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Abstract

The gastrointestinal tract is both the largest immune organ and the primary
interface between the host and trillions of commensal microbes. Vitamin D,
through its active metabolite calcitriol (1,25(0OH)2Ds), and the Vitamin D receptor
(VDR), exerts critical regulatory roles in maintaining gut homeostasis. It
strengthens epithelial barrier integrity, modulates antimicrobial peptide
production, and fine-tunes immune tolerance to prevent chronic inflammation.
Emerging evidence shows that Vitamin D deficiency is linked to dysbiosis,
increased intestinal permeability (“leaky gut”), and heightened risk of
inflammatory bowel disease (IBD), colorectal cancer, and metabolic endotoxemia.
On the flip side, optimal Vitamin D signaling promotes microbial diversity,
dampens excessive Th17-driven inflammation, and favors regulatory T-cell (Treg)
responses. This chapter explores the multidimensional role of Vitamin D in gut
health, spanning cellular mechanisms, microbiota interactions, and clinical
implications, while also addressing translational opportunities in supplementation
and precision medicine.
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1. Introduction

The gastrointestinal tract once initially found as a site of digestion and absorption.
However, in recent decades, it has emerged as a complex and integrated system,
functioning not only as the major interface with the external environment but also as
an integrative hub that fine-tunes immune regulation and metabolic homeostasis [1].
This dual role positions the gut at the crossroads of health and disease, with profound
implications for systemic physiology and susceptibility to disorders ranging from
infections and autoimmune conditions to metabolic syndrome and neuropsychiatric
diseases [2].

The gut harbors the most extensive immune network in the body, with an
estimated 70% of immune cells strategically positioned within the gut-associated
lymphoid tissue (GALT) [3]. This expansive immune infrastructure serves as
a dynamic sentinel, constantly discriminating between harmless dietary antigens and
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commensal microbes on one hand, and invasive pathogens on the other. Intestinal
epithelial cells, reinforced by mucus layers and antimicrobial peptides, constitute

a crucial first line of host defense, creating a selective barrier that is both physical and
biochemical [4]. Beneath this barrier lies a sophisticated immune network
comprising Peyer’s patches, isolated lymphoid follicles, mesenteric lymph nodes,
and a rich network of innate and adaptive immune cells.

The immune functions of the gut extend beyond pathogen defense. A defining
hallmark of the intestinal immune system is its capacity to actively promote immune
tolerance. Commensal bacteria and food-derived antigens are generally tolerated,

a process mediated by regulatory T cells (Tregs), secretory IgA, and anti-
inflammatory cytokines [5]. At the same time, the system retains the capacity to
mount rapid inflammatory responses when microbial breaches occur. Maintaining
a finely tuned equilibrium between immune acceptance and protective responses is
essential, as its breakdown can precipitate persistent inflammation, including
conditions like inflammatory bowel disease and broader autoimmune disorders [6].
Thus, the gut is not simply a passive digestive organ but an immune command center
with broad systemic relevance.

Parallel to its immune functions, the gut plays a decisive role in regulating host
metabolism. Beyond the absorption of macronutrients and micronutrients, the gut-
microbiota contributes substantially to host energy balance through the
fermentation of indigestible fibers, yielding short-chain fatty acids (SCFAs) such as
propionate, acetate, and butyrate [7]. These microbial metabolites provide fuel for
colonocytes, regulate gluconeogenesis and lipogenesis, and offer anti-inflammatory
effects by enhancing Treg differentiation [8].

The metabolic influence of the gut extends further through bile acid modification
and tryptophan catabolism [9]. Primary bile acids are enzymatically transformed by
the gut microbiota into structurally and functionally distinct secondary bile acids,
which engage receptors such as FXR and TGR5 to regulate lipid metabolism, glucose
homeostasis, and innate immunity [10]. Similarly, tryptophan-derived microbial
metabolites influence serotonin biosynthesis and aryl hydrocarbon receptor (AhR)-
mediated immune responses [11]. Endocrine communication between the gut and
peripheral organs is also central to metabolic regulation. Hormones such as glucagon-
like peptide-1 (GLP-1), peptide YY (PYY), and ghrelin, secreted by enteroendocrine
cells, modulate appetite, insulin secretion, and systemic energy balance, reinforcing
the concept of the gut as a master regulator of whole-body metabolism [12].

A notable hallmark of the gut is the close and dynamic interaction between
immune control mechanisms and metabolic processes. Microbial metabolites serve
as immunomodulators, linking dietary inputs to host immune tone. For example,
SCFAs not only support energy metabolism but also condition dendritic cells and
macrophages toward tolerogenic phenotypes, while bile acids regulate
inflammasome activation and antimicrobial peptide production[13]. Conversely,
immune activity shapes metabolic outcomes, pro-inflammatory cytokines can alter
insulin signaling, disrupt lipid metabolism, and impair nutrient absorption.
Disruption of this immune-metabolic crosstalk contributes to a range of chronic
conditions, such as obesity, type 2 diabetes, nonalcoholic fatty liver disease, and
cardiovascular disease [14].

