10" CFU/ml. An
increasing abundance and diversity are found in the small intestine (duodenum, jejunum, ileum), and colon. The predominant members of the gut
microbiota are anaerobic. Dietary or supplemental vitamin D is absorbed through the small intestine (especially through the duodenum) as a fat-soluble

vitamin.

affects the quality and expectancy of life [45, 86]. The
functional parameters of the gut microbiota are controlled
by inherent immune and non-immune systems in an indi-
vidual, and have the ability of physiological adaptation.

Vitamin D is mostly regarded as a transcriptional regu-
lator of genes controlling mineral ion homeostasis of bone.
A broad range of skeletal and non-skeletal diseases are
related to vitamin D inadequacy [92], whereas hypervita-
minosis D may occur when supplemental vitamin D is
taken excessively [46]. Several studies of the effect of vita-
min D and the vitamin D receptor (VDR) on the intestinal
microbiota have shown essential roles of vitamin D in
maintaining a healthy gut microenvironment. Thus, vitamin
D may be useful as an adjuvant in prevention and treatment
of certain gastrointestinal diseases.

II. Biogeography of the Gut Microbiota

The human digestive tract [gastrointestinal tract (GIT),
gut] is in constant contact with the external microenviron-
ment, which contains various microbes. On average
throughout life, about 60 tons of food pass through the
human digestive tract, along with numerous environmental
microorganisms that could potentially disrupt gut integrity
[6, 80]. The mucosal surface area of the GIT that engages
with microorganisms is quite large; with one study suggest-
ing an area about the size of a tennis court (260-300 m?)
[58]. The microbial biomass inhabiting the digestive tract
of an adult weighs up to 2 kg [51] and is composed of
approximately 100 trillion (10'¥) microbes, which outnum-
ber host cells by 10 times [44]. A total of 2776 different
prokaryotic species have been isolated from the human
body, including the GIT, and classified into 11 different

phyla [7]. Anaerobic species compose >90% of the human
microbiota, while aerobes and facultative anaerobes make
up ~5% [40] (Fig. 1).

The microbiota of a healthy individual is diverse and
includes mainly symbiotic and commensal microbial com-
munities, as well as pathogenic microbial populations that
have been accidentally introduced from the environment
[21]. However, these transient microbes do not persist for a
long time in the GIT due to the barrier mechanisms of host
immune and non-immune defense systems that prevent
excessive reproduction of undesirable microbes. In terms of
intestinal microbial ecology, the normal microbiota is
divided into autochthonous (resident) and allochthonous
(transient) species [56]. The former group includes indige-
nous microbes that play an important role in metabolism in
the host organism and in protecting it from pathogens of
infectious diseases. The latter group are quite common in a
healthy population, but the composition is not constant and
changes over time [98].

Reproduction of most microbes in the stomach occurs
slowly due to the acidic environment. The estimated num-
ber of bacteria in the gastric juice is <10* CFU/ml [37].
Almost all microbial species detected in the stomach come
from the oral cavity and pharynx. The healthy human stom-
ach is dominated by Prevotella, Streptococcus, Veillonella,
Rothia, Haemophilus, and Helicobacter pylori; however,
the composition of the microbiota is dynamic and is influ-
enced by factors such as diet, drugs, and diseases [55] (Fig.
2).

The duodenum and jejunum of the small intestine in
healthy adults usually contain a small population of bacte-
ria, from 10°* CFU/ml. Peristalsis and large pH gradients
in the small intestine prevent excessive growth of micro-
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Fig. 2. Microbial diversity and composition across gut sections (adapted and modified from [29]). The gut microbiota varies with pH and oxygen tension,
flow rates of digestive fluids, substrate availability, and host secretions. pH plays a key role in microbial community dynamics. The stomach and
proximal small intestine are particularly unfavorable for bacterial residence, and very few bacteria are resistant to the acidic microenvironment. The

highest biodiversity is in the colon, in which the pH is around 5.

organisms. The bacterial concentration reaches 10° CFU/ml
in the proximal ileum, 10°® CFU/ml in the terminal ileum,
and 102 CFU/ml in the cecum [61, 70]. The number of bac-
teria in the lumen of the distal colon gradually increases,
reaching 10'>-10"* CFU/ml. The most numerous and diverse
microflora is found in the colon, with 400 to 1500 species
of microorganisms [22]. The anaerobic microflora mainly
comprises Bifidobacterium, Bacteroides, Lactobacillus,
Fusobacterium,  Propionibacterium, Veillonella, and
Clostridium. The facultative anaerobic and aerobic
microorganisms of the colon include enterococci, strepto-
cocci, staphylococci, Escherichia, and yeast-like fungi of
the genus Candida [14, 27].

