
Citation: Murdaca, G.; Tagliafico, L.;

Page, E.; Paladin, F.; Gangemi, S.

Gender Differences in the Interplay

between Vitamin D and Microbiota in

Allergic and Autoimmune Diseases.

Biomedicines 2024, 12, 1023.

https://doi.org/10.3390/

biomedicines12051023

Academic Editor: Ferenc Sipos

Received: 2 April 2024

Revised: 22 April 2024

Accepted: 1 May 2024

Published: 7 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Review

Gender Differences in the Interplay between Vitamin D and
Microbiota in Allergic and Autoimmune Diseases
Giuseppe Murdaca 1,2,* , Luca Tagliafico 1,3 , Elena Page 1,3, Francesca Paladin 4 and Sebastiano Gangemi 5

1 Department of Internal Medicine, University of Genova, 16132 Genova, Italy;
elena.kimberly.page@gmail.com (E.P.)

2 Allergology and Clinical Immunology Unit, San Bartolomeo Hospital, 19038 Sarzana, Italy
3 Ospedale Policlinico San Martino IRCCS, Largo Rosanna Benzi 10, 16132 Genova, Italy
4 Elderly and Disabeld Department, San Paolo Hospital, 17100 Savona, Italy
5 School and Operative Unit of Allergy and Clinical Immunology, Department of Clinical and Experimental

Medicine, University of Messina, 98125 Messina, Italy
* Correspondence: giuseppe.murdaca@unige.it

Abstract: The synergic role of vitamin D and the intestinal microbiota in the regulation of the immune
system has been thoroughly described in the literature. Vitamin D deficiency and intestinal dysbiosis
have shown a pathogenetic role in the development of numerous immune-mediated and allergic
diseases. The physiological processes underlying aging and sex have proven to be capable of having
a negative influence both on vitamin D values and the biodiversity of the microbiome. This leads
to a global increase in levels of systemic inflammatory markers, with potential implications for all
immune-mediated diseases and allergic conditions. Our review aims to collect and analyze the
relationship between vitamin D and the intestinal microbiome with the immune system and the
diseases associated with it, emphasizing the effect mediated by sexual hormones and aging.
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1. Introduction

In the past few years, attention has grown towards the synergic role of the intestinal
microbiome and vitamin D in the maturational development of the immune system (IS), as
well as their role in the pathogenesis of different immune-mediated and allergic diseases.

Vitamin D exerts its immunomodulatory effect by activating immune cells, such as
T and B cells, macrophages, and dendritic cells, as well as by stimulating the produc-
tion of antimicrobial peptides and neutralizing antibodies. Chronic hypovitaminosis D
causes immune paresis, increasing vulnerability to infections and autoimmune disease
development [1].

The intestinal microbiota plays a role in the regulation of IS also through the synthesis
of some metabolites, including short-chain fatty acids (SCFA) such as butyric acid, propionic
acid, and acetic acid, which have properties affecting the development and function of the
intestinal IS [2]. These metabolites are able to increase the barrier function of the intestinal
epithelium and the degree of immune tolerance [3]. Dysbiotic alterations could lead to a
greater predisposition to the development of immune-mediated diseases and increase the
risk of infectious events [4].

In an era of growing evidence regarding the existence of gender differences in terms
of disease prevalence, we aim to highlight the effect that sexual hormones have on vitamin
D and on the composition of the microbiome, as well as the consequent effects on the
presentation of autoimmune and allergic diseases.

The aging process, as well as sex differences, is able to negatively influence vita-
min D values and the biodiversity of the microbiome, resulting in an increase in the
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levels of markers of systemic inflammation with potential repercussions for all immune-
mediated diseases.

The following paragraphs will give a summary of the characteristics of vitamin D and
the gut microbiome in their relationship to the immune system and associated diseases,
taking into account age and sex as relevant mediators in this regard.

2. Materials and Methods

The aim of our work was to analyze the relationship between vitamin D and the
intestinal microbiome with the immune system and the pathologies associated with it,
with particular reference to the effect mediated by sexual hormones and the physiological
aging process.

For this purpose, we conducted a systematic review of the literature published on the
MEDLINE database. Our research did not include limitations regarding publication date
as long as the manuscripts were freely accessible in their complete form.

The keywords we used in our search included the terms “vitamin D”, “microbiota”,
“allergic diseases”, “autoimmune diseases”, “aging”, and “dysbiosis”.

We collected 126 articles regarding the topics of interest, which we have critically
analyzed in order to provide a summary overview of the current knowledge on the
topic concerned.

3. Synthesis and Mechanism of Activity of Vitamin D

According to scientific evidence, vitamin D has acquired over time an increasingly
important role in human physiology and pathophysiology [5]. This is thanks to its relevant
role as an actual hormone, implied not only in bone metabolism but also in immunomodu-
lation [5].

Vitamin D exists in two main forms: vitamin D2 (ergocalciferol) and vitamin D3
(cholecalciferol). While vitamin D2 can be obtained mainly from a daily diet, vitamin D3
can also be obtained from a diet but is also synthesized at the skin level from its precur-
sor, 7-dehydrocholesterol, after exposure to adequate ultraviolet B radiation (UVB) [6].
Ultraviolet radiation, while playing a relevant role in vitamin D activation, also acts
directly on IS, especially at the skin level [7]. Pre-D3 is thermodynamically unstable
and subsequently undergoes a thermal isomerization with D3 [8]. Once in our body,
it has to undergo two consecutive hydroxylations. Initial hydroxylation occurs in the
liver with several enzymes (particularly cytochrome P450 2R1) and the production of
25-hydroxyvitamin D (25OHD) [9]. A second hydroxylation, resulting in the production of
1,25-dihydroxycholecalciferol [1,25(OH)2D], occurs mainly in the kidney by the cytochrome
p450 27B1 (CYP27B1) enzyme as well as other tissues, including some cells of the IS [9]. At
the level of immune system cells, CYP27B1 is a relevant player, and its activity is strongly
regulated by cytokines and interleukins, where vitamin D activation appears to play an
intracrine or paracrine role [10]. The biologically active form of vitamin D is 1,25(OH)2D,
and its production is highly regulated by several factors, including hormones such as
parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF23) [9]. Specifically, while
PTH increases the production of 1,25(OH)2D, FGF23 has the opposite effect [9]. As already
highlighted in part, it is interesting to note that its synthesis can also be stimulated by cer-
tain cytokines such as tumor necrosis factor alpha (TNFα) and interferon gamma (IFN-γ),
namely at the level of keratinocytes and macrophages [9]. Furthermore, vitamin D3 can
undergo side chain hydroxylation by cytochrome P450 Family 11 Subfamily A Member
1 (CYP11A1), resulting in the production of various metabolites [11]. CYP11A1 is also
expressed in immune system cells such as T and B cells and monocytes, and its metabolites
appear to have multiple immunomodulatory effects [11,12]. Upon conclusion of vitamin D
metabolism, both 25OHD and 1,25(OH)2D are catabolized by Cytochrome P450 Family 24
Subfamily A Member 1 (CYP24A1), resulting in 24-hydroxylated products [13].

