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Abstract

Background Immunosenescence is the loss and change of immunological organs, as well as innate and adaptive
immune dysfunction with ageing, which can lead to increased sensitivity to infections, age-related diseases, and
cancer. Emerging evidence highlights the role of gut-vitamin D axis in the regulation of immune ageing, influencing
chronic inflammation and systemic health. This review aims to explore the interplay between the gut microbiota and
vitamin D in mitigating immunosenescence and preventing against chronic inflammation and age-related diseases.

Main text Gut microbiota dysbiosis and vitamin D insufficiency accelerate immunosenescence and risk of chronic
diseases. Literature data reveal that vitamin D modulates gut microbiota diversity and composition, enhances
immune resilience, and reduce systemic inflammation. Conversely, gut microbiota influences vitamin D metabolism
to promote the synthesis of active vitamin D metabolites with implications for immune health.

Conclusions These findings underscore the potential of targeting gut-vitamin D axis to modulate immune
responses, delay the immune ageing, and mitigate age-related diseases. Further research is needed to integrate
vitamin D supplementation and microbiome modulation into strategies aimed at promoting healthy ageing.
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Introduction

Senescence, also known as biological ageing, is a key
element in the development of chronic diseases due to
diminished stress response and homeostasis. Age-related
problems, including neurological diseases, malignancies,
cardiovascular disorders, and bone and joint maladies,
are mostly caused by immunological, metabolic, and
circulatory function decline. As the proportion of peo-
ple over 60 years old is growing worldwide, age-related
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illnesses become more prevalent [1]. Roy Walford termed
a weak immune system as ‘immunosenescence, which is
known to play a central role in ageing-associated dis-
eases. Immunosenescence refers to the loss and modi-
fication of immunological organs, as well as innate and
adaptive immune malfunction with ageing, which may
lead to poor vaccination outcomes and increased vulner-
ability to infections, age-related diseases, and cancer [2].
Several changes associated with immunosenescence are
being observed such as thymic involution, hematopoietic
stem cell (HSC) dysfunction, disrupted naive/memory
ratio in T and B cells, mitochondrial dysfunction, inflam-
mageing, accumulated senescent cells, genomic instabil-
ity, and impaired new antigen response [3—5], though the
full extent of biological changes is yet to know. Thymic
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involution is known to play a role in imbalanced immune
cells proportions, in particular for T-cells. Thymic invo-
lution can be described by the disappearance of epithe-
lial spaces in thymus as a result of thymic atrophies and
gradual filling of perivascular spaces with elderly thymus,
resulting in decreased naive T cells, increased periph-
eral late-differentiated memory T-cells, and reduced
migration of naive T cells to the periphery [6—8]. Inflam-
mageing, characterized by systemic, chronic low-grade
inflammation, is regarded as a key hallmark of ageing.
It is thought to arise from the accumulation of dam-
aged macromolecules, with chronic tissue injury often
linked to host-derived cellular debris [9]. Cellular senes-
cence is central to inflammageing, as senescent cells
adopt a unique senescence-associated secretory pheno-
type (SASP), releasing numerous soluble factors, includ-
ing interleukins (IL-1, IL-6, IL-8, IL-13, and IL-18) and
tumor necrosis factor (TNF-a) [10-13]. With the pro-
gressing ageing of immune system, metabolic system also
undergoes certain changes including increased glycoly-
sis, mitochondrial dysfunction, and oxidative stress [14,
15]. Altogether these features of immunosenescence are
linked to increased mortalities and morbidities associ-
ated with age-related diseases [16, 17].

Vitamin D, ‘the sunshine vitamin' represents mainly
two forms of sterols or prohormones including vitamin
D3 (cholecalciferol) synthesized from a cholesterol pre-
cursor via ultraviolet activity and vitamin D2 (ergocal-
ciferol) obtained from plant sterols or yeasts. Both of
these prohormones require conversion to active form of
vitamin D via two hydroxylation reactions for biologi-
cal activities (Fig. 1). An adequate amount of vitamin D
can be obtained from multiple sources such as forti-
fied cereals, grains or dairy, fish (trout and salmon), fish
liver oil, aquatic mammal liver, eggs, mushrooms, and
margarines [18]. Biologically active form of vitamin D
(1,25(0OH),D) possess ability to modulate both innate
and adaptive immune cells such as T and B cells, mono-
cytes and macrophages, dendritic cells, neutrophils, and
platelets, owing to the expression of vitamin D receptor
(VDR) [19]. The 1,25(0OH),D acts on target cells by bind-
ing to the VDR in the cytoplasm and heterodimerizing
with the retinoid X receptor-a (RXR-a) in the nucleus.
This forms the 1,25(OH),D-RXR-VDR complex, which
binds to vitamin D response elements (VDRE) on DNA,
which allows it to regulate the expression of various
genes involved in important physiological processes, like
calcium and phosphate homeostasis, immune function,
and cell differentiation [20]. Macrophages, neutrophils,
or epithelial cells at regions exposed to the external envi-
ronment absorb circulating 25(OH)D. While the vitamin
D metabolism is predominantly carried out in the liver by
CYP2R1, some immune cells, also express this enzyme,
which allow them to produce 1,25(OH),D, that functions
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as an intracrine hormone within the target cell. The
1,25(OH),D generated locally binds to VDR as well as
the promoter of genes containing the VDRE, causing an
increased production of uncleaved cathelicidin (hCAP18
in humans), which is then cleaved to active cathelicidin
(LL37 in humans), which provides protection against
bacterial infections. Invading microbes that trigger cer-
tain toll-like receptors (i.e., TLR 2/1) result in enhanced
production of the VDR and CYP27B1, allowing vitamin
D to improve the production of cathelicidin only in the
presence of appropriate 25(OH)D substrate [21]. Gut
epithelium VDR is also critical in maintaining mucosal
barrier integrity and regulating gut innate immunity. The
effect of vitamin D on immune cells is complex, as evi-
denced by the fact that VDR expression in immune cells
varies depending on their activation level. For example,
T-cells receive a larger concentration of VDR upon acti-
vation. Monocytes, on the other hand, decrease VDR
expression as they differentiate into macrophages or
dendritic cells. Immune cells have the same CYP27B1
enzyme as renal tubules, but it is not regulated by nega-
tive feedback from 1,25(OH),D itself. Because immune
cells also express CYP24A1, 1,25(0OH),D regulates it
only weakly and is dependent on immune cell activation
status. Essentially, vitamin D causes a shift in immuno-
logical status toward a more tolerogenic state [22]. Epi-
demiological studies have linked vitamin D deficiency
to dysregulated immune function, resulting in increased
vulnerability to infections and autoimmune diseases [23].
Larger systemic reviews showed a protective effects of
vitamin D supplementation against acute respiratory
infections, possibly due to enhanced cathelicidin expres-
sion, regulated cytokine release, and suppressed adap-
tive response via boosting the innate immune system
[24, 25]. Other studies reported lower levels of 25(OH)
D in patients with multiple sclerosis (MS), type 1 diabe-
tes mellitus, and systemic lupus erythematosus (SLE) [26,
27].

The concept of human microbiota was first introduced
to the scientific community by Joshua Lederberg as “the
ecological community of symbiotic and pathogenic micro-
organisms that literally share our body space and have
been all but ignored as determinants of health and dis-
ease” [28]. The idea that overall health is closely linked
to the gut can be traced back to antiquity (400 BC), as
reflected in Hippocrates’ well-known assertion that “all
disease begins in the gut’, a perspective that continues
to gain relevance with ongoing scientific advancements.
Extensive research demonstrated that vast number of
microorganisms (including bacteria, viruses, archaea,
fungi, and protozoans) colonized the human body, par-
ticularly the parts exposed to the external environment
such as skin, gastrointestinal, genitourinary, and respira-
tory tracts, whereas gastrointestinal tract is most heavily
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7-dehydrocholesterol —— Vitamin D3

Fig. 1 Cytochrome P450-mediated metabolism of vitamin D

colonized with the microbes, with the colon containing
around 70% of total microbes present in the body. Unlike
other microbes, bacteria are most widely studied for their
beneficial effects to the host, with 10" bacterial cells
normally present in human body [29]. Different phyla
of gut microbiota have been identified to date, including
Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria,
Proteobacteria, and Verrucomicrobia [29]. As evidenced
by the literature data, gut microbiota offers numerous
physiological benefits to the host such as strengthen-
ing the intestinal epithelium, protecting the gut barrier,
regulating the mucosal immunity, and protection against
pathogenic microbes. Other functions may include,
like nutrient absorption, vitamin synthesis, digestion of
dietary fibers to produce short chain fatty acids (SCFAs),
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and metabolism of xenobiotics [30]. Gut bacteria interact
dynamically with the host’s innate and adaptive immune
systems to maintain intestinal homeostasis and suppress
inflammatory responses. The metabolism of proteins and
complex carbohydrates, synthesis of vitamins, and gen-
eration of a large variety of metabolic products can medi-
ate a cross-talk between gut epithelium and immune
cells [31]. Dysbiosis of gut microbiota could result in
a disturbed interaction between gut bacteria and the
mucosal immune system, causing dysregulated immune
and inflammatory pathways, which may lead to gut leaky
syndrome, increased susceptibility to infections, systemic
inflammation and autoimmune reactions [29]. Grow-
ing evidence highlights the significant role of numer-
ous dietary factors such as dietary fibers, prebiotics,
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probiotics, micronutrients, and spices in shaping the
intestinal microbiota, a critical foundation in the preven-
tion of chronic and age-related diseases [32].

Considering that vitamin D deficiency might cause gas-
trointestinal disease due to its immunomodulatory role,
a theory has been proposed regarding a link between
vitamin D and gut microbiome. Recent human and ani-
mal studies have revealed that vitamin D can influence
microbiota composition by promoting gut homeostasis
[33] and lowering permeability [34]. However, it remains
unclear whether this relationship between vitamin D and
gut microbiome could help prevent or delay immune
ageing, thereby providing protection against age-related
diseases. This comprehensive review is designed to focus
on the interplay between gut microbiota and vitamin D
to impact the immune ageing, their potential therapeutic
roles and implications for age-related diseases.