Qualitative and quantitative changes in the gut micro-
biome may occur due to a wide variety of external and
internal factors, including diet, environmental pollution,
stressful conditions, medications, physical inactivity,
reduced immune status, malnutrition, development of
gastrointestinal pathological conditions, and inflammatory
responses induced by infectious and non-infectious causes
[71, 91, 93]. Disruption of the balance of the normal micro-
biome leads to a decrease in colonization resistance and
changes in the metabolic activity of the microbiota. Devel-
opment of intestinal dysbiosis of various etiologies
aggravates the course of underlying diseases, leading to
pronounced local and systemic disorders, including inflam-
matory bowel disease (IBD), celiac disease, irritable bowel
syndrome, allergy, metabolic syndrome, obesity, asthma,
and cardiovascular disease [11, 45, 60].

III. Functional Value of the Microbiota

The gut microbiota is considered to be an “extra
organ” of the host because it plays a crucial role in good
health by maintaining essential functions [59]. The main
functions of the normal gut microbiota are presented in
Table 1 [13, 19, 29, 32, 41, 72, 76]. Primarily, it has a
trophic (digestive) effect, represented by symbiotic diges-
tion, which is carried out by microbial enzymes. This is
based on the energy supply of epithelial cells, which relies
on utilization of low-molecular-weight (LMW) metabolites
[69, 84]. Another important function is stimulation of local
immunity by generating secretory IgA. LMW metabolites
of saccharolytic microflora, which are primarily short-chain
fatty acids (SCFAs), lactate, and other compounds, have a
noticeable bacteriostatic effect [53, 87], and can suppress
growth of pathogens such as Salmonella, Shigella and some
fungi. At the same time, the bacteriostatic effects do not
extend to the resident microbiota. LMW metabolites can
also block receptors of epithelial cells, interfere with adhe-
sion of pathogens to the epithelium [68], and induce
chemotaxis of bacteria [16].

The systemic functions of the microbiota are carried
out through exchange of LMW metabolites and “signaling
molecules” of microbiotic origin (mono- and dicarboxylic
acids and their salts, cyclic nucleotides, hydroxy acids,
amino acids, amines, etc.) [39, 47]. The microbiota also has
the important function of synthesis of vitamins (vitamin B
complex, vitamin K) [26, 42] and SCFAs (acetic, propionic,
and butyric acids). The level and ratio of SCFAs are key
parameters of gut health (microbiome and mucosa) and
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Table 1.  Likely functions of gut microbiota

Function

* Trophic functions
* Energy supply for epithelial cells
* Regulation of gastrointestinal motility

* Regulation of differentiation and regeneration of various tissues, primarily epithelial

» Maintenance of ionic homeostasis

* Detoxification and elimination of endogenous and exogenous toxic compounds
* Formation of signaling molecules, including neurotransmitters

* Immune stimulation
* Cytoprotection

* Increased resistance of epithelial cells to mutagens or carcinogens

* Antimicrobial activity
* Inhibition of adhesion of pathogens
* Removal of viruses

* Regulation of gluconeogenesis and lipogenesis

« Involvement in protein metabolism

* Involvement in recycling of bile acids, steroids, and other macromolecules
» Storage of microbial plasmid and chromosomal genes

* Regulation of the gas composition of cavities

* Synthesis and supply of B-group vitamins, pantothenic acid, etc.

should be maintained in a given range [12, 53]. Regardless
of individual differences in the gut microbiota composition,
intestinal microbiocenosis provides the host ecosystem with
the required amount and composition of essential metabo-
lites to regulate host metabolism.