This bidirectional communication highlights the gut as a central hub where nutrition,
microbial ecology, immunity, and systemic physiology converge. The health of this hub
depends on the integrity of the epithelial barrier, the composition of the microbiota, and
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the fine-tuned balance of mucosal immune responses. Disturbances at any point in this
system can ripple far beyond the gut, highlighting the growing recognition of intestinal
homeostasis as a key driver of overall health and lifespan [15].

Vitamin D is now recognized as a pivotal modulator of gut health, extending
beyond its traditional functions in calcium balance and bone physiology to strongly
influence mucosal immune responses, epithelial barrier function (Figure 1), and gut
microbial composition [16]. Vitamin D receptor (VDR) signaling influences tight
junction protein expression, antimicrobial peptide production, and T-cell
differentiation, thereby integrating immune and metabolic functions at the mucosal
interface [17]. Growing evidence further indicates that insufficient Vitamin D levels
are linked to microbial imbalance, compromised intestinal barrier integrity
(Figure 1), and an increased vulnerability to inflammatory diseases [18].

Against this backdrop, the present chapter explores the multifaceted relationship
between Vitamin D and gut health, with a particular focus on the microbiota,
barrier function, and mucosal immunity. Understanding how Vitamin D intersects with
the gut’s dual identity as an immune and metabolic hub may provide novel insights into
preventive and novel therapeutic avenues across a broad spectrum of diseases.

2. Vitamin D and the gut barrier

2.1 Regulation of epithelial tight junction proteins

The intestinal epithelium serves as the primary physical barrier separating luminal
contents from the host’s internal milieu [19]. Its functional integrity is primarily
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Figure 1.
Contrasting features of a healthy gut versus a Vitamin D-deficient gut.
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governed by the regulated expression and spatial arrangement of tight junction
proteins, notably occludin, claudins, and zonula occludens-1 (ZO-1). Vitamin D,
through activation of the Vitamin D receptor (VDR), has been shown to regulate the
transcription and assembly of these critical proteins [20]. Experimental studies
demonstrate that VDR signaling enhances occludin expression and stabilizes ZO-1
localization at the apical junctional complex, thereby strengthening intercellular
adhesion. Specific claudin family members are also modulated by Vitamin D,
contributing to the fine-tuning of barrier selectivity [18]. These effects collectively
reinforce the epithelial interface against paracellular leakage, ensuring that the mucosa
can accommodate nutrient absorption while restricting pathogen entry.

2.2 Prevention of increased permeability and microbial translocation

A key consequence of impaired barrier function is the phenomenon of “leaky gut,”
characterized by increased paracellular permeability and translocation of luminal
antigens, endotoxins, and microbial products [21]. Such breaches can trigger aberrant
immune activation and low-grade systemic inflammation, linking intestinal
dysfunction to disorders ranging from inflammatory bowel disease (IBD) to metabolic
syndrome. Vitamin D plays a protective role by maintaining barrier tightness and
reducing permeability. VDR-deficient models exhibit increased intestinal leakiness
and elevated translocation of bacterial components into systemic circulation [16].
Conversely, supplementation with Vitamin D reduces permeability, preserves
mucosal architecture, and limits systemic exposure to microbial antigens [22]. This
barrier-protective function positions Vitamin D as a critical determinant in preventing
the escalation of mucosal disturbances into systemic immune dysregulation.

2.3 Role in mucosal wound healing and epithelial regeneration

Beyond barrier maintenance, Vitamin D contributes to the repair and
regeneration of damaged mucosa. Injury to the intestinal epithelium, whether due to
infection, inflammation, or mechanical stress, necessitates rapid wound-healing
processes that involve epithelial proliferation, migration, and differentiation [23].
Vitamin D promotes these processes by modulating growth factor signaling
pathways, enhancing epithelial cell proliferation, and facilitating restitution of the
monolayer. Furthermore, VDR activation stimulates antimicrobial peptide
expression, such as cathelicidin and defensins, which not only limit microbial burden
but also support epithelial recovery [24]. Evidence from experimental colitis models
indicates that Vitamin D supplementation accelerates mucosal healing, reduces
ulceration, and restores villus architecture [25]. This reparative capacity highlights
the critical role of sufficient Vitamin D availability in preserving intestinal resilience,
especially in the setting of persistent injury or inflammatory stress.

3. Vitamin D and the gut microbiota

3.1 VDR signaling in shaping microbial composition

The gut microbiota represents a dense and diverse microbial ecosystem whose
composition is intimately linked to host immunity, metabolism, and overall health.
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Vitamin D, acting via the Vitamin D receptor (VDR), exerts an important regulatory
role in shaping this ecosystem. Intestinal epithelial and immune cells are not the only
sites of VDR expression but also influences the luminal environment indirectly by
modulating antimicrobial peptide production, mucin secretion, and epithelial barrier
function. These host-generated cues impose selective constraints that promote the
expansion of beneficial commensals while limiting the outgrowth of opportunistic
pathogens. VDR deficiency in animal models has been associated with altered
microbial profiles, reduced microbial diversity, and a shift toward dysbiosis,
underscoring the receptor’s central role in maintaining microbial homeostasis [26].