Vitamin D2 / D3 —— 25(0H)D — 1,25(0H),D
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Interplay between vitamin D and gut microbiota

An association of vitamin D with gut health is well-estab-
lished. Vitamin D influences disease risk factors through
multiple mechanisms, including the modulation of gut
microbiota composition and diversity. This modulation
can enhance innate immunity, suppress inflammatory
pathways, and maintain the intestinal barrier (Fig. 2). The
active form of vitamin D (1,25(OH),D) selectively elimi-
nates pathogenic microbes, creating a favourable envi-
ronment for the colonization of beneficial bacteria [35].
Furthermore, vitamin D supports the mucosal barrier
by promoting the expression of tight and adherent junc-
tion proteins and by reducing epithelial cell apoptosis
[36]. Additionally, fermentation products generated by
gut microbes can increase the expression of VDR in the
intestine, which helps regulate pro-inflammatory path-
ways [37]. Literature data have suggested that vitamin D
status and supplementation, both possess a significant
impact on the composition of gut microbiota [38—41].
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Fig. 2 Schematic representation of the interplay between vitamin D and gut microbiota, emphasizing its impact on immune responses. Vitamin D (both
D2 and D3 isoforms) is metabolized into its active form, 1,25(0H),D, which interacts with VDR and RXR to regulate transcription and translation of target
genes. The downstream effects include increased production of antimicrobial peptides (e.g., cathelicidin and B-defensin), enhanced mucosal immunity,
and improved epithelial barrier integrity through the upregulation of tight junction proteins (e.g., ZO-1, ZO-2, claudin-1). These actions modulate gut mi-
crobiota composition and diversity, decrease gut permeability, and reduce translocation of lipopolysaccharides (LPS) into the bloodstream. Additionally,
vitamin D modulates both innate and adaptive immune responses, further mitigating inflammatory processes and restoring gut homeostasis, thereby
preventing dysbiosis and systemic inflammation. VDR, vitamin D receptor; RXR, retinoid X receptor; VDRE, vitamin D response elements; mRNA, mes-
senger RNA; ZO-1, zonula occludens-1; ZO-2, zonula occludens-2; TLR, toll-like receptors; NF-kB, nuclear factor kappa-light-chain-enhancer of activated
B cells; LPS, lipopolysaccharide
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Genome-wide association studies (GWAS) demon-
strated a strong link of variations in human VDR gene
with changes in gut microbiome [42], whereas animal
studies have shown gut dysbiosis in case of VDR absence
[33]. Wang et al. [42]. reported impact of VDR gene
variations on Parabacterioides, as VDR knockout mice
showed higher levels of genus Parabacterioides as com-
pared to wild-type mice. An increase in Proteobacteria
phyla and Bacteroidetes population has been observed
proportionally to vitamin D deficiency, CYP27B1 defi-
ciency (vitamin D metabolizing enzyme) or VDR deple-
tion in experimental models [34]. On other hand, vitamin
D supplementation had little effect on composition of gut
microbiome at phyla level, though considerable impact
has been noted on lower taxonomic level. Zhu et al. [43].
observed a reduction in colon mucosal size and enhanced
accumulation of Akkermansia muciniphila in CYP27B1
knockout mice, attributed to a lack of the active form
of vitamin D (1,25(OH),D). Consequently, this led to
greater microbial infiltration into the intestinal mucosa,
which triggered inflammation. These results are verified
by bioinformatics analysis which showed that colon in
VDR knockout mice is more prone to toxins with higher
risk of infections and cancer [44].

A cross-sectional study of human subjects demon-
strated a positive association of vitamin D intake with
Bacteroides abundance and an inverse association with
Prevotella abundance [45]. Another study conducted
on overweight or obese individuals demonstrated a
decreased abundance of Ruminococcus, with increased
abundance of Coprococcus in subjects with sufficient
serum level of vitamin D (>75 nmol/L) [46]. Vitamin D
supplementation resulted in decreased levels of Veil-
lonella and Haemophilus with increased abundance
of Prevotella in stool samples of healthy subjects [47].
Additionally, serum vitamin D levels also affected bac-
terial enrichments at the genus level, as higher 25(OH)
D levels were correlated with decreased Veillonella and
Haemophilus, and increased Megasphaera abundance
[47]. Contrarily, a study demonstrated an inverse effect
of vitamin D supplementation on Prevotella abundance
while a strong association was shown on Bacteroides in
healthy participants [45]. Singh et al. [38]. reported that
vitamin D supplementation had a notable impact on gut
microbiota diversity, resulting in a higher proportion of
Bacteroidetes relative to Firmicutes and an increased
abundance of beneficial microbes, including Akkerman-
sia and Bifidobacterium. Bashir et al. [41]. found that
eight weeks of cholecalciferol supplementation increased
Bacteroidetes and reduced Proteobacteria abundance in
the upper gastrointestinal tract, as evidenced by stool
samples, endoscopy, and colonoscopy biopsies. How-
ever, no significant change was observed in the microbial
composition of the lower gastrointestinal tract or feces,
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indicating that fecal samples may not be appropriate for
assessing its effects on microbial communities. Simi-
larly, Seura et al. [48]. also failed to observe any consider-
able association of vitamin D supplementation and fecal
microbial abundance. A study on the pediatric popula-
tion showed a lower microbial diversity in children with
vitamin D deficiency [49]. In particular, higher ratio of
Bacteroidetes to Firmicutes and higher abundance of Pre-
votella than Bacteroides was observed in vitamin D defi-
cient subjects. A systematic review of 25 human studies
indicated that vitamin D supplementation led to more
alterations in the composition of Firmicutes, Bacteroide-
tes, and Actinobacteria in the gut microbiota [50]. More-
over, both supplementation and higher levels of vitamin
D resulted in a reduction in the families of Oscillospira-
ceae and Veillonellaceae [50].

The interaction of vitamin D with gut microbiota is
not unidirectional, but is a dynamic, bidirectional rela-
tionship, as gut microbiota is also reported to play an
important role in the metabolism of vitamin D. Numer-
ous enzymes expressed by bacteria are involved in the
hydroxylation of steroids including vitamin D [51]. For
instance, the bacterial enzyme CYP105A1 expressed by
Streptomyces griseolus converts cholecalciferol to bio-
logically active form via two consecutive hydroxylations.
This function of bacterial enzyme is corresponding to
vitamin D metabolizing associated indigenous enzymes
such as CYP27A1, CYP27B1, and CYP2R1 [52]. However,
it is noteworthy that all enzymes involved in vitamin D
metabolism require magnesium as a cofactor for their
enzymatic activity in the liver and kidneys. Therefore,
adequate magnesium intake is essential to maximize the
physiological benefits of vitamin D [53].

The National Center for Biotechnology Information
BioSystems database identified homologous proteins
for CYP27A1 in Ruminococcus torques from the phy-
lum Firmicutes and CYP27B1 in Mycobacterium tuber-
culosis [54]. A patent by Bora et al. [55]. (US5474923)
details a technique for introducing hydroxyl groups to
vitamin D compounds at the la-position in the kidney
and/or at 25-position in the liver. The method utilizes a
mixture containing microorganisms capable of hydrox-
ylating vitamin D or enzymes produced by these micro-
organisms i.e., microbes from Actinomycetales, including
Nocardia, Streptomyces, Sphingomonas, and Amycolata).
Since FGF23, a pivotal regulator of vitamin D metabolism
influenced by the microbiota, plays a critical role, further
studies are essential to understand its effects [55, 56]. The
mechanisms of vitamin D and gut microbiota interaction
have been summarized in Table 1.
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Table 1 Mechanisms of vitamin D and gut microbiota interaction
Mechanism Vitamin D’s role Gut microbiota’s role Implications for health References
Regulation of tight ~ Enhances expression of proteins like occlu-  Maintains epithelial barrier integrity ~ Protects against leaky gut [36, 115,
junction proteins din, claudin, and zonula occludens-1 by reducing permeability syndrome and systemic 116]
inflammation
Modulation of im- Shifts immune response toward anti-inflam-  Produces SCFAs to enhance Mitigates chronic inflamma-  [19, 37,
mune response matory pathways (e.g., IL-10 production) Treg differentiation and reduce tion and autoimmunity 117]
inflammation
Promotion of benefi- Selectively enhances growth of bacteria like  Produces metabolites that increase  Strengthens gut-immune [42, 43, 50]
cial microbes Akkermansia muciniphila and Bacteroides VDR expression and activity homeostasis, reduces risk of
dysbiosis
Hydroxylation of Provides substrate for microbial hy- Microbial enzymes contribute to Supports vitamin D metabo-  [52-54]
vitamin D droxylation processes (e.g., 1a and activation and recycling of vitamin D lism and bioavailability
25-hydroxylation)
Suppression Reduces colonization of pathogens by Competes with pathogens and Protects against gut infec- [21,36,62]
of pathogenic improving mucosal defenses suppresses their virulence via SCFA  tions and inflammation
microbes production
Regulation of cyto-  Balances pro- and anti-inflammatory cyto- ~ Microbial metabolites modulate im-  Prevents overactive immune  [37, 116,

kine production kines (reduces TNF-q, IL-6; enhances IL-10)

mune signaling pathways

responses, supports im- 117]
mune tolerance

Metabolic cross-talk  Enhances gut microbial metabolism via Fermentation products promote VDR Enhances gut-immune [37,38,97]
improved substrate availability (e.g., SCFA expression and immune modulation  signaling, reduces
synthesis) inflammageing
Impact on gut mi- Alters phylum-level abundance (e.g., in- Adjusts microbial diversity in re- Restores microbial balance,  [38,41, 50]
crobial composition  creases Bacteroidetes/Firmicutes ratio) sponse to vitamin D availability reduces dysbiosis
Gut-vitamin D axis and immune ageing of Firmicutes, Bacteroidetes, Gammaproteobacteria,

Vitamin D deficiency, gut dysbiosis, and immune ageing

Immune-mediated diseases are linked to vitamin D insuf-
ficiency, as the later can affect the gut microbiome and
disturb the intestinal epithelial barrier. Vitamin D defi-
ciency is one of the critical factors in gut dysbiosis that
silently induces ageing of the immune system, particu-
larly in old-age population. It compromises the mucosal
barrier integrity of the intestinal tract, thus predisposing
the individual to the risk of intestinal and extra-intesti-
nal diseases [57]. Murine models with vitamin D defi-
ciency showed dysbiosis, low antimicrobial activity,
and increased susceptibility to intestinal inflammation
[33, 58]. Vitamin D may impact mice’s susceptibility to
inflammation by altering gut microbiota and regulat-
ing the number of retinoid orphan receptor yt (RORyt)/
forkhead box P3 (FoxP3)* regulatory T cells in the colon
[59]. A study demonstrated the aggravated gut dysbiosis
in the obese male offspring mice due to maternal vita-
min D deficiency during pregnancy and lactation [60].
A significantly increased abundance of Firmicutes and
Firmicutes/Bacteroidetes ratio, and decreased abundance
of Bacteroidetes and Verrucomicrobia, with enhanced
gene expressions of proinflammatory cytokines (CCL2,
CCL4, and IL-1pP) and reduced levels of intestinal barrier
function (Occludin, Zonula Occludens-1 and Claudin-1)
were observed in vitamin D deficient group. Vitamin D
deficient mice challenged with Citrobacter rodentium
showed increased colonic hyperplasia and epithelial bar-
rier dysfunction due to altered fecal microbiome compo-
sition, as significant increase in the relative abundance

and Actinobacteria was observed [34]. It resulted in the
increased levels of pro-inflammatory cytokines such as
IL-10, IL-17a, TNF-«, and transforming growth factor
(TGE-B). A pilot study while assessing the association
of gut microbiome and vitamin D deficiency in patients
with knee arthritis showed that vitamin D deficiency
affected the diversity of Butyricimonas, Parabacteroi-
des, Pseudobutyrivibrio, Gordonibacter, and Odoribacter
[61]. The mice with VDR-deficiency demonstrated deple-
tion of Lactobacillus with enrichment of Bacteroides and
Clostridium in the fecal samples, highlighting the poten-
tial role of VDR in the regulation of the composition and
activity of the gut microbiome [62].