The biological activity of 1,25(OH)2D is mediated mainly through the vitamin D
receptor (VDR) [14]. VDR is a member of the steroid receptor family and fulfills its function
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as an obligate heterodimer in association with the retinoid X receptor (RXR) [14]. The
1,25(OH)2D acts on VDR by inducing a conformational change that promotes the interaction
with RXR and coregulatory complexes [14]. Activation of the VDR/RXR complex also
involves genome-wide action, specifically on DNA sequences called vitamin D response
elements (VDREs) [14]. Other factors are also involved in mediating the metabolic effects
of vitamin D beyond VDR. A relevant role is played by RAR-related orphan receptor alpha
(RORα) and gamma (RORγ) [15].In particular, 1,25(OH)2D and several metabolites derived
from the hydroxylation of vitamin D by CYP11A1 are capable of inhibiting interleukin 17
(IL-17) through RORα and RORγ [15,16].

The so-called canonical actions of vitamin D are mainly related to calcium and phos-
phate metabolism: 1,25(OH)2D acts at the intestinal level by promoting the absorption of
calcium from the daily diet and at the renal level in the distal tubule by easing its reabsorp-
tion [14]. However, this action is twofold at the bone level. In a negative calcium balance,
PTH and 1,25(OH)2D promote its reabsorption and reduce bone matrix mineralization.
In a normal or positive balance, 1,25(OH)2D promotes osteoclastogenesis by stimulating
osteoprogenitors, while in mature osteoblasts it has both an anticatabolic and anabolic
action [14]. It is important to highlight that 1,25(OH)2D has a feedback mechanism with
PTH and FGF23, inhibiting the production of PTH and stimulating the production of
FGF23 [17].

Other vitamin D functions have been highlighted in various systems and apparatuses,
with increasing relevance. Vitamin D’s canonical mode of action is related to calcium and
phosphorus metabolism, while its other actions include the cardiovascular system, the
oncological domain, and the IS. In our review, we will focus on the relationship between
vitamin D’s effects and IS.

4. Physiological Composition of the Gut Microbiome and Dysbiosis

The intestinal microbiome, or “commensal”, is represented by the entire microbial
community populating the gastrointestinal (GI) tract of mammals, whose greatest con-
centration is located in the colon [18]. The human gut microbiome can be represented by
3.8 × 1013 microbes in a standard adult male. The human colon gut microbiota is made
of five main phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verru-
comicrobe, of which the two dominant phyla are Firmicutes and Bacteroidetes, which
account for 90% of the total [19]. Some differences were observed in the composition of
the microbiome between the ascending and descending colon, with the Clostridiaceae,
Lachnospiraceae, and Bacteroidaceae families dominating the microbiome structure at this
level [20].

Despite the high interindividual variability in the composition of the gut microbiome,
a central type has been identified and is responsible for a number of physiological and
homeostatic functions, such as digestion of polysaccharides, development of the IS, defense
against infections, synthesis of vitamins, storage of fats, regulation of angiogenesis, and the
development of behavior [21].

The shift of the intestinal microbiome from a normal condition, known as “eubiosis”, to
an altered condition of its composition and function is called “dysbiosis” [22]. Dysbiosis can
be described as both a reduction in species diversity and a change in the relative abundance
of “healthy” versus “less healthy” microbes. Considering the significant variability of the
term, some specific indices have been proposed, but the most commonly used one is the
Microbiome Health Index (MHI), which considers the bacterial distributions within the
Firmicutes, Bacteroidetes, and Proteobacteria phyla [23].

Numerous recent studies suggest that the condition of dysbiosis may be implicated
in the etiology of many diseases, including IBD, irritable bowel syndrome (IBS), diabetes,
obesity, and cancer [24–26]. Examples of the likely association between intestinal dys-
biosis and some human diseases can be found in the reduction in bacterial species with
anti-inflammatory properties, such as Faecalibacterium prausnitzii, or in the presence
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of potentially pro-inflammatory bacteria such as Bacteroides and Ruminococcus gnavus,
which can be associated with IBD [27].

5. Vitamin D and the Gut Microbiome in Immunomodulation

As indicated previously, 1,25(OH)2D has several roles at the level of the IS, both
regarding cells of innate and adaptive immunity. One of its functions on the innate IS
is stimulating the production of pattern recognition receptors (PRRs), antimicrobial pep-
tides such as cathelicidins, alpha- and beta-defensins, and cytokines in both myeloid and
epithelial cells [28]. The activation of toll-like receptors (TLRs), particularly TLR2, by mi-
croorganisms increases the expression of CYP27B1 in keratinocytes, which in turn increases
levels of 1,25(OH)2D in the presence of adequate amounts of 25OHD and can stimulate
cathelicidin expression [29]. Furthermore, 1,25(OH)2D induces in macrophages the pro-
duction of reactive oxygen species in support of their anti-microbial activity [30]. It also
describes how 1,25(OH)2D promotes monocyte-macrophage differentiation, reduces their
production of proinflammatory cytokines and chemokines, inhibits the expression of innate
immunity receptors (like TLR2, TLR4, and TLR9), and downregulates the expression of
major histocompatibility complex (MHC) class 2 [31].

This bidirectional action of vitamin D on the innate IS also occurs in innate lymphoid
cells (ILCs). While in some scientific works, vitamin D is found to be important for the
cytokine response of ILCs to infectious processes [32], in others it has an anti-inflammatory
or antagonistic effect in this sense [33,34].