3.2 Influence on beneficial vs. pathogenic species

Vitamin D status has been shown to influence the relative abundance of major
microbial taxa, particularly the balance between Firmicutes and Bacteroidetes,
which is a key marker of gut microbial health [27]. Robust VDR signaling fosters the
growth of health-promoting commensals like Lactobacillus and Bifidobacterium
while restraining the overrepresentation of pathogenic or pro-inflammatory taxa
such as Enterobacteriaceae. Deficiency states, on the other hand, often correlate with
a reduction in beneficial taxa and an overrepresentation of potentially pathogenic
microbes, a shift that predisposes the host to inflammatory responses (Figure 1). By
modulating immune tone and barrier function, Vitamin D indirectly creates a gut
environment where symbiotic interactions are sustained and pathogenic overgrowth
is suppressed. This ecological regulation has direct implications for conditions
such as inflammatory bowel disease, metabolic disorders, and infections, where
microbial imbalance is a hallmark feature [28].

3.3 Impact on short-chain fatty acid (SCFA) production and microbial
metabolites

Vitamin D’s impact on the gut microbiota encompasses not only shifts in community
structure but also functional consequences, notably the generation of microbial
metabolites such as short-chain fatty acids (SCFAs). SCFAs, including butyrate, acetate,
and propionate, are central to colonic health, fueling epithelial cells, reinforcing barrier
integrity, and regulating immune responses through effects on Treg differentiation and
cytokine production [29]. Vitamin D sufficiency has been associated with enhanced
SCFA production, likely mediated by its ability to support SCFA-producing bacteria
within the Firmicutes phylum. Moreover, VDR activation directly modulates host
responses to microbial metabolites by influencing signaling pathways such as GPR41/43
and histone deacetylase inhibition, thereby amplifying the immunoregulatory effects of
SCFAs. In contrast, Vitamin D deficiency diminishes SCFA production, reducing the
anti-inflammatory and barrier-supportive functions of the microbiota. These functional
consequences highlight the role of Vitamin D in shaping microbial ecology and also in
sustaining the metabolic dialog between microbes and the host [30].

4. Vitamin D and innate mucosal defense

The innate immune system of the gut represents the first line of host defense
against the dense and diverse microbial community residing in the lumen. While
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adaptive responses provide specificity and memory, it is the innate mucosal
machinery that ensures rapid recognition and neutralization of microbial threats,
thereby maintaining tissue homeostasis. Vitamin D, primarily through signaling via
the VDR, plays an important role in orchestrating these innate defenses. By
regulating antimicrobial peptide production, influencing specialized secretory cells,
and enhancing the activity of innate immune sentinels, Vitamin D strengthens the
gut’s capacity to contain microbial insults while preserving tolerance to
commensals [31].

4.1 Induction of antimicrobial peptides

The regulation of antimicrobial peptides (AMPs) is one of the most extensively
studied mechanisms linking Vitamin D to innate immunity. Among these,
cathelicidins (notably LL-37 in humans) and defensins form the cornerstone of
mucosal defense. The gene encoding cathelicidin antimicrobial peptide (CAMP)
contains a Vitamin D response element (VDRE) in its promoter region. VDR
activation directly upregulates LL-37 transcription, leading to enhanced secretion
into the intestinal lumen. LL-37 exhibits broad-spectrum antimicrobial activity,
disrupting bacterial membranes, neutralizing lipopolysaccharides (LPS), and
inhibiting viral entry [32]. Within the intestinal environment, LL-37 further shapes
immune responses by recruiting immune cells to sites of microbial challenge and by
dampening excessive inflammatory responses, thereby linking antimicrobial
activity with immune regulation. Vitamin D also influences defensin production,
particularly human p-defensins (hBDs). These peptides not only kill bacteria,
fungi, and viruses but also act as chemoattractants for dendritic cells and T cells
through CCR6 signaling. Paneth cells are the primary source of a-defensins
(cryptdins in mice) in the small intestine, which are vital for controlling microbial
density in the crypts. Evidence suggests that Vitamin D signaling enhances the
expression of certain defensins, thereby contributing to localized microbial control
at the epithelial surface.

The induction of AMPs by Vitamin D provides a powerful mechanism for direct
microbial killing, thereby sculpting the gut microbial landscape and impeding the
establishment of pathogenic organisms [33].

4.2 Effects on paneth cells and mucus production

Vitamin D also exerts regulatory effects on specialized epithelial cell subsets that
are essential for innate mucosal defense. Situated at the base of intestinal crypts,
Paneth cells release a-defensins, lysozyme, and ReglIly, collectively establishing
a microbicidal gradient that safeguards the stem cell niche [34]. VDR is expressed in
Paneth cells, and studies in VDR-deficient mice reveal impaired Paneth cell function,
altered antimicrobial peptide secretion, and susceptibility to dysbiosis. Vitamin
D signaling ensures optimal Paneth cell differentiation and activity, reinforcing the
epithelial barrier at its most vulnerable regenerative sites.