Gut dysbiosis or abnormal changes in gut microbial
composition associated with vitamin D insufficiency, can
disrupt immunological responses, resulting in inflam-
mation, oxidative stress, and insulin resistance. Chronic
dysbiosis and leakage of microbiota across the mucosal
barrier can lead to higher risk of type 2 diabetes, car-
diovascular disease, autoimmune illness, inflammatory
bowel disease, and malignancies [31]. In healthy condi-
tions, some commensal bacteria suppressed the growth
of opportunistic infections by SCFAs production, which
altered gut pH, as seen in the case of Bifidobacterium
that lower gut pH during lactose fermentation, resulting
in reduced Escherichia coli colonization [63, 64]. Com-
mensal bacteria also restrict the growth and/or activity of
pathogens by secreting bacterial metabolites, suppress-
ing directly the virulence genes of pathogenic microbes.
For example, members of Enterobacteriaceae family
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consumed the residual oxygen, resulting in low levels of
Shigella virulence in the gut lumen, where the later need
oxygen for the competitive secretion of virulence factors
[65]. Emerging evidence suggests that gut microbiome
responds dynamically in order to adapt to a constantly
changing environment with advancing age, modify-
ing both bacterial species composition and metabolic
function. This process is strictly regulated by the host-
immune system, which acts as an architect in shaping the
gut microbiome by allowing commensal bacteria to grow
and occupy mucosal niches while selectively eradicating
or neutralizing pathogenic bacteria. As immunological
fitness gradually declines with age, surveillance of this
dynamic host-microbial handshake is weakened, result-
ing in broad functional repercussions for host health
and immunity, thus causing low-grade inflammation and
immunosenescence, two important hallmarks of ageing
[66]. Age-related dysbiosis, also known as microbe-age-
ing, is characterized by a reduction of Bifidobacterium
and Clostridiales, an enrichment in Proteobacteria, and
an overrepresentation of pathobionts such as Enterobac-
teriaceae [67—69]. In addition to environmental stresses,
dietary factors, and certain medications, changes in
mucosal niche at intestinal level with advancing age such
as alterations in epithelial barrier formation, mucus layer
composition, peristalsis, and regenerative capacity also
contribute to the dysbiosis of gut microbiome [70, 71].
The present understanding of age-related changes in
composition, function, and diversity of gut microbiota
has been comprehensively reviewed [72-76].

Numerous preclinical models provide strong scien-
tific evidence of microbe-ageing as the potential driver
of immunosenescence and frailty. A study on Drosophila
melanogaster demonstrated that gut dysbiosis not only
lead to but also predicts the onset of age-related muco-
sal barrier dysfunction and immune activation [77].
Interestingly D. melanogaster kept under axenic condi-
tions throughout life showed low rates of ageing [78],
suggesting that preventing intestinal dysbiosis can pre-
vent inflammageing while improving immune homeo-
stasis and promoting healthy ageing [79]. While using
Nothobranchius furzeri (a naturally short-lived verte-
brate), Smith et al. [80]. demonstrated long-lasting ben-
eficial systemic effects resulting in extension of life span
as a result of heterochronic colonization of aged N.
furzeri with microbiome from young donors. Coloniza-
tion of microbiome from young donors led to increased
abundance of bacteria that produces metabolites to
support immune system health. Similarly, fecal micro-
biome transplantation (mainly Akkermansia muciniph-
ila) improved overall health and lifespan of progeroid
mice [81]. Another study showed impaired intestinal
integrity and increased insulin resistance as a result of
age-related decrease in abundance of A. muciniphila,
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primarily through microbiome-monocyte B cel axis
[82]. A. muciniphila has also been reported to regu-
late antigen specific T-cell responses to modulate host
immune cell function [83]. Alternatively, transfer of
gut microbiome from older mice to young one resulted
in leakage of microbial products to the circulation and
onset of chronic low-grade inflammation, which led to
enhanced T-cell activation in the systemic immune com-
partment [84]. Inflammageing in this study was further
associated with dysregulated macrophage functioning.
Donaldson et al. [85]. observed restoration of M-cells
maturation in Peyer’s patches, increased antigen uptake,
and enhanced intestinal IgA responses with exposure of
aged mice to microbiome from young donors. Moreover,
age-related changes in the composition and diversity of
intestinal microbiome may result in impaired hematopoi-
esis, increased susceptibility to infections and reduced
response to vaccinations [86, 87]. Age-related changes in
gut microbiome and their implications for immune age-
ing has been summarized in Table 2.

Gut microbiota, vitamin D, and chronic inflammatory
diseases
Together, vitamin D and gut microbiome possess signifi-
cant immunomodulatory properties and an impact on
immune mediated diseases, including those associated
with advancing age. Starting with vitamin D and, specifi-
cally, autoimmune processes, multiple pieces of evidence
suggest that vitamin D insufficiency may be a risk factor
for the development of autoimmune illnesses, as linked
to altered self-tolerance of immune system in different
cell-based models. Importantly, vitamin D deficiency can
not only increase the likelihood of developing certain dis-
eases, but it can also exacerbate their symptoms [26, 88].
Gut microbiome on the other hand is closely related with
the regulation of host immune system, where dysbio-
sis of intestinal microbiota is involved in the etiopatho-
genesis of both intestinal and extra-intestinal diseases.
For example, type 1 diabetes is frequently accompanied
with a decreased abundance of Lactobacilli, Bifidobac-
terium, Bacteroides, Akkermansia, and Faecalibacte-
rium, as these species are responsible for the regulation
of glucose metabolism [89]. Similarly, a significant lower
Firmicutes/Bacteroidetes ratio has been observed in SLE
[90] and increased Prevotella covers has been reported
in patients with rheumatoid arthritis [91]. Firmicutes are
negatively correlated with the disease activity index in
SLE [92] while Prevotella is known to synthesize Pc-p27
protein, that is responsible to trigger Thl-mediated
immune response via binding to HLA-DR (Human Leu-
kocyte Antigen— DR isotype) [91].

Vitamin D supplementation for four weeks resulted in
significantly increased abundance of specific microbiota
strains including Alistipes, Anaerotruncus, Barnesiella,
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Table 2 Age-related changes in gut microbiota composition

Microbial changes with ageing  Contributing factors Implications for immune ageing References

Reduced Bifidobacterium Decline in dietary fiber intake, increased oxidative Decreased production of short-chain fatty [66,67,71]
stress acids (SCFAs), impaired gut barrier integrity

Increased Proteobacteria Low-grade inflammation (inflammageing), immune Enhanced pathobiont colonization, systemic  [65, 68, 76]
surveillance decline inflammation

Enrichment of Pathobionts (e.g., Impaired immune regulation, changes in gut Increased susceptibility to infections, gut [66, 68, 81]

Enterobacteriaceae) mucosal niche dysbiosis

Reduced diversity of microbial Reduced mucus secretion, slower intestinal transit, ~ Weakened resilience against environmental  [69, 70, 74]

species dietary simplification stressors, impaired immune function

Altered Firmicutes/Bacteroidetes Changes in epithelial barrier integrity, chronic Dysregulated immune responses, reduced [66, 69, 75]

ratio inflammation SCFA production

Depletion of Clostridiales Reduced dietary fiber fermentation, increased Impaired Treg induction, increased [67,71,79]
oxidative stress inflammation

Reduction in SCFA-producing Reduced metabolic cross-talk between gut and Weakened anti-inflammatory responses, [70,74,77]

bacteria (e.g., Faecalibacterium host enhanced leaky gut syndrome

prausnitzii)

Decreased Akkermansia muciniphila Reduced mucin production, impaired intestinal Increased intestinal permeability, systemic [71,78,81]
epithelial repair inflammation

Reduction in commensal bacteria  Chronic inflammation, reduced immune Reduced gut homeostasis, enhanced vulner-  [66, 67, 82]

(e.g., Lactobacillus) surveillance

ability to gut pathogens

Porphyromonadaceae, Roseburia, Ruminococaceae, and
Subdoligranulum, in patients with Chron’s disease; how-
ever, no such effect was seen in healthy controls [93].
Another study showed a considerable richness of Entero-
bacteriaceae in patients with ulcerative colitis after eight
weeks of vitamin D supplementation [94]. A random-
ized, placebo-controlled, clinical trial showed significant
enrichment of Lactococcus, decreased Erysipelotricha-
ceae and Veillonella abundance, and improvement of
cystic fibrosis in vitamin D insufficient patients, when
supplemented with cholecalciferol for 12-weeks [40]. A
randomized clinical trial conducted on subjects with pre-
diabetes and vitamin D deficiency for more than one year
demonstrated the reduction of the relative abundance of
several genera of Lachnospiraceae i.e., Blautia, Dorea,
Roseburia, and Ruminococcus, with vitamin D, supple-
mentation (50,000 IU/week) [95].

Nevertheless, animal studies have shown that higher
doses of vitamin D may not provide additional benefits to
the host and can increase the risk of disease. Ghaly et al.
[96]. reported that high-dose vitamin D supplementation
led to adverse alterations in the fecal microbiome, predis-
posing mice to severe colitis. Specifically, the microbial
composition in mice receiving 10,000 IU/kg of vitamin
D closely resembled that of mice with dextran sodium
sulfate (DSS)-induced colitis, indicating a shift towards
a more pro-inflammatory microbiome profile. Notably,
vitamin D was co-administered with calcium, which may
have elevated the calcium-to-magnesium (Ca: Mg) ratio.
This imbalance could potentially impair the synthesis
of both the storage (25(OH)D) and active (1,25(OH),D)
forms of vitamin D [97].