What was previously expressed highlights how vitamin D plays a key role in con-
trolling the microbiome through innate IS, especially in the gut, and also in preventing
bacterial translocation into the bloodstream [35].

Vitamin D has been shown to be relevant to the activity of natural killer (NK) cells
in different clinical contexts [36,37] and this occurs due to vitamin-induced up-regulation
of cytotoxicity receptors as well as down-regulation of killer inhibitory receptors [38]. At
the same time, vitamin D could induce a regulatory profile in this cell line through the
production of interleukin 10 (IL-10) [39].

The overall literature shows a negative effect of vitamin D on dendritic cells (DCs), with
obvious repercussions on the adaptive IS as well [9]. There are many articles showing that
1,25(OH)2D affects DCs by altering and reducing the maturation of medullary precursors in
this cell line, as well as reducing the expression of MHC II, CD86, and CD80 and increasing
C-C chemokine receptor type 5 (CCR5), DEC205, F4/80, and CD40 [40,41]. It is described
in the literature how vitamin D leads DCs to a more tolerogenic phenotype with the
conversion from CD4 T cells to IL-10-secreting regulatory T cells (Treg) [42].

With innate IS, the overall effect of vitamin D is activation, with its anti-inflammatory
effects in specific cell lines described in some scientific articles. It is different for the
adaptive IS, where vitamin D seems to have an overall anti-inflammatory effect on all its
components [43].

In T lymphocytes, 1,25(OH)2D has been shown to induce a T helper (Th) cell po-
larization by inhibiting Th1 and Th17 and increasing Th2 development through both an
effect mediated by antigen presenting cells (APCs) and also a direct effect [44,45]. As
partly highlighted earlier, 1,25(OH)2D also leads to an increased presence of Treg cells,
particularly positive for forkhead box P3 (Foxp3) and CD4 [41,46].

Finally, in relation to B lymphocytes, 1,25(OH)2D reduces their proliferation as well as
differentiation into plasma cells and post-switch memory B cells [47]. This obviously also
has an impact on their immunoglobulin production.

Also, according to the current literature, the microbiota has a close link with the
IS. This link is created during a critical time window in the first years of life, resulting
in long-lasting impacts on multiple IS components that contribute to homeostasis and
susceptibility to infectious and inflammatory diseases [48]. The most studied interface
for host-microbiota interactions is the intestinal mucosa. A characteristic of intestinal IS
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is its ability to establish immune tolerance to a wealth of harmless microorganisms while
simultaneously preserving immune responses against pathogenic infection [49].

The intestinal microbiota synthesizes several metabolites deriving from undigested
exogenous food components that reach the colon, as well as endogenous compounds
generated by microorganisms and the host. These microbial metabolic products come into
contact and interact with host cells through the layer of epithelial cells that constitute the
mucosal interface between the host and microorganisms, thus influencing their immune
responses [50].

Among the diverse metabolites synthesized by the gut microbiome, SCFAs, such as
butyric acid, propionic acid, and acetic acid, have been shown to have broad effects on the
development and function of the gut’s IS [51].

SCFAs bind G protein-coupled receptors (GPCRs), such as GPR41, GPR43, and
GPR109A, on the surface of epithelial cells and immune cells. Diffusion of SCFAs into
host cells results in their metabolism and/or inhibition of histone deacetylase (HDAC)
activity [48]. The effects of SCFAs are multiple and include increased epithelial barrier func-
tion and immune tolerance, through specific mechanisms: increased mucus production by
intestinal goblet cells; inhibition of nuclear factor-κB (NF-κB); activation of inflammasomes
and subsequent production of IL-18 and downstream antimicrobial peptides; increased se-
cretion of secretory IgA (sIgA) by B cells; reduced expression of T cell-activating molecules
on antigen-presenting cells, such as DCs; and increased numbers and function of colonic
Treg cells, including their expression of FOXP3 and their production of anti-inflammatory
cytokines [transforming growth factor-β (TGFβ) and IL-10] [52–54]. The immunomodu-
latory effect of SCFAs also occurs at the level of neutrophils, through which they induce
chemotaxis through binding to GPR43 and subsequent activation of p38 MAPK [55].

6. Role of Vitamin D and the Gut Microbiome in Autoimmune and Allergic Diseases

As we inferred in the previous paragraph, vitamin D and microbiota have a signif-
icant impact in an immunomodulatory sense. This is also associated with an important
role in disease processes associated with the IS, particularly autoimmune and allergic
diseases [56,57].

Starting with vitamin D and, in particular, autoimmune processes, there are several
pieces of evidence showing that hypovitaminosis D may be a risk factor associated with the
development of autoimmune diseases in genetically predisposed individuals [1,58]. This is
associated with an altered self-tolerance of the IS in different cellular populations, where
the several processes induced by vitamin D, as seen above, also play a role [58]. Vitamin D
deficiency can not only be a risk factor for the development of these diseases but, especially
if severe, it can be an aggravating factor in their symptomatology [1].

There are also several clinical studies showing that adequate vitamin D supplementa-
tion in the population can lead to a reduced incidence of autoimmune diseases [59]. The
work of Sizheng Steven Zhao et al. [60] showed through a Mendelian randomization how
variants within gene regions implicated in vitamin D biology are associated with the risk
of developing psoriasis and systemic lupus erythematosus.

At the genetic level, certain single nucleotide polymorphisms within the VDR gene
(particularly ApaI, BsmI, TaqI, and FokI) have demonstrated associations with susceptibility
to autoimmune diseases [61]. These changes in vitamin D-associated enzymes and receptor
complexes have also raised the hypothesis of a possible association between resistance
to this molecule and autoimmune diseases [16]. This would imply that in these specific
cases, supplementation with high doses of vitamin D may be the optimal strategy both
in terms of prevention and overall improvement of the symptom picture in patients with
these diseases [16].