4.3 Goblet cells and mucus layer

Goblet cells produce mucins (predominantly MUC2 in the intestine), which form
the mucus gel layer that separates luminal microbes from the epithelial surface.
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Vitamin D contributes indirectly to mucus production by maintaining epithelial
health, reducing oxidative stress, and modulating goblet cell function. In deficiency
states, thinning of the mucus barrier has been observed, facilitating closer microbial-
epithelial interactions and increasing infection risk [35]. By preserving mucus
integrity, Vitamin D enhances the spatial compartmentalization that is central to gut
homeostasis. Collectively, the Paneth and goblet cell populations underscore
Vitamin D’s crucial role in preserving both chemical and physical defenses against
microbial invasion [36].

4.4 Enhancement of innate immune surveillance in the gut

Beyond epithelial and secretory functions, Vitamin D modulates the activity of
innate immune cells residing within the gut mucosa. These cells act as surveillance
units that constantly sample luminal antigens and orchestrate downstream
immune responses. Vitamin D modulates dendritic cell (DC) maturation and
activity, fostering a tolerogenic state marked by lower co-stimulatory molecule
expression and enhanced IL-10 production. In the gut, this results in dampened
inflammatory responses to commensals while maintaining the ability to respond to
pathogens [37]. DCs exposed to Vitamin D also show enhanced antimicrobial
activity through AMP induction, further strengthening innate defense. Intestinal
macrophages represent a large fraction of innate immune sentinels in the lamina
propria. Vitamin D enhances their phagocytic capacity, promotes bacterial
clearance, and induces AMP expression. Importantly, Vitamin D polarizes
macrophages to an M2 anti-inflammatory phenotype, reducing excessive tissue
damage while preserving microbial control. Group 3 ILCs (ILC3s) are central to gut
barrier defense via secretion of IL-22, which stimulates epithelial cells to produce
AMPs and proliferate. Evidence suggests Vitamin D modulates ILC activity,
indirectly supporting IL-22 production and epithelial protection [38]. Vitamin
D has been shown to modulate Toll-like receptor (TLR) signaling pathways in
innate cells. For example, TLR activation can enhance local VDR expression,
creating a feed-forward loop in which microbial sensing boosts Vitamin
D-mediated AMP production. This cross-talk underscores Vitamin D’s role in fine-
tuning the recognition-response balance of innate immune surveillance [39].

4.5 Integrative role in innate mucosal defense

By simultaneously promoting AMP production, supporting specialized secretory
cells, and enhancing immune cell surveillance, Vitamin D creates a multi-layered
defense system in the gut. These actions are not isolated; they reinforce one another.
For instance, LL-37, produced under VDR influence, not only kills microbes but also
promotes epithelial wound healing, while Paneth cell-derived defensins synergize
with macrophage activity to shape microbial communities [40]. In conditions of
Vitamin D deficiency, this synergy collapses: AMP levels decline, Paneth cell
function is impaired, mucus layers thin, and innate immune surveillance becomes
dysregulated, culminating in barrier dysfunction, dysbiosis, and heightened
infection risk.

Collectively, the integration of Vitamin D into innate mucosal defense
emphasizes its indispensable role in maintaining gut homeostasis. The Vitamin D-
VDR axis connects gut barrier integrity, microbiota balance, and immune regulation,
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explaining how deficiency increases the risk of infections and inflammatory
diseases [41].

5. Vitamin D and adaptive gut immunity

The adaptive immune system of the intestine is critical for distinguishing
between harmless antigens derived from food and commensals, and harmful
pathogens that pose a genuine threat. This task requires finely tuned regulation, as
inappropriate activation leads to autoimmunity or chronic inflammation, while
inadequate responses allow infection and dysbiosis. Vitamin D, acting
predominantly through the VDR, has a central function in guiding adaptive
immune responses in the gut. Its influence extends across T cell differentiation,
antigen presentation by dendritic cells (DCs), and the establishment of oral
tolerance [42]. Collectively, these actions explain why Vitamin D status has
profound consequences for susceptibility to chronic inflammatory and
autoimmune diseases.

5.1 Regulation of Th17/Treg balance in the lamina propria

The gut lamina propria harbors abundant CD4 T cells, where Th17 and
regulatory T (Treg) subsets create a pivotal axis that orchestrates intestinal immune
balance [43]. Th17 cells produce pro-inflammatory cytokines like IL-17A, IL-17 F,
and IL-22, crucial for defending against extracellular microbes, including fungi and
specific bacterial species [44]. However, uncontrolled Th17 activity promotes
inflammation, epithelial barrier disruption, and pathology in disorders such as IBD
and multiple sclerosis. Treg cells, characterized by FoxP3 expression, are
indispensable for maintaining tolerance to commensals and dietary antigens. They
suppress effector T cell activity through IL-10 and TGF-f production, thereby
preserving gut homeostasis.