Based on the available evidence, the protective role of
gut-vitamin D axis against immune-mediated diseases

can be suggested through following mechanisms: (i)
vitamin D insufficiency or supplementation could alter
the intestinal microbiome and manipulate the bacterial
composition or abundance, thus impacting disease mani-
festation; (ii) impaired physical and functional barrier
integrity due to lack of vitamin D signaling, either due to
dietary deficiency or genetically impaired VDR expres-
sion and/or activity, resulting in enhanced bacteria and
host interaction that could lead to stimulate or inhibit
immune responses; (iii) compromised innate immuno-
logical defenses in vitamin D deficiency settings [98].
Several in vivo studies also reported that butyrate may
improve VDR signaling, and hence prokaryotes lack VDR
expression, thus gut microbiota may play a central role in
the host intestinal immune response related to vitamin D
mechanisms [33, 62, 99].

The gut-brain-immune axis: vitamin D, microbiota, and
neuroinflammation

The ‘gut-brain’ or ‘microbiota-gut-brain’ axis is a bidirec-
tional signaling pathway that is important for maintain-
ing both gastrointestinal health and brain functioning. Its
communication is regulated at different levels by the cen-
tral nervous system (CNS), autonomic nervous system
(ANS), enteric nervous system (ENS), neuroendocrine
system, hypothalamus-pituitary-adrenal (HPA) axis, and
immune system, linking the emotional and cognitive cen-
ters of the brain with intestinal function [100—-102]. Pre-
clinical and clinical studies underscore that dysfunction
along gut-brain axis could be implicated in cognitive and
brain disorders, including neurodegenerative diseases
[103]. The immune system influence or is influenced
directly by both the CNS and the gut microbiome. The
gut microbiota plays a vital role in shaping the peripheral
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immune system, and supports the formation, maturation,
and activation of microglia, the brain’s innate immune
cells. Microglia activation is thought to be influenced via
SCFAs release by microbial metabolism, as demonstrated
by the restoration of microglial shape and function in
germ-free mice treated with bacterial extracts [104, 105].
According to Campbell et al. [106]., the gut microbiota
also interacts with the brain via the systemic immune
system and circulating cytokines. Changes in systemic
immunity can affect immunological signaling in the
brain, causing symptoms like loss of appetite, irritation,
low mood, motivation, social disengagement, exhaustion,
and reduced focus [107-110]. Brain-resident immune
cells release cytokines and chemokines that directly cross
the blood-brain barrier (BBB) and play a significant role
in this interaction [111]. Research indicates that the gut
microbiota affects BBB permeability, as shown in germ-
free animals that had higher BBB permeability, possi-
bly due to lower production of tight-junction proteins
including occludin and claudin 5 [112]. The microbiota
also plays a crucial role in the initial immune system
maturation, affecting expression of TLRs and shaping
antigen-specific immunity [113].

Dysbiosis of the gut microbiome, often exacerbated by
vitamin D deficiency can disrupt the host-microbiome
interaction, resulting in increased intestinal permeability,
immunological dysregulation, and systemic inflamma-
tion. When the intestinal barrier is compromised, toxic
chemicals like lipopolysaccharide (LPS) from Gram-neg-
ative bacteria can enter the bloodstream, leading to the
upregulation of pro-inflammatory cytokines production.
This, in turn, triggers microglial activation and neuro-
inflammatory signaling pathways [114, 115]. Moreover,
during ageing, isoamylamine, a gut microbial metabolite,
crosses the BBB and activates the S100 calcium-binding
protein A8 (S100A8) signaling, leading to microglial
death. Particularly, higher levels of Ruminococcaceae and
lower levels of Ruminococcaceae-targeting bacteriophage
Myoviridae were observed in the gut of aged rodents and
humans, resulting in the increased isoamylamine levels,
which disrupts the hairpin shape of SI00A8’s promoter
region, allowing p53 access to it [116].

Both vitamin D and VDR regulate homeostasis in
intestinal microbiome and brain health. Vitamin D sup-
ports the mucosal epithelial integrity, increases the tight
junction proteins, prevents leaky gut syndrome, result-
ing in protection against systemic and neuro-inflamma-
tion [117, 118]. Vitamin D is also known to interfere in
inflammatory and anti-inflammatory production balance,
resulting in increased production of anti-inflammatory
cytokines (i.e., IL-4 and IL-10) by regulatory T cells and
decreased production of pro-inflammatory cytokines
(i.e., IL-2, IL-17, TNF-«, and IFN-y), thereby mitigating
neuroinflammatory processes [119]. Studies have shown
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that vitamin D can modulate the gut microbiota by pro-
moting the growth and activity of beneficial microbes
that produce anti-inflammatory metabolites, which con-
tributes to immune modulation and reinforces the gut-
brain-immune axis [118]. Gominak et al. [39]. reported
improvements in sleep, reductions in pain percep-
tion, and resolution of bowel symptoms in neurological
patients supplemented with vitamins D and B complex
over a three-month period. These benefits were attrib-
uted to the modulation of the intestinal environment,
promoting the growth and activity of Firmicutes, Bacte-
roidetes, Proteobacteria, and Actinobacteria, collectively
referred to as the “healthy foursome” that constitute the
core of the normal human microbiome. Cantarel et al.
[120]. conducted a clinical study on vitamin D insuffi-
cient female subjects with or without relapsing multiple
sclerosis, who were treated with vitamin D (5,000 IU/
day) for three months, with or without glatiramer-acetate
(immuno-modulatory agent). Results showed an overall
increased abundance of Enterobacteriaceae and Faeca-
libacterium, and decreased abundance of Ruminococcus
after vitamin D supplementation. Moreover, vitamin D
showed to modulate gut microbiota differently in treated
and untreated patients, as higher levels of Akkermansia,
Faecalibacterium, and Coprococcus were observed in
untreated patients following vitamin D supplementation.
While in glatiramer-acetate treated patients, vitamin D
supplementation resulted in increased levels of Janthino-
bacterium with a decrease in Eubacterium and Rumino-
coccus levels [120].

Probiotics, prebiotics, and vitamin D
supplementation: A synergistic approach for
healthy ageing

Probiotics are microorganisms that improve health by
modulating gut bacteria, offering benefits to the host
health beyond basic nutrition. Probiotics can increase
intestinal epithelial function, alter gastrointestinal
mucosa immunity, protect gut barrier integrity, and limit
growth and/or activity of pathogens. Probiotic supple-
mentation possesses health benefits such as reducing
oxidative stress, immune modulation, vitamin produc-
tion (B group and K vitamins), and potentially preventing
chronic disorders [121]. Lactobacillius, Bifidobacterium,
Saccharomyces, some strains of Escherichia coli, and some
Gram-positive cocci are the most commonly used probi-
otics [122-124]. Prebiotics, on the other hand, refers to
food supplements or subclass of dietary fibers that can
enhance the growth and/or activity of selective indig-
enous gut microbiota or probiotic strains [125]. Prebiot-
ics enriched dietary sources include soybeans, raw oats,
nondigestible carbohydrates, yacon, and unrefined wheat
and barley [126]. Some of the most commonly using
prebiotics are fructans [inulin, fructo-oligosaccharides
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(FOS) and galacto-oligosaccharides (GOS)] [127]. Prebi-
otics undergo fermentation by gut microbiota strains to
produce SCFAs such as acetate, propionate, and butyrate,
which gain attention due to their central role in main-
taining health and wellness. SCFAs, particularly butyr-
ate, have shown promising immunomodulatory effects
beyond their well-established role in gut health. With
the availability of butyrate in postbiotic formulations, the
incorporation of postbiotic agents into food supplements
may serve as a valuable adjunct or alternative to current
strategies targeting immune-regulatory pathways. There-
fore, future recommendations should consider postbi-
otics, including SCFAs, as potential modulators of the
immune system.

The immune-modulatory and anti-inflammatory activ-
ities of probiotic strains are well documented, as they
affect bot humoral and cell-mediated immunity [128].
Peptidoglycan, teichoic acid, and lipoteichoic acid are
cell wall components released by probiotics that play
an important role in regulating immunity homeosta-
sis [129-131]. Proteins secreted by Lactobacillus reuteri
have been shown to downregulate the gene expression of
nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB), leading to decreased cell proliferation
and increased mitogen-activated protein kinase (MAPK)
activity, which may ultimately lead to apoptosis [132].
Probiotic strains of Bifidobacterium species have been
shown to reduce mRNA expression of TNF-a and IL-1(,
released by macrophages in the intestinal inflammation
[133]. Furthermore, Enterococcus faecalis induces 1L-12
production from activated macrophages, which aids in
the differentiation of CD4* T cells [134]. SCFAs (postbi-
otics) regulate host immunity via two main mechanisms
including inhibition of histone deacetylase and activation
of G-protein coupled receptors, which ultimately result
in increased production of anti-inflammatory cytokines
and decreased pro-inflammatory mediators [135]. Use
of probiotics and prebiotics in old age is one of the cost-
effective and widely-available intervention that provide
shield against unhealthy ageing by improving homeosta-
sis of intestinal microflora and immune-mediated pro-
cesses [136, 137].

Vitamin D is well-known for its geroprotection poten-
tial via regulation of cellular and intracellular processes,
that may drive immune responses towards immune
protection against infections and age-related diseases
[138]. Most of the immune cells, including T and B cells,
dendritic cells, macrophages, and monocytes, express
VDR and respond to vitamin D with fine-tuned modu-
lations in cell signaling, path activation, and chemi-
cal synthesis, which have substantial implications for
immune responses [139-146]. Adequate vitamin D lev-
els in the elderly serve to prevent the normal decline in
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immunological surveillance through a finely orchestrated
cascade of actions [138].