There are numerous autoimmune diseases that are associated with vitamin D in their
pathophysiological processes but, in particular, those best described in the literature are
autoimmune thyroid diseases, rheumatoid arthritis (RA), inflammatory bowel diseases
(IBD), and systemic lupus erythematosus (SLE) [28,56,62].
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There are also data showing an association with the development of allergic diseases.
Primarily, some articles show the association between ultraviolet radiation exposure and
the development of allergic diseases, with important implications for the incidence of these
pathologies also depending on latitude [63]. In particular, it has been seen that vitamin
deficiency in both mother and infant increases the risk of developing food allergies, partic-
ularly in the second year of life [64]. With regard to allergic diseases of the airways, there
are reduced vitamin D levels associated with increased IL-31 and IL-33 [65]. There is also
evidence of improvement in the symptomatic condition when vitamin D supplementation
is given, in particular regarding asthma [66]. Significantly lower levels of vitamin D were
found mainly in the pediatric population with atopic dermatitis [66]. Moreover, its sup-
plementation with a weighted average dose of 1500–1600 IU for up to 3 months showed
clinically relevant improvements in these patients [67].

VDR receptor polymorphisms also appear in today’s literature to have significance
in this context. In particular, VDR rs7975232 ApaI, rs1544410 BsmI, and rs731236 TaqI
gene polymorphisms seem to be the most important polymorphisms in this regard, with
variations related to both specific allergic pathology and ethnicity [68].

There is also evidence showing the gut microbiota’s possible role in immune-mediated
diseases. Intestinal dysbiosis is closely involved in the etiopathogenesis of various extra-
intestinal autoimmune diseases. This is the case, for example, of type 1 diabetes, the onset
of which is frequently accompanied by a decrease in specific taxa such as Bifidobacterium,
Lactobacilli, Bacteroides, Faecalibacterium, and Akkermansia [69]. These bacterial species
are in fact involved in the regulation of glucose metabolism and responsible for specific
mechanisms such as glucagon synthesis, the production of insulin receptor substrate,
the suppression of hyperglycemia, and the production of the GLP-1 hormone, which is
involved in insulin’s synthesis, secretion, and sensitivity [70,71].

The reduction in intestinal bacterial varieties is also involved in the development of
other autoimmune diseases, such as SLE, in which a significantly lower ratio of Firmi-
cutes/Bacteroidetes has been observed [72], where Firmicutes were inversely correlated
with the disease activity index [73]. In patients with RA, there is typically an increase in
Prevotella covers, responsible for the synthesis of the Pc-p27 protein, which could trigger a
Th1-mediated immune response by binding to HLA-DR [74].

Another important role appears to be played by SCFAs, which have the ability to reach
other organs from the gut, such as the brain and lungs. Here, they act directly or indirectly
on local or resident antigen-presenting cells to reduce inflammatory responses associated
with neuroinflammation and allergic tract disease, respectively [75]. In support of this
hypothesis, it is highlighted that in patients suffering from rhinitis, atopic eczema, asthma,
and food allergies, alterations of the intestinal microbiota and reduced levels of Tregs are
frequently found [76,77]. In the genesis of allergic diseases, the intestinal microbiome has
been shown to play a major role. It is in this scenario that the hygiene hypothesis has
been theorized, with which it is assumed that an immune deviation in the reactions of
Th2 cells occurs due to reduced early microbial exposure and the lack of fecal microbial
diversity [78]. Bacterial colonization of the intestine is fundamental to the differentiation of
Th cells into Th1, Th2, Tregs, and Th17 cells [79]. Furthermore, intestinal bacteria such as
Lactobacillus, Bifidobacterium, Bacteroides, and Clostridium, as well as their metabolites,
induce peripheral Treg cells that control enteric and pulmonary inflammation [80,81].

Refer to Figure 1 for a graphical representation of the possible pattern of interaction
between hypovitaminosis D, dysbiosis, and alterations of the immune system that can lead
to autoimmune or allergic diseases.
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Figure 1. Based on recent studies, we highlight a possible explanatory scheme for the relation-
ship between hypovitaminosis D, dysbiosis, and alterations of the immune system associated with
immune-mediated diseases. In particular, a reduction in the level of vitamin D could lead to a reduced
immunological tolerance of adaptive immunity and a reduced activity of the innate immune system.
The latter aspect may, in turn, lead to less effective control of the microbiome and possible bacterial
translocation. Relating instead to the microbiome alone, the most common alterations associated
with immune system diseases are described in the image. The arrows stand for the level of activity,
or in quantitative terms, relative to the different aspects under consideration. Specifically, if reduced,
the arrow is downward, and if increased, it is upward. Abbreviations: ILCs: innate lymphoid cells;
Th: T helper; Treg: regulatory T cells; SCFAs: short-chain fatty acids. Created with BioRender.com.

7. Sex and Age Differences in the Role of Vitamin D and the Gut Microbiome in
Immune-Mediated Processes

In this review, we want to highlight the role of different genders and ages in the
complex mechanisms described in the previous paragraph.

There is a bidirectional relationship between estrogen and vitamin D [82]: different
levels of estrogen decrease the expression of CYP24A1, involved in the inactivation of
vitamin D, and increases the expression of the VDR gene [82]. Concurrently, vitamin D has
been shown to down-regulate the expression of aromatase, which converts testosterone to
estrogen, in immune cells [82].



Biomedicines 2024, 12, 1023 8 of 17

This interaction between vitamin D and sex is also expressed in the context of different
immune-mediated diseases, which tend to be more incidental and prevalent in females,
especially autoimmune diseases. Literature shows that in patients with SLE, vitamin
D exhibits its immunomodulatory effects at low concentrations of oestradiol but not at
higher concentrations [83]. Another example of this interplay between vitamin D and
estrogen is RA, where synovial fluid is characterized by an elevated level of estrogen due
to increased aromatase activity at this level [84]. Subsequently, estrogen is converted into
pro-proliferative and pro-inflammatory 16-hydroxylated estrogens [84]. At this level, there
is vitamin D, which can down-regulate aromatases [84].

Sex differences and the relationship between vitamin D and allergic diseases are inves-
tigated in the literature. In a pediatric setting, vitamin D levels have been shown to correlate
inversely with IgE levels, but only in females [85]. At the same time, lower concentrations
of vitamin D have been observed in males with at least two allergies compared to males
with only one allergy or females with at least two allergies [85].

In the last few years, scientific research has identified significant differences between
the two different sexes in terms of gut microbiome composition and the abundance of
specific taxa. These gender differences in the gut microbiome composition are defined by
the role that sex hormones play in it.