Vitamin D strongly influences the Th17/Treg balance. VDR activation inhibits
naive T cell differentiation into Th17 cells by repressing RORyt, the key transcription
factor driving Th17 lineage development. Simultaneously, Vitamin D promotes the
expansion and stability of FoxP3  Tregs [45]. The net effect is a shift toward
immune tolerance and away from pathological inflammation. Experimental colitis
models show that Vitamin D supplementation reduces Th17-mediated inflammation
while enhancing Treg-mediated regulation, providing mechanistic insight into its
therapeutic potential [46].

5.2 Effects on dendritic cell function and oral tolerance

Dendritic cells are the principal cells in the gut, sampling luminal antigens via
trans-epithelial dendrites or through the uptake of microbial products transported
across M cells and epithelial cells. Their functional phenotype largely dictates the
outcome of adaptive responses.

Vitamin D skews DCs toward a tolerogenic phenotype characterized by reduced
expression of co-stimulatory molecules (CD80, CD86), increased secretion of
IL-10, and reduced secretion of IL-12 [47]. Such tolerogenic DCs favor Treg



The Vitamin D- Microbiome Axis: Mechanistic Insights into Gut Immunity and Health
DOI: http://dx.doi.org/10.5772/intechopen.1014799

differentiation over Th1/Th17 effector responses, thereby maintaining mucosal
immune tolerance.

Oral tolerance refers to the systemic unresponsiveness induced by the oral
administration of antigens, an essential process for preventing unnecessary immune
responses to dietary proteins and commensals. Vitamin D supports this process by
reinforcing tolerogenic DC function and enhancing Treg induction in the mesenteric
lymph nodes. In states of Vitamin D deficiency, oral tolerance mechanisms are
impaired, leading to exaggerated immune responses against otherwise harmless
antigens.

Through its regulation of dendritic cell biology, Vitamin D ensures that the
adaptive immune system remains appropriately restrained in the intestinal
environment, preventing overzealous activation that could trigger pathology [42].

5.3 Implications for autoimmunity and chronic inflammation

Vitamin D’s regulation of T cell differentiation and dendritic cell activity
profoundly influences systemic immunity, with disruptions linked to autoimmunity
and chronic inflammation. Insufficient Vitamin D signaling is associated with higher
rates of autoimmune diseases, including type 1 diabetes, multiple sclerosis,
rheumatoid arthritis, and celiac disease. In the gut, weakened Treg function
alongside hyperactive Th17 responses fosters loss of tolerance and self-reactivity;
murine studies show that Vitamin D deficiency worsens autoimmune diabetes by
destabilizing Tregs and amplifying pathogenic Th17 activity.

In IBD, dysregulation of the Th17/Treg axis is a central pathogenic feature.
Supplementation with Vitamin D has been shown to reduce disease severity, partly by
restoring this balance and dampening mucosal inflammation [48]. Furthermore, on
dendritic cells, the tolerogenic effects of Vitamin D mitigate excessive antigen-driven
T cell activation, a mechanism increasingly recognized in Crohn’s disease and
ulcerative colitis. Vitamin D sufficiency thus supports not only mucosal tolerance but
also systemic immune homeostasis, potentially reducing the risk of widespread
chronic inflammatory states [49].

5.4 Integrative role in adaptive gut immunity

Taken together, Vitamin D functions as one of the key regulators of adaptive
immunity in the gut. By suppressing pathogenic Th17 responses, stabilizing Treg
populations, and promoting tolerogenic antigen presentation by dendritic cells,
Vitamin D ensures that the immune system remains balanced, protective yet
restrained [50]. The failure of this regulation in deficiency states presents
a compelling explanation for the associations between low Vitamin D levels,
increased susceptibility to IBD, impaired oral tolerance, and higher risk of
autoimmunity. Thus, adequate Vitamin D status represents a cornerstone of
adaptive immune resilience in the gut.

6. Clinical links

The physiological roles of Vitamin D in gut barrier function, mucosal immunity,
and microbial homeostasis translate directly into clinical outcomes [36]. A growing
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body of evidence suggests that Vitamin D status influences the onset, progression,
and therapeutic responsiveness of several gastrointestinal and systemic diseases. The
following sections highlight key clinical contexts where Vitamin D-gut interactions
are of particular relevance.

6.1 Inflammatory bowel disease (IBD)

Vitamin D deficiency is prevalent in IBD patients, especially those with Crohn’s
disease and ulcerative colitis. Contributing factors include malabsorption from
intestinal inflammation, limited sunlight exposure during flares, and systemic
inflammation disrupting Vitamin D metabolism. Observational data consistently
link low serum 25-hydroxyVitamin D levels with heightened disease activity, more
frequent relapses, and increased risk of hospitalization or surgical
intervention [51].