Hence, elder population is more prone to the risk of
vitamin D deficiency and gut dysbiosis, integration of
probiotics, prebiotics and vitamin D supplements offers
a synergistic approach in mitigating age-related dis-
eases while promoting healthy ageing. This integrative
approach may not only restore gut microbial homeosta-
sis but can also support immune-modulatory actions of
vitamin D and amplify SCFAs production. While slowing
down the process of immunosenescence, it may improve
the overall wellbeing of elder population. A system-
atic review of randomized controlled trials assessed the
health benefits of probiotics and vitamin D co-supple-
mentation, which demonstrated greater health benefits
as compared to their competitors (i.e., placebo, vitamin
D or probiotics alone) [147]. The co-supplementation
resulted in reduced disease severity, improved mental
health and metabolic parameters (i.e., insulin sensitiv-
ity, dyslipidemia, low-grade inflammation, and oxidative
capacity), and lower use of healthcare. A randomized,
placebo-controlled study showed a significant increase
in serum vitamin D levels and improvement of migraine
headache parameters in adult subjects co-supplemented
for 12-weeks with probiotic capsule (4.5x 10'! CFU per
day) and vitamin D (50,000 IU every 2 weeks) [148].
Probiotic capsule was comprised of Lactobacillus plan-
tarum, L. casei, L. acidophilus, L. bulgaricus, Bifdobac-
terium infantis, B. longum, B. breve, and Streptococcus
thermophilus. In another study, four weeks co-supple-
mentation of probiotics (Lactobacillus acidophilus W22,
Lactococcus lactis W58, Levilactobacillus brevis W63,
Bifidobacterium bifidum W23, and B. lactis W51) and
cholecalciferol resulted in altered diversity and compo-
sition of alpha and beta bacteria (i.e., Lactobacillaceae
family, Bacteroides genus, Roseburia inulinivorans, and
Prevotella genus) [149]. However, no significant effects
were found on inflammatory mediators and SCFAs pro-
file. Mohammadi et al. [150]. demonstrated significant
improvement of cognitive function with decrease in total
cholesterol and C-reactive protein levels in schizophrenic
patients co-supplemented with probiotics (2x10° CFU
of each, Lactobacillus acidophilus, L. rhamnosus, L.
reuteri, L. paracasei, Bifidobacterium longum, and Bacil-
lus coagulans) and vitamin D (400 IU/day) for 12-weeks.
Animal study showed inhibition of chemically induced
colorectal carcinogenesis in Wistar rats treated with a
synergistic combination of probiotics (1x 10" CFU) and
vitamin D (250-2000 IU/day) [151]. Interestingly, supple-
mentation of prebiotics (FOS and inulin) resulted in the
modulation of gut microbiota (Bacteroides thetaiotami-
cron and Faecalibacterium prausnitzii) that contributed
to the enhanced biosynthesis of provitamin D3 [152]. The
hypothesis of this study was based on the assessment of
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the potential role of gut microbiota to produce or mod-
ulate the precursors like cholesterol that can influence
provitamin D3 levels. Thus, these results suggest a novel
pathway that involved gut microbiota modulation by pre-
biotic supplementation to enhance the provitamin D3
levels and to address vitamin D deficiency.

Conclusions and future perspectives

In conclusion, the gut microbiome and immune system
are intricately interconnected, with vitamin D serving as
a pivotal intermediary in this dynamic relationship. This
review provides a comprehensive discussion on the gut
microbiota and vitamin D as an emerging and vital axis
influencing immune ageing and age-related diseases. It
highlights the dual role of gut microbiota in shaping host
immunity and regulating vitamin D metabolism, along-
side the significant immunomodulatory potential of vita-
min D in maintaining intestinal homeostasis and barrier
integrity. The findings suggest that vitamin D deficiency
and gut dysbiosis synergistically accelerate immunose-
nescence and inflammageing, contributing to unhealthy
ageing and increased risk of age-related diseases.

Current literature supports the potential of vitamin D
supplementation, combined with prebiotics and probiot-
ics, to restore gut microbial balance, improve vitamin D
status, and reduce systemic inflammation. These inter-
ventions, when used together, may synergistically protect
against gut dysbiosis and immune ageing in the elderly.

However, the existing body of research remains limited,
necessitating more in-depth analysis to address unre-
solved questions before integrating vitamin D into rou-
tine clinical practice for promoting healthy ageing. While
studies indicate that gut microbiota influence vitamin D
metabolism through enzymatic pathways, the long-term
effects of these interactions are not yet well understood.
For example, how do variations in intestinal microflora
composition impact vitamin D metabolism to synthesize
active metabolites, and their immunomodulatory effects
over time? Additionally, how does this interaction evolve
with age, and what fundamental mechanisms underpin
its role in resilience against chronic disorders? Environ-
mental factors (such as diet and sun exposure), individ-
ual microbiome diversity, and genetic polymorphisms of
VDR may also contribute to observed discrepancies, yet
comprehensive analysis of these factors remains lacking
in the literature.

Future research should focus on several key areas:

i. Conducting larger, robustly designed clinical trials to
investigate the interplay between gut microbiota and
vitamin D in protecting against immune ageing and
age-related diseases at larger scale.

il. Establishing dose-response relationships for vitamin
D supplementation in the context of diverse gut
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microbiota profiles to establish personalized
supplementation strategies.

. Investigating the role of microbial enzymatic
hydroxylation pathways in vitamin D metabolism
through advanced metabolomics and microbiome
profiling techniques.

iv. Assessing the thresholds for vitamin D toxicity,
especially in populations with varying baseline
vitamin D levels, as excessive doses can lead to
adverse outcomes such as hypercalcemia, kidney
stones, or even an inflammatory shift in the
microbiome.

=
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These efforts are essential to fully elucidate the complex
interactions among the gut microbiome, vitamin D, and
immune ageing, ultimately enabling targeted interven-
tions for promoting healthy ageing and mitigating the
burden of age-related diseases.

Acknowledgements
Not applicable.

Author contributions
H.U. wrote the main manuscript text, prepared figures, and reviewed the
manuscript.

Funding
The research received no funding.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

Hammad Ullah is the guest editor for the topical collection'Micronutrients
and immune ageing’ published in Immunity & Ageing. The peer-review of this
paper was therefore overseen by an independent member of the editorial
board while the submission was subject to the exact same review process as
applied to any other manuscript.

Received: 29 December 2024 / Accepted: 26 April 2025
Published online: 19 May 2025

References

1. Ullah H, Khan A, Daglia M. The focus on foods for special medical purposes
and food supplements in age-related disorders. Food Front. 2022;3(3):353-7.

2. LiuZ Liang Q RenY, Guo C, Ge X, Wang L, Cheng Q, Luo P, Zhang Y, Han X.
Immunosenescence: molecular mechanisms and diseases. Signal Transduct
Target Ther. 2023;8(1):200.

3. Nikolich-Zugich J. The Twilight of immunity: emerging concepts in aging of
the immune system. Nat Immunol. 2018;19(1):10-9.

4. Lanna A, Gomes DC, Muller-Durovic B, McDonnell T, Escors D, Gilroy DW, Lee
JH, Karin M, Akbar AN. A sestrin-dependent Erk-Jnk-p38 MAPK activation
complex inhibits immunity during aging. Nat Immunol. 2017;18(3):354-63.

5. Ucar D, Mérquez EJ, Chung CH, Marches R, Rossi RJ, Uyar A, WuTC,

George J, Stitzel ML, Palucka AK, Kuchel GA. The chromatin accessibility



Ullah Immunity & Ageing

20.

21

22.

23.

24,

25,

26.

27.

28.

29.

30.

(2025) 22:20

signature of human immune aging stems from CD8 +T cells. J Exp Med.
2017,214(10):3123-44.

Flores KG, Li J, Sempowski GD, Haynes BF, Hale LP. Analysis of the human
thymic perivascular space during aging. J Clin Investig. 1999;104(8):1031-9.
Lynch HE, Goldberg GL, Chidgey A, Van den Brink MR, Boyd R, Sempow-

ski GD. Thymic Involution and immune reconstitution. Trends Immunol.
2009;30(7):366-73.

Wertheimer AM, Bennett MS, Park B, Uhrlaub JL, Martinez C, Pulko V, Currier
NL, Nikolich-Zugich D, Kaye J, Nikolich-Zugich J. Aging and cytomegalovirus
infection differentially and jointly affect distinct Circulating T cell subsets in
humans. J Immunol. 2014;192(5):2143-55.

Feldman N, Rotter-Maskowitz A, Okun E. DAMPs as mediators of sterile
inflammation in aging-related pathologies. Ageing Res Rev. 2015;24:29-39.
Bruunsgaard H, Andersen-Ranberg K, vB Hjelmborg J, Pedersen BK, Jeune B.
Elevated levels of tumor necrosis factor alpha and mortality in centenarians.
Am J Med. 2003;115(4):278-83.

Ershler WB, Keller ET. Age-associated increased interleukin-6 gene expression,
late-life diseases, and frailty. Annu Rev Med. 2000;51(1):245-70.
Puzianowska-Kuznicka M, Owczarz M, Wieczorowska-Tobis K, Nadrowski P,
Chudek J, Slusarczyk P, Skalska A, Jonas M, Franek E, Mossakowska M. Inter-
leukin-6 and C-reactive protein, successful aging, and mortality: the polsenior
study. Immun Ageing. 2016;13:21.

Ferrucci L, Fabbri E. Inflammageing: chronic inflammation in ageing, cardio-
vascular disease, and frailty. Nat Rev Cardiol. 2018;15(9):505-22.

Patsoukis N, Bardhan K, Chatterjee P, Sari D, Liu B, Bell LN, Karoly ED, Freeman
GJ, PetkovaV, Seth P, Li L. PD-1 alters T-cell metabolic reprogramming by
inhibiting Glycolysis and promoting lipolysis and fatty acid oxidation. Nat
Commun. 2015;6(1):6692.

Henson SM, Lanna A, Riddell NE, Franzese O, Macaulay R, Griffiths SJ, Pul-
eston DJ, Watson AS, Simon AK, Tooze SA, Akbar AN. p38 signaling inhibits
mTORC1-independent autophagy in senescent human CD8+T cells. J Clin
Investig. 2014;124(9):4004-16.

Doran MF, Pond GR, Crowson CS, O'Fallon WM, Gabriel SE. Trends in incidence
and mortality in rheumatoid arthritis in Rochester, Minnesota, over a forty-
year period. Arthritis Rheum. 2002,46(3):625-31.

Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ. Cancer statistics, 2007. CA
Cancer J Clin. 2007;57(1):43-66.

Ali A. Mac Dionys Rodrigues da Costa E, Magalhaes P, Martins AMC. Biological
importance of vitamins and minerals. In: Ullah H, Rauf A, Daglia M, editors.
Nutraceuticals: a holistic approach to disease prevention. Berlin, Germany: De
Gruyter; 2024. p. 63.

Aribi M, Mennechet FJ, Touil-Boukoffa C. The role of vitamin D as an Immuno-
modulator. Front Immunol. 2023;14:1186635.

Kamen DL, Tangpricha V. Vitamin D and molecular actions on the immune
system: modulation of innate and autoimmunity. J Mol Med. 2010;88:441-50.
Martineau AR, Honecker FU, Wilkinson RJ, Griffiths CJ. Vitamin D in

the treatment of pulmonary tuberculosis. J Steroid Biochem Mol Biol.
2007,103(3-5):793-8.

Martens PJ, Gysemans C, Verstuyf A, Mathieu C. Vitamin D’s effect on immune
function. Nutrients. 2020;12(5):1248.

Lang PO, Aspinall R. Vitamin D status and the host resistance to infections:
what it is currently (not) understood. Clin Ther. 2017;39(5):930-45.