The microbiome can influence estrogen levels, which can in turn be influenced
by the composition and diversity of the microbiome itself through the expression of B-
glucuronidase (an enzyme capable of metabolizing estrogens) [86,87]. Similarly, intestinal
commensal bacteria belonging to the genus Clostridium scindens are capable of coding
hydroxysteroid dehydrogenases and other enzymes involved in the conversion of gluco-
corticoids into androgens [88,89].

It has emerged from various studies that higher levels of serum hormones were asso-
ciated with greater intestinal microbial diversity compared to those with lower hormone
levels in both sexes, indicating the role that sex hormones play in the composition of
the intestinal microbiota [90]. Studies conducted on the gut microbiome of women on
estrogen-progestin hormone therapy found that they had lower alpha diversity, distinct
beta diversity, and differentiated gut microbial metabolic pathways compared to women
who did not use oral contraceptives [91]. The bacterial genres that have been proven to
be significantly related to higher levels of testosterone in men were Acinetobacter, Dorea,
Ruminococcus, and Megamonas, while Slackia and Butyricimonas were the ones more
correlated with higher levels of estradiol in women [92–94].

Sex differences in the intestinal microbiota are reflected in the different development
of certain diseases between the two sexes [95], e.g., occurring twice as often in females
than males of IBS [96]. Garcia-Fernandez et al. [97] discovered that specific alterations in
the intestinal microbiota are correlated with the development of cardiovascular diseases,
as, in their study in the male gender, there was a decrease in the Barnesiellaceae family,
while there was an increase in the Ruminococcaceae, Bilophila, and Phascolarctobacterium
genres in females.

Studies conducted concerning the development of obesity and metabolic diseases
have identified a slower increase in the Firmicutes/Bacteroidetes ratio in female mice.
Differences in the abundance of specific genres in patients with metabolic syndrome have
been observed: Veillonella, Methanobrevibacter, Acidaminococcus, Clostridium, Roseburia,
and Faecalibacterium in males; Bilophila, Ruminococcus, and Bacteroides in females [90].

On the other hand, we know that with aging, there is often an increased risk of
hypovitaminosis D. In the literature, there are several explanations for this phenomenon.
It is well known that there is a reduction in the production and metabolism of vitamin
D at the level of the skin [98–100]. However, it is worth considering that with aging, the
reduction in vitamin D production occurs in a context in which the skin nevertheless
remains capable of producing vitamin D with adequate UVB exposure [100]. Herein lies
the second concomitant cause of hypovitaminosis D in older adult patients, which is
the reduction in sunlight exposure, especially in institutionalized adults [101]. It is also
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commonly described that aging is associated with a reduction in sex hormones, which
relate both to vitamin D and IS [102].

Changes in the IS developed during aging are described in the literature as “inflam-
mageing” and immunosenescence [103]. Inflammageing is characterized by the develop-
ment of chronic low-grade inflammation, while immunosenescence is characterized by the
reduced effectiveness of the IS to respond to different pathogens as well as cancer [103].
From a pathophysiological point of view, in older adults with vitamin D deficiency, there
are increased levels of markers of inflammation that can potentially spill over into immune-
mediated diseases [104]. This is the case of what appears to be happening in RA, where
in malnourished subjects with reduced levels of vitamin D there is an increased level of
inflammation as well as an increase in disease activity [105].

The relationship between aging, vitamin D, and allergic diseases appears to be less
investigated; however, the overall negative effect of vitamin D deficiency on diseases such
as asthma seems to be confirmed in older adult patients [106].

Similarly, as for vitamin D, the intestinal microbiota is affected by the aging process
with progressive loss of its homeostasis [107]. Senescence leads to a progressive reduction
in intestinal microbial biodiversity characterized by a decrease in anti-inflammatory SCFA-
producing bacteria and compromised stability of the intestinal microbiota in favor of
pathobiont species [108].

Comparing the microbiota of older adults to young adults, it was found that there
were lower levels of Firmicutes species (Clostridium cluster and Faecalibacterium praus-
nitzii) and Actinobacteria (mainly bifidobacteria) and an increase in Proteobacteria popula-
tions [109].

Badal et al. [110] highlighted how Akkermansia was the relatively more abundant
species in older adults, while Faecalibacterium, Bacteroidaceae, and Lachnospiraceae were
relatively reduced.

The gut and brain are closely connected through a bidirectional communication organ-
ism known as the brain-gut-microbiota (BGM) axis, through which the brain can influence
the composition and function of the gut microbiota [111].

These dysbiotic changes in an aging gut may result in pathogenic alterations of nu-
trient signaling pathways, stimulation of pro-inflammatory innate immunity, and other
pathological conditions [112,113]. Systemic inflammation resulting from intestinal dys-
biosis in senescence appears to modulate the neuroinflammatory process, underlying the
pathogenesis of cognitive impairment [114]. The increase in the Firmicutes/Bacteroidetes
ratio could cause the intestinal accumulation of amyloid precursor proteins from the early
stages of Alzheimer’s disease, as well as favor the increase in beta-amyloid at the central
level and impairment of spatial learning and memory [115]. It was highlighted how a
reduction in anti-inflammatory E. rectale and an increase in pro-inflammatory Escherichia
coli/Shigella were present in subjects with cognitive decline and cerebral amyloidosis when
compared to healthy control subjects [116].

Some studies investigated the use of probiotics, prebiotics, and synbiotics to improve
the biodiversity of the intestinal microbiome while reducing the clinical fragility of older
subjects [117–119]. The term probiotic refers to all those living microorganisms that confer
a benefit to the health of the host when administered in adequate quantities [120]. On the
other hand, prebiotics are indigestible food ingredients with a beneficial effect through their
selective metabolism in the intestinal tract [121]. The term “symbiotic” is used to describe
the synergistic coexistence of both a probiotic and a prebiotic with a final healthy effect
superior to that of the probiotic alone [122]. In older adults, symbiotics have been shown to
alter the composition of the intestinal microbiota, inducing significant increases in the fecal
quantity of bifidobacteria and lactobacilli while helping to protect the IS through the action
of the microbiota [123,124].