Clinical trials of Vitamin D supplementation in IBD have shown promising
outcomes, including lower relapse rates, improved mucosal healing, and better
quality of life in certain patient groups. Mechanistically, Vitamin D’s ability to
restore epithelial tight junctions, promote antimicrobial peptide production, and
rebalance Th17/Treg responses provides a plausible explanation for its
therapeutic benefit (Table 1). While the ideal dosing regimen is still being
refined, keeping serum 25(OH)D above 30-40 ng/mL is increasingly advocated
in IBD care. In adults, daily supplementation with 2,000 IU of cholecalciferol for
approximately 12 weeks safely raised serum levels into the insufficient-to-
sufficient range and maintained them through winter, with higher 25(OH)D
concentrations linked to better disease outcomes in meta-analyses of randomized
trials [52]. In Crohn’s disease, a 24-week regimen of 5,000 IU/day Vitamin Ds
elevated serum 25(OH)D beyond 40 ng/mL, coinciding with lower CDAI scores
and enhanced patient-reported quality of life [53]. Pediatric IBD data also
demonstrate that 2,000 IU/day over six months significantly increases the
proportion of subjects achieving 230 ng/mL compared with lower dosing, though
effects on disease activity varied [54].

6.2 Irritable bowel syndrome (IBS)

Unlike IBD, IBS is not driven by overt mucosal inflammation but rather by
visceral hypersensitivity, altered gut-brain signaling, and low-grade immune
activation. Emerging evidence indicates that Vitamin D levels may influence the
severity of IBS symptoms [58]. Patients with IBS are more likely to be Vitamin
D deficient compared with healthy controls, and supplementation has been
associated with improvements in abdominal pain, bloating, and quality of life
(Table 1).

The mechanisms remain incompletely understood but may involve
modulation of serotonin pathways, stabilization of mast cells, and reduction in
visceral hypersensitivity. Vitamin D’s ability to reinforce epithelial barrier
function and reduce dysbiosis-driven immune activation may also mitigate post-
infectious forms of IBS. While more randomized controlled trials are needed,
Vitamin D supplementation represents a promising, low-cost adjunct in IBS
management [67]. For example, in IBS populations, randomized trials and meta-
analyses have investigated a range of dosing strategies. Weekly doses of 50,000
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Clinical entity

Pathophysiological
association to Vitamin D

Mechanistic insights

Clinical studies

Inflammatory
Bowel Disease
(IBD)

Microbial dysbiosis,
impaired epithelial barrier
function, and unregulated
immunological activation
against gut flora and chronic
intestinal inflammation [55].

Vitamin D-increases
Vitamin D receptor (VDR)
signaling to lower proin-
flammatory cytokines,
enhance regulatory T-cell
activity, promote antimicro-
bial peptides, and restore gut
microbial balance and
epithelial barrier [56].

Supplementation of Vitamin
D enhanced patients’ quality
of life, encouraged mucosal
healing, and reduced relapse
rates [57].

Irritable Increased intestinal Vitamin D alleviates intest- ~ Vitamin D supplementation
Bowel permeability,immunological  inal dysfunction and IBS has been linked to the relief
Syndrome dysregulation, and altered severity by regulating sero-  of IBS symptoms, including
(IBS) gut-brain axis communica- tonin, suppressing proin- bloating, gas, constipation,
tion, which can cause flammatory cytokines, abdominal pain, and
visceral hypersensitivity reinforcing epithelial barrier ~ enhanced overall quality of
[58]. integrity, and restoring gut  life [60].
microbiota balance [59].
Colorectal Tumor development and In colonic epithelial and Clinical records show that

Cancer (CRC)

higher metastatic potential
are all associated to low
Vitamin D levels [61].

immunological cells,
Vitamin D interacts with the
VDR, modifying gene
expression to prevent the
development of tumors.
Wnt/p-catenin signaling is
inhibited, cell cycle arrest
and cell death are induced,
proinflammatory cytokines
are decreased, and DNA
repair and immune surveil-
lance are improved [62].

having enough Vitamin
D lowers the risk of
recurrent adenomatous
polyps and is positively
correlated with overall
survival rates [63].

Metabolic Lipopolysaccharides (LPS) When Vitamin D stimulates ~ Vitamin D supplementation

Endotoxemia  can enter the circulation in the VDR in immune and has been shown to enhance
metabolic endotoxemia due  gastrointestinal epithelial metabolic profiles and
to increased intestinal cells, tight junctions are insulin sensitivity, while
permeability caused by reinforced, and LPS translo-  reducing inflammatory
Vitamin D deficiency. This cation is reduced. It also cytokines and circulating
leads to obesity-related reduces the effects of meta-  lipopolysaccharides [66].
metabolic dysfunction, insu-  bolic endotoxemia by low-
lin resistance, and systemic ering systemic cytokines,
low-grade inflammation improving insulin sensitiv-
[64]. ity, and inhibiting TLR4/

NF-kB signaling [65].
Table 1.

Role of Vitamin d and its mechanisms in intestinal inflammatory diseases.