IV. Immunoregulation of the “Microbiota-
gastrointestinal Tract”

The basic principle of protective mechanisms that
control the microbial community in the GIT is the ability to
distinguish non-pathogenic (commensal) bacteria from
enteropathogens. A growing number of studies suggest that
the GIT is part of the human immune network, and refer to
it as the mucosal immune system [1, 50, 75]. Three key
interrelated components are involved in immune regulation
in the GIT: normal flora; gut-associated lymphoid tissue
(GALT); and cytokines secreted by immunocompetent and
phagocytic cells that serve as mediators of intercellular
communication. In Paneth epithelial cells, NOD2 transcrip-
tion is promoted by 1,25(OH)2D3 and VDR interactions,
resulting in expression of DEFB2/HBD2 (-defensin-2 and
cathelicidin). Loss of VDR functions causes changes in the
microbiota and lowers host defense by reducing production
of cathelicidin, lysozyme, and autophagy-related protein,
ATGI16L1 [4].

Normal flora and immunoregulation

Maintenance of the relative levels of different groups
of microbiota is important for the typical functions of the
normal microflora. The microbiota is involved in immune
mechanisms; i.e., it contributes to the normal function of
the immune system in the GIT through immunomodulating
effects. Early microbial colonization of the gut in infants is
important in eventual gut-mediated immune responses. For-

mation of personal immunity takes place in conditions of
successful microbial colonization of the GIT, from initial
“primary immunodeficiency” up to the development of
immunological competence [8].

Gut-associated lymphoid tissue (GALT)

The intestinal lymphoid tissue contains inductive and
effector sites with different anatomical and functional prop-
erties. An inductive site is characterized by stages of the
immune response of antigen presentation and recognition,
as well as formation of antigen-specific clones of lympho-
cytes. An effector site is characterized by synthesis of
immunoglobulins via B-cells, manifestation of cellular
cytotoxicity by T-killer cells, and production of cytokines
by T-lymphocytes, macrophages and NK-cells [30].

Cytokines and regulation of the immune response in the GIT
Cells involved in immune responses to microbial anti-
gens secrete soluble mediator cytokines that regulate innate
and acquired immunity. These molecules include inter-
leukins (IL), interferons (IFN), tumor necrosis factors
(TNF), chemokines, growth factors, and colony-stimulating
factors. Dysregulation of cytokines may cause uncontrolled
activation of immune responses, and the biological effect of
cytokines takes the form of an immune response of toler-
ance or immunopathology [74, 79]. In general, immuno-
regulation mechanisms play a crucial role in shaping the
immune system of the GIT and maintaining an optimal
balance of the interaction of the microbiota with the
multi-functional GIT of the organism (Fig. 3).

V. Interaction between Vitamin D and the Gut
Microbiota

An appropriate balance of vitamins, micronutrients,
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Immunomodulation by the gut microbiota and potential participation of vitamin D in the pathogenesis of inflammatory bowel disease (IBD)

(adapted and modified from [4, 62]). Members of the gut microbiota and their metabolites modulate mucosal immunity. The gut microbiota may
produce bioactive “immunomodulins” and regulatory cytokines that have both pro- and anti-inflammatory functions. Immunostimulation can occur due
to release of proinflammatory cytokines from various cells (epithelial, mononuclear, and lymphocytes). Anti-inflammatory responses can occur through
production of transforming growth factor (TGF-B) and interleukin 10 (IL-10) from epithelial and mononuclear cells. In Paneth cells, NOD2
transcription is stimulated by vitamin D/VDR and signaling through NOD2 promotes expression of DEFB2/HBD2 (B-defensin 2 and cathelicidin). Loss
of VDR function causes changes in the microbiota and reduces host defense by inhibiting production of cathelicidin, lysozyme, and ATG16L1. SCFA,
short-chain fatty acids; APRIL, a proliferation-inducing ligand; BAFF, B cell-activating factor; TNF, tumor necrosis factor; VDR, vitamin D receptor;

NOD, nucleotide-binding oligomerization domain.