Refer to Figure 2 for a graphical representation of the impact of aging on vitamin D
and microbiome.
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Figure 2. According to current literature, hypovitaminosis D is more frequent in older adults because
of the reduction in the capability of our body to synthesize it at skin level, while there is a general
reduction in sun exposure, especially in patients in long-term care. At the same time, with aging,
there are several changes in the microbiome that could lead to more frequent dysbiosis. Created with
BioRender.com.

8. Discussion

Recent literature has shown that the relevant roles of vitamin D and gut microbiota in
immune-mediated diseases appear to be strongly interrelated. The role of these factors is
also mediated by both the sex and age of the patient.

In the current review, we have seen how vitamin D enhances the activities of the
innate IS by controlling the microbiome, especially the intestinal microbiome, and in turn,
potentially improves host-microbiota interactions with immune tolerance.

These two factors have different roles depending on age and sex, and both vitamin
D and the gut microbiome seem to play a role in the development of immunotolerance,
especially at younger ages. This implies that hypovitaminosis D and dysbiosis may be
relevant in the genesis of the vast majority of immune-mediated diseases, which develop
mainly in younger patients [49,58], while with age they may have a main role as mediators
of disease severity, leading the immune system to a more inflammatory phenotype if they
are altered [105].

The role of sex in these mechanisms is still unclear, and we believe further research on
this subject is needed. However, it remains plausible to think that the sex differences that
are witnessed in terms of incidence and clinical course in immune-mediated diseases may
be at least partly explained by the differences we have described about vitamin D and the
gut microbiome.

Refer to Figure 3 for a graphical representation of the possible pattern of interaction
between the different factors considered in this review.
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Figure 3. Based on recent literature, we produced a possible explanatory scheme for the relationship
between vitamin D, gut microbiome, sex, age, and immune-mediated diseases. The center of the
model is characterized by the relevant and partly interdependent role of hypovitaminosis D and
dysbiosis in the development of autoimmune or allergic diseases. In this scheme, age is a key aspect
because it is a well-known risk factor for developing both vitamin D deficiency and alterations in
the gut microbiome, while sex could mediate the effect of the above elements on the incidence and
clinical course of immune-mediated diseases, with mechanisms yet to be specified in detail. Created
with BioRender.com.

From our narrative review, relevant implications emerge that could have a connotation
in the research and the medical approach to these diseases. One aspect that is noteworthy
is the possibility of using current knowledge to develop algorithms for risk calculation
for each patient. This could also lead to preventive interventions for patients most at risk.
For this purpose, the assessment of vitamin D levels, genetic alterations in VDR, and gut
microbiome composition could all be relevant aspects of future studies that will need to be
weighed against what has emerged and what will emerge concerning the relevance and
role of age and sex.

These factors could be important when considering setting specific interventions to
improve the overall clinical status of a patient from a prognostic perspective.

For example, these factors could be used in assessing drug resistance in patients
and should be interesting to assess precisely (under certain circumstances) whether it is a
vitamin D deficiency or dysbiosis as to the reasons why a particular patient is resistant to
therapy, as already highlighted in the literature on different diseases [125]. As mentioned,
individual factors should be weighed against the age and sex of the patient.

It is clear from current literature that the importance of supplementing patients with
appropriate vitamin D dosages, especially when a deficiency is revealed, is important
regardless of their sex or age. This is particularly relevant for older adult patients, but it is
also true for younger ones [126].
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On the other hand, the treatment of dysbiosis remains a topic that needs further study,
but hopefully, it will soon become a relevant aspect in research and also in the clinical
treatment of patients with immune-mediated diseases.

9. Conclusions and Future Perspectives

The importance of these topics and their increased relevance in future clinical applica-
tions are testified by the growing literature. This review gives an alternative point of view
about immune-mediated diseases, considering the importance of vitamin D and the gut
microbiome based on sex differences and the process of aging.

However, there is a demand for more studies related to these matters. More preclinical
research is needed for a greater understanding of the molecular mechanisms that hold
together vitamin D, gut microbiome, sex, and age to build a translational approach aimed
at identifying specific therapeutic interventions.

Also, further clinical research and prospective studies are required to take into account
the above-mentioned factors at all stages of the disease, such as incidence, clinical course,
and response to medication. In order to define the relevance of interventions in reducing
the risk of developing autoimmune or allergic diseases and in improving the clinical course
of affected patients, especially those related to the microbiome, more studies are needed.

10. Highlights

• Vitamin D cooperates with the microbiota in regulating the immune system, improving
host-microbiota interactions with immune tolerance as a potential effect;

• Sex hormones have the ability to influence vitamin D levels and the composition of
the intestinal microbiome, promoting the development of gender differences in the
presentation of allergic and immune-mediated diseases;

• The aging process favors the conditions of hypovitaminosis D and dysbiosis, leading
the immune system to a more inflammatory phenotype and favoring the development
of allergic and immune-mediated diseases.
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77. Łoś-Rycharska, E.; Gołębiewski, M.; Sikora, M.; Grzybowski, T.; Gorzkiewicz, M.; Popielarz, M.; Gawryjołek, J.; Krogulska, A. A
Combined Analysis of Gut and Skin Microbiota in Infants with Food Allergy and Atopic Dermatitis: A Pilot Study. Nutrients
2021, 13, 1682. [CrossRef] [PubMed]

78. Nance, C.L.; Deniskin, R.; Diaz, V.C.; Paul, M.; Anvari, S.; Anagnostou, A. The Role of the Microbiome in Food Allergy: A Review.
Children 2020, 7, 50. [CrossRef] [PubMed]

79. Heine, R.G. Food Allergy Prevention and Treatment by Targeted Nutrition. Ann. Nutr. Metab. 2018, 72 (Suppl. 3), 33–45.
[CrossRef] [PubMed]

80. Bunyavanich, S.; Berin, M.C. Food Allergy and the Microbiome: Current Understandings and Future Directions. J. Allergy Clin.
Immunol. 2019, 144, 1468–1477. [CrossRef]

81. Ho, H.-E.; Bunyavanich, S. Role of the Microbiome in Food Allergy. Curr. Allergy Asthma Rep. 2018, 18, 27. [CrossRef]
82. Dupuis, M.L.; Pagano, M.T.; Pierdominici, M.; Ortona, E. The Role of Vitamin D in Autoimmune Diseases: Could Sex Make the