IU (~7,000 IU/day) over 6-9 weeks raised mean serum 25(OH)D from ~ 21 to
~36-40 ng/mL, improving IBS-SSS and quality-of-life scores versus placebo [68].
Meta-analyses of RCTs using daily or intermittent Vitamin D (=3,000-3,500 IU/
day) show consistent increases in serum 25(OH)D in IBS patients, with overall
trends toward symptom relief and better quality of life, though effect sizes differ
across studies [69].
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6.3 Colorectal cancer

Epidemiological, genetic, and mechanistic evidence links Vitamin D to
colorectal cancer, with low serum levels correlating with higher incidence and
worse survival outcomes [70]. One mechanistic axis involves Vitamin D receptor
(VDR) polymorphisms, which influence both cancer susceptibility and disease
outcomes. Specific VDR alleles have been correlated with altered risk for CRC,
suggesting that genetic variability modifies individual responsiveness to Vitamin
D signaling.

Beyond tumor initiation, Vitamin D modulates tumor immunity and the tumor
microenvironment. VDR activation enhances cytotoxic T cell function, reduces
pro-tumorigenic inflammation, and upregulates antimicrobial peptides that may
counter microbial carcinogens [43]. Importantly, Vitamin D also regulates
microbiota composition, thereby limiting dysbiosis-driven carcinogenesis
(Table 1). For example, the expansion of Fusobacterium nucleatum, a microbe
linked to CRC progression, has been shown to be restricted under adequate
Vitamin D/VDR signaling. Clinical trials exploring Vitamin D supplementation in
CRC prevention and adjuvant therapy are ongoing, with preliminary results
indicating reduced polyp recurrence and improved survival in patients with
sufficient Vitamin D status.

6.4 Metabolic endotoxemia

Metabolic endotoxemia, a low-grade systemic inflammation from microbial
products like lipopolysaccharides (LPS) entering the bloodstream, is increasingly
seen as a contributor to obesity, insulin resistance, and NAFLD [71]. Vitamin D plays
a central role in limiting this process by maintaining gut barrier integrity and
microbial balance.

Deficiency states are associated with increased intestinal permeability,
overgrowth of LPS-producing bacteria, and heightened systemic inflammation. In
obese individuals, low Vitamin D status correlates with elevated circulating LPS and
inflammatory cytokines such as TNF-a and IL-6 [72]. Supplementation studies have
shown that Vitamin D can reduce markers of endotoxemia, improve insulin
sensitivity, and modulate the gut microbiota toward a healthier profile (Tablel).
These findings suggest that adequate Vitamin D not only protects against local
intestinal dysfunction but also reduces systemic metabolic inflammation linked to
cardiometabolic disease.

7. Integrative perspective

Collectively, clinical evidence underscores the translational importance of
Vitamin D in gut health. From chronic inflammatory conditions such as IBD, to
functional syndromes like IBS, to malignancies such as CRC, and metabolic
disorders driven by dysbiosis, Vitamin D emerges as a unifying factor that
influences disease risk and outcomes [73]. Although larger clinical trials are
needed to optimize treatment, maintaining sufficient Vitamin D levels offers
a practical and broadly applicable approach to supporting gut and overall
systemic health.
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8. Therapeutic and translational implications, future directions, and
conclusion

Expanding evidence base linking Vitamin D to gut barrier integrity, mucosal
defense, and host-microbe crosstalk is reshaping therapeutic perspectives in
gastroenterology and systemic health [30]. Beyond its classical skeletal
functions, Vitamin D is now recognized as a cornerstone of gut-immune
homeostasis, opening new avenues for translational interventions.

8.1 Therapeutic and translational implications

Vitamin D supplementation strategies are increasingly tailored not only to
restore systemic sufficiency but also to maximize gut-specific benefits. Studies in
IBD, IBS, and metabolic endotoxemia show that keeping serum 25(OH)D above
30-40 ng/mL promotes epithelial healing, curbs dysbiosis-related inflammation,
and enhances clinical outcomes [74]. The therapeutic potential of Vitamin D is
further amplified when combined with microbiota-directed strategies such as
probiotics, prebiotics, and dietary modulation. These synergies reflect
complementary mechanisms: Vitamin D reinforces barrier function and regulates
immune tone, while microbiota-directed interventions shape the ecological context
in which Vitamin D signaling unfolds.

Precision medicine approaches are emerging as critical in this field. Genetic
variation in the Vitamin D receptor (VDR), coupled with individual microbiome
configurations, modulates responsiveness to supplementation [75]. For instance,
specific VDR polymorphisms influence colorectal cancer risk and treatment
response, while microbial enzymes may regulate Vitamin D metabolism.
Integrating host genetics, microbiome profiles, and nutritional data could
enable stratified supplementation strategies that deliver greater therapeutic
efficacy.

8.2 Future directions

The emerging perspective frames Vitamin D not just as a nutrient but as a key
regulator of the gut-immune-brain axis. Preclinical studies already link Vitamin
D status to neuroimmune interactions and visceral sensitivity, raising the prospect of
novel interventions for disorders such as IBS, depression, and cognitive decline.
However, current evidence is limited by short study durations and underpowered
cohorts. Large-scale, longitudinal clinical trials incorporating microbiome
sequencing and immune phenotyping are urgently needed to capture dynamic
cause-effect relationships.