and minerals, including vitamin D, is important for main-
taining good health and controlling disease [2, 9, 17, 18,
63, 65, 66, 81-83]. Dysregulation of vitamin D induces
infantile rickets and adult osteomalacia, and inadequate
vitamin D has been linked to a higher risk of diabetes,
hypertension, cardiovascular diseases, peripheral artery dis-
ease, certain cancers, and autoimmune and inflammatory
diseases [28, 88]. Vitamin D deficiency is widespread [54],
particularly in regions with low sunlight exposure [64].
Vitamin D historically belongs to a group of fat-
soluble vitamins, but it is not a true vitamin: it is not bio-
logically active by itself; it is not a cofactor of enzymes,
like most other vitamins; it can be synthesized independ-
ently in the body, and can exert autocrine, paracrine and
endocrine functions; and it exerts a wide range of biologi-
cal functions through interaction with specific receptors in
target tissues. 25(OH)D binds to the vitamin D binding pro-
tein in plasma, liver and adipose tissue, and has a biological
half-life of about 19 days, whereas 1,25(OH)2D3 has

higher affinity for VDR and a much shorter half-life of a
few hours. Therefore, 25(OH)D is considered to be a stor-
age form of vitamin D, while 1,25(OH)2D3 is considered
to be the active form. The level of 25(OH)D usually
reflects the status of vitamin D, and determining the level
of 1,25(0OH)2D3 may provide a clue to overall calcium
homeostasis [85]. Given the diverse functions of vitamin D,
an inadequate level may impair normal intestinal homeosta-
sis and barrier functions, since vitamin D through interac-
tion with VDR can influence bacterial colonization, affect
tight junction architecture, and exert anti-inflammatory
responses.

Vitamin D supplementation modulates the gut microbiota
Significant associations between vitamin D and the
gut microbiota have been noted in various studies, as sum-
marized in a systemic review [90]. A shift in microbial
composition was observed during vitamin D supplementa-
tion in 4 out of 5 studies [5, 10, 33, 73]. Wang et al. [89]
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Fig. 4. The role of vitamin D and the microbiota in gut homeostasis and inflammation (adapted and modified from [78]). The two major pathways to
generate vitamin D are: 1) exposing the skin to sunlight, and 2) consuming vitamin D in the diet or as a supplement. Vitamin D and VDR interactions
maintain the gut microbiota by regulating expression of antimicrobial peptides (AMPs) and maintaining the barrier functions of the gut mucosa.

presented a comprehensive analysis of genome-wide host-
microbiota associations, and showed that variation of the
human VDR gene “generates” the gut microbiome. VDR is
also involved in immunoregulation of non-gastrointestinal
infections, such as chlamydiosis, and reduces the risk of
prolonged infection caused by Chlamydia muridarum
through regulation of several secretable proteins [24]. The
results obtained to date warrant further in-depth studies to
determine the underlying mechanisms through which vita-
min D status influences the composition of the gut micro-
biome.

Vitamin D controls expression of antimicrobial peptides
(AMPs)

Synthesis of extrarenal 1,25(OH)2D3 occurs in cells in
the mucosal lining of the colon and lung, as well as in bone
tissue, skin epithelium, and parathyroid glands. Activation
of extrarenal expression of la-hydroxylase generates
1,25(0OH)2D3, which then interacts with VDR to induce
production of AMPs. As a result, the healthy commensal
gut microbiota may be shaped via inhibition of certain
sets of pathogenic bacteria [25, 90]. Krutzik et al. [38]
described a vitamin-D-dependent pathway in a TLR2/1-
associated intracellular process to initiate synthesis of
AMPs in human monocytes, with the finding that the
effects of TLR1/2 activation depend on the expression
levels of VDR and la-hydroxylase. Vitamin D triggers
AMP production when Gram-negative bacteria induce
TLR4 with stimulation by lipopolysaccharide (LPS) [35].

The bioactive 1,25(OH)2D3 can induce expression of
multiple B-defensin genes in cattle [49] and the cathelicidin
(LL-37) antimicrobial peptide gene in humans [20]. AMPs
can eradicate a wide range of pathogens and are expressed

in both immune cells and epithelial cells [43] (Fig. 4).
Edfeldt et al. showed that Thl-and Th2-associated
cytokines differentially affect production of AMPs [15].
The main cytokines that affect TLR2/1 induction of
cathelicidin and DEFB4 are IFN-y and IL-4. In response
to stimulation of IFN-y, normal human macrophages syn-
thesize 1,25(0OH)2D3, and activation of monocytes and
macrophages then occurs through activation of VDR.