Difference? Biol. Sex Differ. 2021, 12, 12. [CrossRef] [PubMed]
83. Kokic, V.; Martinovic Kaliterna, D.; Radic, M.; Tandara, L.; Perkovic, D. Association between Vitamin D, Oestradiol and Interferon-

Gamma in Female Patients with Inactive Systemic Lupus Erythematosus: A Cross-Sectional Study. J. Int. Med. Res. 2018, 46,
1162–1171. [CrossRef] [PubMed]

84. Capellino, S.; Straub, R.H.; Cutolo, M. Aromatase and Regulation of the Estrogen-to-androgen Ratio in Synovial Tissue Inflamma-
tion: Common Pathway in Both Sexes. Ann. N. Y. Acad. Sci. 2014, 1317, 24–31. [CrossRef] [PubMed]

85. Li, C.; Chang, L.; Guo, M.M.; Wang, L.; Kuo, H. Sex Differences in Vitamin D and Behavioral Profiles among Children with
Allergic Diseases. Food Sci. Nutr. 2023, 11, 5492–5500. [CrossRef] [PubMed]

86. Calcaterra, V.; Rossi, V.; Massini, G.; Regalbuto, C.; Hruby, C.; Panelli, S.; Bandi, C.; Zuccotti, G. Precocious Puberty and
Microbiota: The Role of the Sex Hormone-Gut Microbiome Axis. Front. Endocrinol. 2022, 13, 1000919. [CrossRef] [PubMed]

87. Beale, A.L.; Kaye, D.M.; Marques, F.Z. The Role of the Gut Microbiome in Sex Differences in Arterial Pressure. Biol. Sex Differ.
2019, 10, 22. [CrossRef] [PubMed]

88. Gomez, A.; Luckey, D.; Taneja, V. The Gut Microbiome in Autoimmunity: Sex Matters. Clin. Immunol. 2015, 159, 154–162.
[CrossRef]

89. Valeri, F.; Endres, K. How Biological Sex of the Host Shapes Its Gut Microbiota. Front. Neuroendocrinol. 2021, 61, 100912. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijerph18105429
https://www.ncbi.nlm.nih.gov/pubmed/34069576
https://doi.org/10.1007/s00431-023-04843-2
https://doi.org/10.1155/2014/520241
https://www.ncbi.nlm.nih.gov/pubmed/25061262
https://doi.org/10.3389/fnut.2022.860628
https://www.ncbi.nlm.nih.gov/pubmed/35873428
https://doi.org/10.3390/nu11081854
https://doi.org/10.1080/08820139.2019.1674325
https://doi.org/10.3389/fimmu.2022.906258
https://doi.org/10.3390/ijms232314650
https://doi.org/10.3390/ijms23010480
https://doi.org/10.3389/fimmu.2021.799788
https://www.ncbi.nlm.nih.gov/pubmed/34925385
https://doi.org/10.3390/ijms20194871
https://www.ncbi.nlm.nih.gov/pubmed/31575045
https://doi.org/10.3390/cells11152436
https://www.ncbi.nlm.nih.gov/pubmed/35954278
https://doi.org/10.3389/fimmu.2018.01830
https://www.ncbi.nlm.nih.gov/pubmed/30158926
https://doi.org/10.18176/jiaci.0852
https://www.ncbi.nlm.nih.gov/pubmed/36219547
https://doi.org/10.3390/nu13051682
https://www.ncbi.nlm.nih.gov/pubmed/34063398
https://doi.org/10.3390/children7060050
https://www.ncbi.nlm.nih.gov/pubmed/32466620
https://doi.org/10.1159/000487380
https://www.ncbi.nlm.nih.gov/pubmed/29631274
https://doi.org/10.1016/j.jaci.2019.10.019
https://doi.org/10.1007/s11882-018-0780-z
https://doi.org/10.1186/s13293-021-00358-3
https://www.ncbi.nlm.nih.gov/pubmed/33436077
https://doi.org/10.1177/0300060517734686
https://www.ncbi.nlm.nih.gov/pubmed/29235391
https://doi.org/10.1111/nyas.12398
https://www.ncbi.nlm.nih.gov/pubmed/24684533
https://doi.org/10.1002/fsn3.3505
https://www.ncbi.nlm.nih.gov/pubmed/37701228
https://doi.org/10.3389/fendo.2022.1000919
https://www.ncbi.nlm.nih.gov/pubmed/36339428
https://doi.org/10.1186/s13293-019-0236-8
https://www.ncbi.nlm.nih.gov/pubmed/31023366
https://doi.org/10.1016/j.clim.2015.04.016
https://doi.org/10.1016/j.yfrne.2021.100912
https://www.ncbi.nlm.nih.gov/pubmed/33713673


Biomedicines 2024, 12, 1023 16 of 17

90. Brettle, H.; Tran, V.; Drummond, G.R.; Franks, A.E.; Petrovski, S.; Vinh, A.; Jelinic, M. Sex Hormones, Intestinal Inflammation,
and the Gut Microbiome: Major Influencers of the Sexual Dimorphisms in Obesity. Front. Immunol. 2022, 13, 971048. [CrossRef]

91. Sisk-Hackworth, L.; Kelley, S.T.; Thackray, V.G. Sex, Puberty, and the Gut Microbiome. Reprod. Camb. Engl. 2023, 165, R61–R74.
[CrossRef]

92. Wang, L.; Tang, L.; Zhai, D.; Song, M.; Li, W.; Xu, S.; Jiang, S.; Meng, H.; Liang, J.; Wang, Y.; et al. The Role of the Sex Hormone-Gut
Microbiome Axis in Tumor Immunotherapy. Gut Microbes 2023, 15, 2185035. [CrossRef] [PubMed]

93. He, S.; Li, H.; Yu, Z.; Zhang, F.; Liang, S.; Liu, H.; Chen, H.; Lü, M. The Gut Microbiome and Sex Hormone-Related Diseases.
Front. Microbiol. 2021, 12, 711137. [CrossRef] [PubMed]

94. Ahmed, S.; Spence, J.D. Sex Differences in the Intestinal Microbiome: Interactions with Risk Factors for Atherosclerosis and
Cardiovascular Disease. Biol. Sex Differ. 2021, 12, 35. [CrossRef] [PubMed]