Martineau AR, Jolliffe DA, Hooper RL, Greenberg L, Aloia JF, Bergman P,
Dubnov-Raz G, Esposito S, Ganmaa D, Ginde AA, Goodall EC. Vitamin D
supplementation to prevent acute respiratory tract infections: systematic
review and meta-analysis of individual participant data. BMJ 2017:356.

Mao S, Huang S. Vitamin D supplementation and risk of respiratory tract
infections: a meta-analysis of randomized controlled trials. Scand J Infect Dis.
2013;45(9):696-702.

Antico A, Tampoia M, Tozzoli R, Bizzaro N. Can supplementation with vitamin
D reduce the risk or modify the course of autoimmune diseases? A system-
atic review of the literature. Autoimmun Rev. 2012;12(2):127-36.

Mok CC, Bro ET, Ho LY, Singh RJ, Jannetto PJ. Serum 25-hydroxyvitamin D3
levels and flares of systemic lupus erythematosus: a longitudinal cohort
analysis. Clin Rheumatol. 2018;37:2685-92.

Lederberg J, McCray AT. Ome sweet Omics—A genealogical treasury of words.
Scientist. 2001;15(7):8.

Ullah H, Tovchiga O, Daglia M, Khan H. Modulating gut microbiota: an emerg-
ing approach in the prevention and treatment of multiple sclerosis. Curr
Neuropharmacol. 2021;19(11):1966.

Garzarella EU, Navajas-Porras B, Pérez-Burillo S, Ullah H, Esposito C, Santarcan-
gelo C, Hinojosa-Nogueira D, Pastoriza S, Zaccaria V, Xiao J, Rufidn-Henares

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

Page 12 of 15

JA, Daglia M. Evaluating the effects of a standardized polyphenol mixture
extracted from poplar-type propolis on healthy and diseased human gut
microbiota. Biomed Pharmacother. 2022;148:112759.

Yoo JY, Groer M, Dutra SVO, Sarkar A, McSkimming DI. Gut microbiota and
immune system interactions. Microorganisms. 2020;8(10):1587.

De Filippis A, Ullah H, Baldi A, Dacrema M, Esposito C, Garzarella EU, Sant-
arcangelo C, Tantipongpiradet A, Daglia M. Gastrointestinal disorders and
metabolic syndrome: dysbiosis as a key link and common bioactive dietary
components useful for their treatment. Int J Mol Sci. 2020,21(14):4929.

Ooi JH, LiY,Rogers CJ, Cantorna MT. Vitamin D regulates the gut Microbi-
ome and protects mice from dextran sodium sulfate-induced colitis. J Nutr.
2013;143:1679-86.

Assa A, Vong L, Pinnell LJ, Avitzur N, Johnson-Henry KC, Sherman PM. Vitamin
D deficiency promotes epithelial barrier dysfunction and intestinal inflamma-
tion. J Infect Dis. 2014;210:1296-305.

Hewison M. Antibacterial effects of vitamin D. Nat Rev Endocrinol.
2011;7:336-44.

Del Pinto R, Ferri C, Cominelli . Vitamin D Axis in inflammatory bowel dis-
eases: role, current uses and future perspectives. Int J Mol Sci. 2017;18:2360.
Wu'S, Zhang YG, Lu R, Xia Y, Zhou D, Petrof EO, Claud EC, Chen D, Chang EB,
Carmeliet G, Sun J. Intestinal epithelial vitamin D receptor deletion leads to
defective autophagy in colitis. Gut. 2015;64:1082-94.

Singh P, Rawat A, Alwakeel M, Sharif E, Al Khodor S. The potential role of vita-
min D supplementation as a gut microbiota modifier in healthy individuals.
Sci Rep. 2020;10:221641.

Gominak SC. Vitamin D deficiency changes the intestinal Microbiome
reducing B vitamin production in the Gut. The resulting lack of pantothenic
acid adversely affects the immune system, producing a pro-inflammatory
state associated with atherosclerosis and autoimmunity. Med Hypotheses.
2016;94:103-7.

Kanhere M, He J, Chassaing B, Ziegler TR, Alvarez JA, Ivie EA, Hao L, Hanfelt J,
Gewirtz AT, Tangpricha V. Bolus weekly vitamin D3 supplementation impacts
gut and airway microbiota in adults with cystic fibrosis: a double-blind,
randomized, placebo-controlled clinical trial. J Clin Endocrinol Metab.
2018;103:564-74.

Bashir M, Prietl B, Tauschmann M, Mautner SI, Kump PK, Treiber G, Wurm P,
Gorkiewicz G, Hogenauer C, Pieber TR. Effects of high doses of vitamin D3

on mucosa-associated gut Microbiome vary between regions of the human
Gastrointestinal tract. Eur J Nutr. 2016;55:1479-89.

Wang J, Thingholm LB, Skieceviciené J, Rausch P, Kummen M, Hov JR, Degen-
hardt F, Heinsen FA, Rihlemann MC, Szymczak S, Holm K. Genome-wide
association analysis identifies variation in vitamin D receptor and other host
factors influencing the gut microbiota. Nat Genet. 2016;48(11):1396-406.
ZhuW,Yan J, Zhi C, Zhou Q, Yuan X. 1,25(0H)2D3 deficiency induced gut
microbial dysbiosis degrades the colonic mucus barrier in Cyp27b1 knockout
mouse model. Gut Pathog. 2019;11:8.

JinD,Wu S, Zhang YG, Lu R, Xia Y, Dong H, et al. Lack of vitamin D receptor
causes dysbiosis and changes the functions of the murine intestinal Microbi-
ome. ClinTher. 2015;37:996-e10097.

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, Bewtra M,
Knights D, Walters WA, Knight R, Sinha R. Linking long-term dietary patterns
with gut microbial enterotypes. Science. 2011;334:105-8.

Naderpoor N, Mousa A, Fernanda Gomez Arango L, Barrett HL, Dekker Nitert
M, de Courten B. Effect of vitamin D supplementation on faecal microbiota: a
randomised clinical trial. Nutrients. 2019;11:2888.

Luthold RV, Fernandes GR, Franco-de-Moraes AC, Folchetti LGD, Ferreira SRG.
Gut microbiota interactions with the Immunomodulatory role of vitamin D in
normal individuals. Metab Clin Exp. 2017;69:76-86.

Seura T, Yoshino Y, Fukuwatari T. The relationship between habitual dietary
intake and gut microbiota in young Japanese women. J Nutr Sci Vitaminol.
2017,63:396-404.

Singh P, Rawat A, Saadaoui M, Elhag D, Tomei S, Elanbari M, Akobeng AK,
Mustafa A, Abdelgadir I, Udassi S, Hendaus MA. Tipping the balance: vitamin
D inadequacy in children impacts the major gut bacterial phyla. Biomedi-
cines. 2022;10:278.

Bellerba F, Muzio V, Gnagnarella P, Facciotti F, Chiocca S, Bossi P, Cortinovis D,
Chiaradonna F, Serrano D, Raimondi S, Zerbato B. The association between
vitamin d and gut microbiota: a systematic review of human studies. Nutri-
ents. 2021;13:3378.

Szaleniec M, Wojtkiewicz AM, Bernhardt R, Borowski T, Donova M. Bacterial
steroid hydroxylases: enzyme classes, their functions and comparison of their
catalytic mechanisms. Appl Microbiol Biotechnol. 2018;102:8153-71.



Ullah Immunity & Ageing

52.

53.
54.

55.

56.

57.

58.

59.

60.

62.

63.

64.
65.
66.
67.
68.
69.
70.

71

72.

73.

74.

75.

76.

77.

(2025) 22:20

Sugimoto H, Shinkyo R, Hayashi K, Yoneda S, Yamada M, Kamakura M, lkushiro
SI, Shiro Y, Sakaki T. Crystal structure of CYP105A1 (P450SU-1) in complex with
T1alpha,25-dihydroxyvitamin D3. Biochemistry. 2008;47:4017-27.

Uwitonze AM, Razzaque MS. Role of magnesium in vitamin D activation and
function. J Osteopath Med. 2018;118:181-9.

Geer LY, Marchler-Bauer A, Geer RC, Han L, He J, He S, Liu C, Shi W, Bryant SH.
The NCBI biosystems database. Nucleic Acids Res. 2010;38:0492-6.

Bora SA, Kennett MJ, Smith PB, Patterson AD, Cantorna MT. The gut micro-
biota regulates endocrine vitamin D metabolism through fibroblast growth
factor 23. Front Immunol. 2018;9:408.

Aggeletopoulou |, Tsounis EP, Mouzaki A, Triantos C. Exploring the role of vita-
min D and the vitamin D receptor in the composition of the gut microbiota.
Front Biosci (Landmark Ed). 2023;28(6):116.

Anjos ACPDAD, Andrade MVFD, Santos ACM, Bezerra DM, Fenelon Junior
MA, Jesus JRD. Influence of vitamin D deficiency on intestinal dysbiosis: a
systematic review. Res Soc Dev. 2021;10(9):e24610916596.

Lagishetty V, Misharin AV, Liu NQ, Lisse TS, Chun RF, Ouyang Y, McLachlan SM,
Adams JS, Hewison M. Vitamin D deficiency in mice impairs colonic antibac-
terial activity and predisposes to colitis. Endocrinology. 2010;151:2423e2432.
Cantorna MT, Lin YD, Arora J, Bora S, Tian Y, Nichols RG, Patterson AD. Vitamin
D regulates the microbiota to control the numbers of RORgt/FoxP3p regula-
tory T cells in the colon. Front Immunol. 2019;10:1772.

Li P, Wang Y, Li P.Chen X, LiuY, Zha L, Zhang Y, Qi K. Maternal vitamin D
deficiency aggravates the dysbiosis of gut microbiota by affecting intestinal
barrier function and inflammation in obese male offspring mice. Nutrition.
2023;105:111837.

Ramasamy B, Magne F, Tripathy SK, Venugopal G, Mukherjee D, Balamurugan
R. Association of gut Microbiome and vitamin D deficiency in knee osteoar-
thritis patients: a pilot study. Nutrients. 2021;13(4):1272.

JinD,Wu'S, Zhang YG, Lu R, Xia Y, Dong H, Sun J. Lack of vitamin D receptor
causes dysbiosis and changes the functions of the murine intestinal Microbi-
ome. Clin Ther. 2015;37(5):996-1009.

Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, Schilter HC, Rolph MS,
Mackay F, Artis D, Xavier RJ. Regulation of inflammatory responses by gut
microbiota and chemoattractant receptor GPR43. Nature. 2009;461:1282-6.
Myers SP, Hawrelak J. The causes of intestinal dysbiosis: a review. Altern Med
Rev. 2004;9:180-97.