The integration of systems biology and artificial intelligence offers
a transformative opportunity. Computational models could assimilate genomics,
metabolomics, microbiome, and clinical datasets to predict individualized Vitamin
D needs and outcomes. Such approaches would move beyond “one-size-fits-all”
recommendations toward adaptive, precision-guided supplementation, with
implications extending from gastrointestinal disorders to systemic metabolic and
neuroimmune diseases.
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9. Conclusion

Vitamin D is increasingly recognized as a central regulator of gut health, shaping
microbial communities and modulating immune homeostasis. Its deficiency
contributes to inflammatory, functional, neoplastic, and metabolic disorders, while
supplementation holds promise for restoring homeostasis [30]. The path forward lies
in integrating Vitamin D into a broader therapeutic framework that encompasses
microbiota modulation, immune regulation, and personalized nutrition. By linking
molecular insights to clinical practice, Vitamin D emerges not merely as a supportive
nutrient but as a potential therapeutic cornerstone for preventing and managing
complex gut-related disorders [76].

Vitamin D deficiency has become increasingly associated with early
menopause, an important moderator of calcium homeostasis and overall
menopausal health. The reduction in estrogen levels during the menopausal
transition has negative effects on both Vitamin D metabolism and bone integrity
and, therefore, directly relates Vitamin D status to the severity of menopausal
symptoms, particularly in terms of bone loss. A 2-year prospective study found
that postmenopausal women with Vitamin D deficiency (<20 ng/mL)
experienced delayed menopause, lower estrogen, higher FSH, worse symptoms,
reduced BMD, increased inflammation, and poorer quality of life compared with
those sufficient in Vitamin D (>30 ng/mL) [77].

Furthermore, Vitamin D metabolism and its downstream effects on the immune
system and gut ecology are modulated by sex hormones and age, factors of
particular relevance for postmenopausal women and personalized medicine
strategies [78]. Vitamin D has widespread physiological effects during menopause,
which include maintaining skeletal integrity, cardiovascular health, immune
regulation, and mental well-being. Despite its relatively low dose requirements for
correction, Vitamin D insufficiency remains extremely prevalent among
postmenopausal women and strongly predisposes individuals to osteoporosis and
fracture risk. The major components of Vitamin D metabolism, at the molecular
level, are significantly controlled through estrogen, including the activating
enzyme CYP27B1 (la-hydroxylase), the inactivating enzyme CYP24A1, and the
Vitamin D receptor (VDR). This bidirectional interaction between estrogen and
Vitamin D pathways contributes to sex- and age-specific immune and metabolic
responses [79]. These components act within the major target tissues essential for
the maintenance of calcium balance and skeletal homeostasis: the intestine, the
bone, and immune cells. Following menopause, impaired VDR expression and
responsiveness, resulting from reduced estrogen levels, most notably in the
intestines, compromise calcium absorption and skeletal health, with further
disturbance of immune function.

Moreover, estrogen deficiency after menopause leads to significant changes in
gut microbiota composition, observed by a decrease in microbial diversity and
a loss of specific beneficial genera, including Lactobacillus and Bifidobacterium.
These microbiome alterations could further cause disruption to the Vitamin
D-VDR signaling axis, since gut microbes influence Vitamin D bioavailability,
intestinal barrier function, and immune modulation. The estrogen decline,
impaired Vitamin D signaling, and gut dysbiosis thus creates an environment that
biologically predisposes postmenopausal women to accelerated bone loss,
heightened inflammation, metabolic disturbances, and diminished quality of life.
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Menopause itself can lead to shifts in gut microbiota composition and diversity,
associated to lower estrogen levels and increased intestinal permeability factors
that can promote low-grade inflammation and dysbiosis [80]. These microbial
changes may further influence estrogen metabolism through the “estrobolome,” an
accumulation of microbial genes which modulate estrogen recirculation,
suggesting a complex feedback loop between hormones, the microbiome, and host
metabolism [81].

Meta-analyses further show that age and sex influence the gut microbiome-
Vitamin D relationship in immune-mediated conditions, with aging and declining
sex hormones linked to higher inflammation and lower microbial diversity [79].
These findings highlight the importance of personalized Vitamin D supplementation
in postmenopausal women, considering hormonal status, age-related metabolic
shifts, immune function, and microbiome composition to maximize clinical
outcomes [82].

Cumulatively, in the postmenopausal setting, these findings emphasize the
clinical relevance of ensuring adequate levels of Vitamin D. In addition, Vitamin
D adequacy may favorably preserve hormonal status, bone and immune health,
reduce symptom severity during menopause, and mitigate microbiome-driven
inflammatory changes [83]. Such interactions underscore the necessity of
tailored Vitamin D supplementation strategies for postmenopausal women,
taking into account hormonal status, age-related changes in Vitamin
D metabolism, immune function, and microbiome composition to optimize
clinical benefit [84].
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