95. Kim, Y.S.; Unno, T.; Kim, B.Y.; Park, M.S. Sex Differences in Gut Microbiota. World J. Mens Health 2020, 38, 48–60. [CrossRef]
96. Kim, Y.S.; Kim, N. Sex-Gender Differences in Irritable Bowel Syndrome. J. Neurogastroenterol. Motil. 2018, 24, 544–558. [CrossRef]

[PubMed]
97. Garcia-Fernandez, H.; Arenas-de Larriva, A.P.; Lopez-Moreno, J.; Gutierrez-Mariscal, F.M.; Romero-Cabrera, J.L.; Molina-Abril,

H.; Torres-Peña, J.D.; Rodriguez-Cano, D.; Malagon, M.M.; Ordovas, J.M.; et al. Sex-Specific Differences in Intestinal Microbiota
Associated with Cardiovascular Diseases. Biol. Sex Differ. 2024, 15, 7. [CrossRef]

98. MacLaughlin, J.; Holick, M.F. Aging Decreases the Capacity of Human Skin to Produce Vitamin D3. J. Clin. Investig. 1985, 76,
1536–1538. [CrossRef] [PubMed]

99. Giustina, A.; Bouillon, R.; Dawson-Hughes, B.; Ebeling, P.R.; Lazaretti-Castro, M.; Lips, P.; Marcocci, C.; Bilezikian, J.P. Vitamin D
in the Older Population: A Consensus Statement. Endocrine 2022, 79, 31–44. [CrossRef] [PubMed]

100. Chalcraft, J.R.; Cardinal, L.M.; Wechsler, P.J.; Hollis, B.W.; Gerow, K.G.; Alexander, B.M.; Keith, J.F.; Larson-Meyer, D.E. Vitamin D
Synthesis Following a Single Bout of Sun Exposure in Older and Younger Men and Women. Nutrients 2020, 12, 2237. [CrossRef]

101. Samefors, M.; Tengblad, A.; Östgren, C.J. Sunlight Exposure and Vitamin D Levels in Older People-An Intervention Study in
Swedish Nursing Homes. J. Nutr. Health Aging 2020, 24, 1047–1052. [CrossRef]

102. Horstman, A.M.; Dillon, E.L.; Urban, R.J.; Sheffield-Moore, M. The Role of Androgens and Estrogens on Healthy Aging and
Longevity. J. Gerontol. A. Biol. Sci. Med. Sci. 2012, 67, 1140–1152. [CrossRef] [PubMed]

103. Liu, Z.; Liang, Q.; Ren, Y.; 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, 200. [CrossRef] [PubMed]

104. Laird, E.; McNulty, H.; Ward, M.; Hoey, L.; McSorley, E.; Wallace, J.M.W.; Carson, E.; Molloy, A.M.; Healy, M.; Casey, M.C.; et al.
Vitamin D Deficiency Is Associated with Inflammation in Older Irish Adults. J. Clin. Endocrinol. Metab. 2014, 99, 1807–1815.
[CrossRef] [PubMed]

105. Cano-García, L.; Redondo-Rodríguez, R.; Manrique-Arija, S.; Domínguez-Quesada, C.; Crisóstomo Vacas, J.; Armenteros-Ortiz, P.;
Ruiz-Vilchez, D.; Martín-Martín, J.M.; García-Studer, A.; Ortiz-Márquez, F.; et al. Prevalence of Malnutrition and Associated
Factors in Older Patients with Rheumatoid Arthritis: A Cross-Sectional Study. Nutrients 2023, 15, 3500. [CrossRef] [PubMed]

106. Columbo, M.; Panettieri, R.A.; Rohr, A.S. Asthma in the Elderly: A Study of the Role of Vitamin D. Allergy Asthma Clin. Immunol.
2014, 10, 48. [CrossRef] [PubMed]

107. Wiertsema, S.P.; van Bergenhenegouwen, J.; Garssen, J.; Knippels, L.M.J. The Interplay between the Gut Microbiome and the
Immune System in the Context of Infectious Diseases throughout Life and the Role of Nutrition in Optimizing Treatment
Strategies. Nutrients 2021, 13, 886. [CrossRef]

108. Donovan, S.M. Introduction to the Special Focus Issue on the Impact of Diet on Gut Microbiota Composition and Function and
Future Opportunities for Nutritional Modulation of the Gut Microbiome to Improve Human Health. Gut Microbes 2017, 8, 75–81.
[CrossRef] [PubMed]

109. Salazar, N.; Valdés-Varela, L.; González, S.; Gueimonde, M.; de Los Reyes-Gavilán, C.G. Nutrition and the Gut Microbiome in the
Elderly. Gut Microbes 2017, 8, 82–97. [CrossRef] [PubMed]

110. Badal, V.D.; Vaccariello, E.D.; Murray, E.R.; Yu, K.E.; Knight, R.; Jeste, D.V.; Nguyen, T.T. The Gut Microbiome, Aging, and
Longevity: A Systematic Review. Nutrients 2020, 12, 3759. [CrossRef]

111. Baldi, S.; Mundula, T.; Nannini, G.; Amedei, A. Microbiota Shaping-the Effects of Probiotics, Prebiotics, and Fecal Microbiota
Transplant on Cognitive Functions: A Systematic Review. World J. Gastroenterol. 2021, 27, 6715–6732. [CrossRef]

112. Kim, S.; Jazwinski, S.M. The Gut Microbiota and Healthy Aging: A Mini-Review. Gerontology 2018, 64, 513–520. [CrossRef]
[PubMed]

113. Haran, J.P.; McCormick, B.A. Aging, Frailty, and the Microbiome-How Dysbiosis Influences Human Aging and Disease. Gastroen-
terology 2021, 160, 507–523. [CrossRef] [PubMed]

114. Liu, S.; Gao, J.; Zhu, M.; Liu, K.; Zhang, H.-L. Gut Microbiota and Dysbiosis in Alzheimer’s Disease: Implications for Pathogenesis
and Treatment. Mol. Neurobiol. 2020, 57, 5026–5043. [CrossRef] [PubMed]

115. Li, H.; Ni, J.; Qing, H. Gut Microbiota: Critical Controller and Intervention Target in Brain Aging and Cognitive Impairment.
Front. Aging Neurosci. 2021, 13, 671142. [CrossRef] [PubMed]
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