Vitamin D/VDR has a protective effect on the epithelial
barrier in the gut mucosa

Vitamin D regulates homeostasis of the gut mucosa by
maintaining the integrity of the epithelial barrier and
through healing of the epithelium [57]. Vitamin D supports
the integrity of the epithelial barrier by increasing expres-
sion of VDR-associated intracellular junction proteins
[occludin, claudin, vinculin, and zonula occludens (ZO-1,
Z0-2)] that constitute tight junctions between epithelial
cells [99]. Vitamin D inadequacy leads to increased suscep-
tibility of the mucous membrane to damage, and signifi-
cantly increases the risk of IBD [36]. Numerous studies
have shown that patients with IBD often have vitamin D
deficiency, even during remission [48, 67], and a reduced
level of vitamin D is an external risk factor for exacerbation
of IBD [3].

Bacteria in the gut microbiota and their fermentation
products regulate VDR expression

As mentioned above, vitamin D and VDR interactions
contribute to maintaining gut homeostasis by preventing
pathogen invasion, suppressing inflammation and providing
cell integrity [36]. In turn, both commensal and pathogenic
gut microbiota may regulate VDR expression and location
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[94]. Probiotic treatment can increase VDR expression and
activity in the host, thus inhibiting intestinal inflammation
[97]. Yoon et al. observed an increase in VDR expression
in human epithelial colonic cells treated with probiotics
Lactobacillus rhamnosus strain GG and Lactobacillus
plantarum, and also found an increase in intestinal VDR
of a single probiotic-treated (mono-associated) pig after
probiotic colonization, compared to the ex-germ-free pig
in vivo [96]. This association may be mediated through
bile acid metabolism, since bile acids (lithocholic acid
(LCA), glycine-conjugated LCA, 3-keto-LCA) are trans-
formed by gut commensal microbes and can serve as
ligands and regulators of VDR expression [23, 89].

The complex relationships among dysbiosis, innate
immune function, and genetic susceptibility through the
intestinal epithelial VDR have been described by Wu et al.
[95]. Of note, intestinal epithelial VDR regulates autophagy
and innate immune functions through the autophagy gene
ATG16L1, which could change the microbiota profile. Fur-
thermore, low levels of VDR correlate with a decrease in
intestinal ATG16L1 in patients with IBD and in an experi-
mental model of colitis. Introduction of butyrate (a fer-
mented product of the gut microbiota) increases expression
of VDR and ATG16L1 and suppresses inflammation in an
experimental model of colitis. This evidence raises the
possibility of using microbial fermentation products as
therapeutic agents to restore VDR-dependent functions in
patients with IBD.

Probiotic bacteria increase the serum 25(0OH)D level

Low serum 25(OH)D levels have been linked to gut
inflammatory diseases [100]. In subjects consuming
probiotic Lactobacillus reuteri NCIMB 30242, Jones et al.
[31] found significantly increased levels of circulating
25(0OH)D, and concluded that oral administration of bile
salt hydrolase (BSH)-active L. reuteri NCIMB 30242 may
increase serum 25(OH)D through expanding intraluminal
lactic acid production or increasing synthesis of 7-
dehydrocholesterol (7-DHC), or both.

VI. Conclusion

Vitamin D possesses anti-inflammatory and immune-
modulating effects in the GIT. Many of these functions
occur through complex ligand-receptor communication
between vitamin D and VDR, and have an influence on the
human microbiome. Vitamin D also has important func-
tions in innate and adaptive immunity, intestinal barrier
integrity, and gut homeostasis. Vitamin D regulates the gut
microbiota, since dysregulation of vitamin D alters micro-
bial imbalance (maladaptation) in the GIT. The antibacte-
rial effect of vitamin D is associated with expression of
AMPs. The gut microbiota is responsive to exogenous vita-
min D, and some fermentation products of the microbiota
can induce expression of VDR. A detailed study of the
functional, immunological, biochemical and genetic inter-

actions between vitamin D and the human gut microbiota
will shed additional light on understanding of complex gut
function.
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