Wang B, Yao M, Lv L, Ling Z, Li L. The human microbiota in health and disease.
Engineering. 2017;3:71-82.

Bosco N, Noti M. The aging gut Microbiome and its impact on host immunity.
Genes Immun. 2021;22(5):289-303.

O'Toole PW, Jeffery IB. Gut microbiota and aging. Sci Am Assoc Adv Sci.
2015;350:1214-5.

Xu C, Zhu H, Qiu P. Aging progression of human gut microbiota. BMC Micro-
biol. 2019;19:236-10.

Jeffery 1B, Lynch DB, O'Toole PW. Composition and Temporal stability of the
gut microbiota in older persons. ISME J. 2016;10:170-82.

Zmora N, Suez J, Elinav E. You are what you eat: diet, health and the gut
microbiota. Nat Rev Gastroenterol Hepatol. 2019;16:35-56.

Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK, Wingreen NS, Son-
nenburg JL. Diet-induced extinctions in the gut microbiota compound over
generations. Nature. 2016;529:212-5.

Odamaki T, Kato K, Sugahara H, Hashikura N, Takahashi S, Xiao JZ, Abe F,
Osawa R. Age-related changes in gut microbiota composition from newborn
to centenarian: a cross-sectional study. BMC Microbiol. 2016;16:90-12.

Biagi E, Candela M, Turroni S, Garagnani P, Franceschi C, Brigidi P. Ageing and
gut microbes: perspectives for health maintenance and longevity. Pharmacol
Res. 2013;69:11-20.

Biagi E, Nylund L, Candela M, Ostan R, Bucci L, Pini E, Nikkila J, Monti

D, Satokari R, Franceschi C, Brigidi P. Through ageing, and beyond: gut
microbiota and inflammatory status in seniors and centenarians. PLoS ONE.
2010;5:210667.

Nagpal R, Mainali R, Ahmadi S, Wang S, Singh R, Kavanagh K, Kitzman DW,
Kushugulova A, Marotta F, Yadav H. Gut Microbiome and aging: physiological
and mechanistic insights. Nutr Healthy Aging. 2018;4:267-85.

Buford TW. (Dis)Trust your Gut: the gut Microbiome in age-related inflamma-
tion, health, and disease. Microbiome. 2017;5:80-11.

Clark RI, Salazar A, Yamada R, Fitz-Gibbon S, Morselli M, Alcaraz J, Rana A, Rera
M, Pellegrini M, William WJ, Walker DW. Distinct shifts in microbiota composi-
tion during drosophila aging impair intestinal function and drive mortality.
Cell Rep. 2015;12:1656-67.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Page 13 of 15

Guo L, Karpac J, Tran SL, Jasper H. PGRP-SC2 promotes gut immune
homeostasis to limit commensal dysbiosis and extend lifespan. Cell.
2014;156:109-22.

Li H, Qi'Y, Jasper H. Preventing age-related decline of gut compartmentaliza-
tion limits microbiota dysbiosis and extends lifespan. Cell Host Microbe.
2016;19:240-53.

Smith P, Willemsen D, Popkes M, Metge F, Gandiwa E, Reichard M, Valenzano
DR. Regulation of life span by the gut microbiota in the short-lived African
Turquoise killifish. Elife. 2017;6:21002352.

Bércena C, Valdés-Mas R, Mayoral P, Garabaya C, Durand S, Rodriguez F,
Ferndndez-Garcia MT, Salazar N, Nogacka AM, Garatachea N, Bossut N.
Healthspan and lifespan extension by fecal microbiota transplantation into
progeroid mice. Nat Med. 2019;25:1234-42.

Bodogai M, O'Connell J, Kim K, Kim Y, Moritoh K, Chen C, Gusev F, Vaughan

K, Shulzhenko N, Mattison JA, Lee-Chang C. Commensal bacteria contribute
to insulin resistance in aging by activating innate B1a cells. Sci Trans| Med.
2018;10:eaat4271.

Ansaldo E, Slayden LC, Ching KL, Koch MA, Wolf NK, Plichta DR, Brown

EM, Graham DB, Xavier RJ, Moon JJ, Barton GM. Akkermansia muciniphila
induces intestinal adaptive immune responses during homeostasis. Science.
2019;364:1179-84.

Fransen F, van Beek AA, Borghuis T, Aidy SE, Hugenholtz F, van der Gaast-de
Jongh C, Savelkoul HF, De Jonge M, Boekschoten MV, Smidt H, Faas MM.
Aged gut microbiota contributes to systemical inflammaging after transfer to
germ-free mice. Front Immunol. 2017,8:1385.

Donaldson DS, Pollock J, Vohra P, Stevens MP, Mabbott NA. Microbial stimula-
tion reverses the age-related decline in M cells in aged mice. iScience.
2020;23:101147.

Broxmeyer HE, Liu'Y, Kapur R, Orschell CM, Aljoufi A, Ropa JP, Trinh T, Burns S,
Capitano ML. Fate of hematopoiesis during aging. What do we really know,
and What are its implications? Stem Cell Rev Rep. 2020;16:1020-48.
Kovtonyuk LV, Fritsch K, Feng X, Manz MG, Takizawa H. Inflamm-aging of
hematopoiesis, hematopoietic stem cells, and the bone marrow microenvi-
ronment. Front Immunol. 2016;7:502.

Wimalawansa SJ. Infections and autoimmunity—the immune system and
vitamin D: a systematic review. Nutrients. 2023;15(17):3842.

Mousa WK, Chehadeh F, Husband S. Microbial dysbiosis in the gut drives
systemic autoimmune diseases. Front Immunol. 2022;13:906258.

Pan Q Guo F, Huang, Li A, Chen S, Chen J, Liu HF, Pan Q. Gut microbiota
dysbiosis in systemic lupus erythematosus: novel insights into mechanisms
and promising therapeutic strategies. Front Immunol. 2021;12:799788.

Attur M, Scher JU, Abramson SB, Attur M. Role of intestinal dysbiosis and
nutrition in rheumatoid arthritis. Cells. 2022;11(15):2436.

Kim JW, Kwok SK, Choe JY, Park SH. Recent advances in our Understanding of
the link between the intestinal microbiota and systemic lupus erythemato-
sus. Int J Mol Sci. 2019;20(19):4871.

Schaéffler H, Herlemann DPR, Klinitzke P, Berlin P, Kreikemeyer B, Jaster R, Lam-
precht G. Vitamin D administration leads to a shift of the intestinal bacterial
composition in Crohn's disease patients, but not in healthy controls. J Digest
Dis. 2018;19:225-34.

Garg M, Hendy P, Ding JN, Shaw S, Hold G, Hart A. The effect of vitamin D

on intestinal inflammation and faecal microbiota in patients with ulcerative
colitis. J Crohn'’s Colitis. 2018;12:963-72.

Ciubotaru I, Green SJ, Kukreja S, Barengolts E. Significant differences in fecal
microbiota are associated with various stages of glucose tolerance in African
American male veterans. Transl Res. 2015;166:401-11.

Ghaly S, Kaakoush NO, Lioyd F, McGonigle T, Mok D, Baird A, Klopcic B,
Gordon L, Gorman S, Forest C, Bouillon R. High dose vitamin D supplementa-
tion alters faecal Microbiome and predisposes mice to more severe colitis. Sci
Rep.2018;8(1):11511.

Chambers P, Vitamin D. Calcium to magnesium ratio, and the gut Microbi-
ome. Med Clin Res. 2025;10:01-14.

Yamamoto EA, Jergensen TN. Relationships between vitamin D, gut microbi-
ome, and systemic autoimmunity. Front Immunol. 2020;10:499337.

Wu 'S, Zhang YG, Lu R, Xia Y, Zhou D, Petrof EQ, Claud EC, Chen D, Chang EB,
Carmeliet G, Sun J. Intestinal epithelial vitamin D receptor deletion leads to
defective autophagy in colitis. Gut. 2015;64(7):1082-94.

Romijn JA, Corssmit EP, Havekes LM, Pijl H. Gut-brain axis. Curr Opin Clin Nutr
Metab Care. 2008;11:518-21.

Weltens N, Iven J, Van Oudenhove L, Kano M. The gut-brain axis in health
neuroscience: implications for functional Gastrointestinal disorders and
appetite regulation. Ann NY Acad Sci. 2018;1428:129-50.



Ullah Immunity & Ageing

102.

103.
104.

105.

106.

107.

108.

109.

110.

111

N

113.

114.

115.

116.

120.

121.

122.

123.

124.

125.

(2025) 22:20

Foster JA, Baker GB, Dursun SM. The relationship between the gut microbi-
ome-immune system-brain axis and major depressive disorder. Front Neurol.
2021;12:721126.

Dinan TG, Cryan JF. The microbiome-gut-brain axis in health and disease.
Gastroenterol Clin North Am. 2017;46(1):77-89.

Wang C, Li Q, Ren J. Microbiota-immune interaction in the pathogenesis of
gut-derived infection. Front Immunol. 2019;10:1873.

Erny D, De Angelis ALH, Jaitin D, Wieghofer P, Staszewski O, David E, Keren-
Shaul H, Mahlakoiv T, Jakobshagen K, Buch T, Schwierzeck V, Utermohlen

O, Chun E, Garrett WS, Mccoy KD, Diefenbach A, Staeheli P, Stecher B, Amit

I, Prinz M. Host microbiota constantly control maturation and function of
microglia in the CNS. Nat Neurosci. 2015;18(7):965-77.

Campbell BM, Charych E, Lee AW, Moller T. Kynurenines in CNS disease:
regulation by inflammatory cytokines. Front Neurosci. 2014;8:12.

Anderson EW, Fishbein J, Hong J, Roeser J, Furie RA, Aranow C, Volpe BT,
Diamond B, Mackay M. Quinolinic acid, a Kynurenine/tryptophan pathway
metabolite, associates with impaired cognitive test performance in systemic
lupus erythematosus. Lupus Sci Med. 2021;8(1):e000559.

Chen C, Zhang C, Li H,Wang Z, YuanY, Zhou M, Fu ZF, Zhao L. Toll-like
receptor 4 regulates rabies virus-induced humoral immunity through
recruitment of conventional type 2 dendritic cells to lymph organs. J Virol.
2021,95(24):0082921.

Connell CJW, Thompson B, Turuwhenua J, Srzich A, Gant N. Fatigue-related
impairments in oculomotor control are prevented by norepinephrine-dopa-
mine reuptake Inhibition. Sci Rep. 2017;7:42726.

Huang F, Wu X. Brain neurotransmitter modulation by gut microbiota in
anxiety and depression. Front Cell Dev Biol. 2021;9:649103.

Kearns R. Gut-brain axis and neuroinflammation: the role of gut permeability
and the kynurenine pathway in neurological disorders. Cell Mol Neurobiol.
2024:44(1):64.

. Braniste V, Al-Asmakh M, Kowal C, Anuar F, Abbaspour A, Téth M, Kore-

cka A, Bakocevic N, Guan NL, Kundu P, Gulyas B, Halldin C, Hultenby K,
Nilsson H, Hebert H, Volpe BT, Diamond B, Pettersson S. The gut micro-
biota influences blood-brain barrier permeability in mice. Sci Trans| Med.
2014;6(263):263ra158.

O'Hara AM, Shanahan F. The gut fora as a forgotten organ. EMBO Rep.
2006;7(7):688-93.

Ghosh SS, Wang J, Yannie PJ, Ghosh S. Intestinal barrier dysfunction, LPS
translocation, and disease development. J Endocr Soc. 2020;4(2):bvz039.
Brown GC. The endotoxin hypothesis of neurodegeneration. J Neuroinflam-
mation. 2019;16(1):180.

Teng Y, Mu J, Xu F, Zhang X, Sriwastva MK, Liu QM, Li X, Lei C, Sundaram K,
Hu X, Zhang L, Park JW, Hwang JY, Rouchka EC, Zhang X, Yan J, Merchant
ML, Zhang H-G. Gut bacterial Isoamylamine promotes age-related cogni-
tive dysfunction by promoting microglial cell death. Cell Host Microbe.
2022,30(7):944-60.

. Daryabor G, Gholijani N, Kahmini FR. A review of the critical role of vitamin D

axis on the immune system. Exp Mol Pathol. 2023;132:104866.

. Ogbu D, Xia E, Sun J. Gut instincts: vitamin d/vitamin D receptor and Microbi-

ome in neurodevelopment disorders. Open Biol. 2020;10(7):200063.

. Ghaseminejad-Raeini A, Ghaderi A, Sharafi A, Nematollahi-Sani B, Moossavi

M, Derakhshani A, Sarab GA. Immunomodulatory actions of vitamin D in
various immune-related disorders: a comprehensive review. Front Immunol.
2023;14:950465.

Cantarel BL, Waubant E, Chehoud C, Kuczynski J, DeSantis TZ, Warrington J,
Venkatesan A, Fraser CM, Mowry EM. Gut microbiota in multiple sclerosis:
possible influence of immunomodulators. J Investig Med. 2015;63(5):729-34.
Daglia M, Drago L, Ullah H, Di Minno A, Brindisi G, Brunese FP, Dinardo G, Gori
A, Indolfi C, Naso M, Tondina E, Trincianti C, Varricchio A, Zicari AM, Ciprandi
G. Effects of the supplementation of single and multi-strain probiotics, alone
or in combination with other treatments, on asthma in children: a systematic
review of the randomized, placebo-controlled clinical studies. J Funct Foods.
2024;123:106599.

SuvarnaV, Boby V. Probiotics in human health: a current assessment. Curr Sci.
2005;88:1744-8.

Chugh B, Kamal-Eldin A. Bioactive compounds produced by probiotics in
food products. Curr Opin Food Sci. 2020;32:76-82.

Delgado S, Sénchez B, Margolles A, Ruas-Madiedo P, Ruiz L. Molecules pro-
duced by probiotics and intestinal microorganisms with Immunomodulatory
activity. Nutrients. 2020;12:391.

Zheng HJ, Guo J, Jia Q, Huang YS, Huang WJ, Zhang W, Zhang F, Liu WJ, Wang
Y. The effect of probiotic and synbiotic supplementation on biomarkers

126.

127.

130.

131

132.

135.

140.

141.

142.

143.

144.

148.

149.

150.

Page 14 of 15

of inflammation and oxidative stress in diabetic patients: a systematic
review and meta-analysis of randomized controlled trials. Pharmacol Res.
2019;142:303-13.

Rovinaru C, Pasarin D. Application of microencapsulated synbiotics in fruit-
based beverages. Probiotics Antimicrob Proteins. 2019;12:1-10.

Roberfroid M, Gibson GR, Hoyles L, McCartney AL, Rastall R, Rowland |,
Wolvers D, Watzl B, Szajewska H, Stahl B, Guarner F. Prebiotic effects: meta-
bolic and health benefits. Br J Nutr. 2010;104:51-63.

. Pandey KR, Naik SR, Vakil BV. Probiotics, prebiotics and synbiotics-a review. J

Food Sci Technol. 2015;52:7577-87.

. Weidenmaier C, Peschel A. Teichoic acids and related cell-wall glycopoly-

mers in grampositive physiology and host interactions. Nat Rev Microbiol.
2008;6:276-87.

Xia G, Kohler T, Peschel A. The wall teichoic acid and Lipoteichoic acid poly-
mers of Staphylococcus aureus. Int J Med Microbiol. 2010;300:148-54.
Wolf AJ, Underhill DM. Peptidoglycan recognition by the innate immune
system. Nat Rev Immunol. 2018;18:243.

Delcenserie V, Martel D, Lamoureux M, Amiot J, Boutin Y, Roy D. Immuno-
modulatory effects of probiotics in the intestinal tract. Curr Issues Mol Biol.
2008;10:37.

. Okada Y, Tsuzuki Y, Hokari R, Komoto S, Kurihara C, Kawaguchi A, Nagao S,

Miura S. Anti-inflammatory effects of the genus Bifidobacterium on macro-
phages by modification of phospho-IkB and SOCS gene expression. Int J Exp
Pathol. 2009;90:131-40.

. Menconi A, Bielke LR, Hargis BM, Tellez G. Immuno-modulation and antiin-

flammatory effects of antibiotic growth promoters versus probiotics in the
intestinal tract. J Microbiol Res Rev. 2014;2:62-7.

DuY,He C, AnY, Huang Y, Zhang H, Fu W, Wang M, Shan Z, Xie J, Yang Y, Zhao
B.The role of short chain fatty acids in inflammation and body health. Int J
Mol Sci. 2024;25(13):7379.

. Jayanama K, Theou O. Effects of probiotics and prebiotics on frailty and age-

ing: a narrative review. Curr Clin Pharmacol. 2020;15(3):183-92.

. Carrillo BM, Garrido JA, Méndez RM, Arciniega AB, Ramos RV, Pifa AES.

Emerging evidence on the use of probiotics and prebiotics to improve the
gut microbiota of older adults with frailty syndrome: a narrative review. J Nutr
Health Aging. 2022,26(10):926-35.

. Fantini C, Corinaldesi C, Lenzi A, Migliaccio S, Crescioli C. Vitamin D as a shield

against aging. Int J Mol Sci. 2023;24(5):4546.

. Liu PT, Stenger S, Li H, Wenzel L, Tan BH, Krutzik SR, Ochoa MT, Schauber

J,Wu K, Meinken C, Kamen DL. Toll-like receptor triggering of a vitamin
D-mediated human antimicrobial response. Science. 2006;311(5768):1770-3.
Hewison M. An update on vitamin D and human immunity. Clin Endocrinol.
2012;76(3):315-25.

Baeke F, Takiishi T, Korf H, Gysemans C, Mathieu C. Vitamin D: modulator of
the immune system. Curr Opin Pharmacol. 2010;10(4):482-96.

Di Rosa M, Malaguarnera M, Nicoletti F, Malaguarnera L. Vitamin D3: a helpful
immuno-modulator. Immunology. 2011;134(2):123-39.

Cantorna MT, Snyder L, Lin YD, Yang L. Vitamin D and 1, 25 (OH) 2D regulation
of T cells. Nutrients. 2015;7(4):3011-21.

Medrano M, Carrillo-Cruz E, Montero |, Perez-Simon JA. Vitamin D: effect on
haematopoiesis and immune system and clinical applications. Int J Mol Sci.
2018;19(9):2663.

. Prietl B, Treiber G, Pieber TR, Amrein K. Vitamin D and immune function.

Nutrients. 2013;5(7):2502-21.

. Sassi F, Tamone C, D’Amelio P.Vitamin D: nutrient, hormone, and Immuno-

modulator. Nutrients. 2018;10(11):1656.

. Abboud M, Rizk R, AlAnouti F, Papandreou D, Haidar S, Mahboub N. The

health effects of vitamin D and probiotic co-supplementation: a systematic
review of randomized controlled trials. Nutrients. 2020;13(1):111.

Tirani SA, Khorvash F, Saneei P, Moradmand Z, Askari G. Effects of probiotic
and vitamin D co-supplementation on clinical symptoms, mental health, and
inflammation in adult patients with migraine headache: a randomized, triple-
blinded, placebo-controlled trial. BMC Med. 2024;22(1):457.

Przewtdcka K, Folwarski M, Kaczmarczyk M, Skonieczna-Zydecka K, Palma

J, Bytowska ZK, Kujach S, Kaczor JJ. Combined probiotics with vitamin D3
supplementation improved aerobic performance and gut Microbiome
composition in mixed martial arts athletes. Front Nutr. 2023;10:1256226.
Mohammadi A, Sadighi G, Nazeri Astaneh A, Tajabadi-Ebrahimi M, Dejam T.
Co-administration of probiotic and vitamin D significantly improves cognitive
function in schizophrenic patients: a double-blinded randomized controlled
trial. Neuropsychopharmacol Rep. 2024;44(2):389-98.



Ullah Immunity & Ageing (2025) 22:20 Page 15 of 15

151. De Oliveira CS, Baptistella MM, Siqueira AP, Carvalho MO, Ramos LF, Souto BS,
de Almeida LA, Dos Santos EG, Novaes RD, Nogueira ES, de Oliveira PF. Com-
bination of vitamin D and probiotics inhibits chemically induced colorectal
carcinogenesis in Wistar rats. Life Sci. 2023;322:121617.

152. Gokhale S, Bhaduri A. Provitamin D3 modulation through prebiotics supple-
mentation: simulation based assessment. Sci Rep. 2019,9(1):19267.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Gut-vitamin D interplay: key to mitigating immunosenescence and promoting healthy ageing
	﻿Abstract
	﻿Introduction
	﻿Interplay between vitamin D and gut microbiota
	﻿Gut-vitamin D axis and immune ageing
	﻿Vitamin D deficiency, gut dysbiosis, and immune ageing
	﻿Gut microbiota, vitamin D, and chronic inflammatory diseases
	﻿The gut-brain-immune axis: vitamin D, microbiota, and neuroinflammation

	﻿Probiotics, prebiotics, and vitamin D supplementation: A synergistic approach for healthy ageing
	﻿Conclusions and future perspectives
	﻿References


