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Abstract: Irritable bowel syndrome is a common functional gastrointestinal disorder characterized by recurrent
abdominal discomfort, bloating, cramping, flatulence, and changes in bowel movements. The pathophysiology
of IBS involves a complex interaction between motor, sensory, microbiological, immunological, and
psychological factors. Diversity, stability and metabolic activity of the gut microbiota are frequently altered in
IBS, thus leading to a situation of gut dysbiosis. Therefore, the use of probiotics and probiotic-derived
metabolites may be helpful in balancing the gut microbiota and alleviating irritable bowel syndrome symptoms.
This review aimed to report and consolidate recent progress in understanding the role of gut dysbiosis in the
pathophysiology of IBS, as well as the current studies that have focused on the use of probiotics and their
metabolites, providing a foundation for their potential beneficial effects as a complementary and alternative
therapeutic strategy for this condition, due to the current absence of effective and safe treatments.
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1. Introduction

Irritable bowel syndrome (IBS) is a functional gastrointestinal (GI) disorder characterized by
recurrent abdominal pain associated with abnormal stool form or frequency [1]. At present, IBS is
classified according to the predominant clinical symptoms into four subtypes: predominant
constipation (IBS-C), predominant diarrhea (IBS-D), mixed bowel habits (IBS-M) and unclassified IBS
[2]. The global prevalence has been estimated to be up to 10 % [3] and the patients are usually
diagnosed at a young age (20 - 30 years), being more common in women than men [4]. Of note,
although this chronic functional disorder does not increase mortality risk, it impairs the quality of
life, and it has been associated with a substantial economic burden on patients and healthcare systems
[5].

Unfortunately, and although the prevalence is high, its etiology is not fully understood. In this
sense, there is a growing body of research involving both physiological and psychological factors as
responsible for IBS development and its associated symptoms [6].

The pathophysiology of IBS is complex and multifactorial; hence it remains poorly understood
(Figure 1). Several factors have been proposed as elicitors to IBS including genetic predisposition, and
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different environmental components such as diet, in association with altered gut-brain
communication, visceral hypersensitivity, gut motility issues, innate immunity dysfunction, food
intolerances, low-grade gut mucosal inflammation, psychosocial stressors, abnormalities in serotonin
metabolism, alterations in brain function and altered gut microbiome, among others (Figure 1)[7-10].
However, the specific triggers or exacerbators of IBS symptoms can vary among individuals, making
it challenging to pinpoint a single cause.

A great deal of research has documented the role of innate immune dysfunction and its impact
at both systemic and mucosal low-grade inflammation (Figure 1). In patients with IBS, immune
system activation in the colonic mucosa has been observed, accompanied by immune cell infiltration
and the release of pro-inflammatory cytokines, including IL-6, TNF-a, IL-17, and IL-1[3, among others
[9,11,12] Although the underlying cause of this altered immune response remains unclear, studies
involving patients with IBS have shown increased intestinal permeability, suggesting a compromised
mucosal epithelial barrier that could disrupt gut immune homeostasis, potentially leading to gut
inflammation and atypical immune responses [13].

On the other hand, altered food-derived or bacterial products due to dysbiosis, or an impaired
epithelial response, have shown to encourage a pro-inflammatory dendritic cell phenotype,
difficulting the induction of tolerogenic or regulatory mechanisms, favoring a type 2 (pro-
inflammatory) immune response instead. As a consequence, food antigen-specific IgE might trigger
mast cell activation and visceral nociceptor sensitization. Alternatively, mast cell activation can be
directly induced by bacterial or food-derived products, as well as through neurogenic inflammation
and psychological stress [14]. Mast cell mediators, such as histamine and tryptase, have shown to be
released from colonic biopsies of patients with IBS and degranulated mast cells situated near nerves
in the colonic mucosa. Being these mediators associated with severity and frequency of abdominal
pain; reinforcing the idea that role of mast cells are involved in visceral hypersensitivity (Figure
1)[15].

The impact of genetic factors on the development of IBS is still unclear because of relatively small
study groups and a lack of significant structural abnormalities. The role of both common and rare
gene variants in IBS susceptibility is largely unidentified [16]. Recent studies have identified
polymorphisms in genes associated with IBS pathogenesis including genes coding for immune
regulation and epithelial barrier function [17], serotonin signaling [18,19] cannabinoid receptors
[20]or BAs synthesis [21]. On the other hand, GWAS studies identified GRID2IP (glutamate receptor,
ionotropic, delta 2 interacting protein), KDELR2 (endoplasmic reticulum protein retention receptor
2) and TNFSF15d (Tumor Necrosis Factor Superfamily) to be linked to risk of IBS development
[22,23]. Additionally, epigenetic factors such as DNA methylation could manifest in IBS (Figure
1)[24].

Recent research combined with clinical observations underscores a vital role of the brain-gut axis
in the development and persistence of IBS symptoms. Regardless of the primary symptom triggers,
the brain is ultimately responsible for shaping and generating the conscious experience of abdominal
pain, discomfort, and anxiety based on sensory input from the gut [25]. Stressful and traumatic events
increase the likelihood of developing IBS, while psychosocial stressors significantly influence the
initial onset, symptom flare-ups, and perceived severity of symptoms (Figure 1) [26,27].

Regarding the role of microbiome in IBS development, many studies have demonstrated that
diversity, stability and metabolic activity of the gut microbiota are frequently altered in patients with
IBS, thus leading to a situation of gut dysbiosis (Figure 1)[28-32]. Human gut microbiota consists in
a complex community constituted by more than 1500 species of microorganisms including bacteria,
viruses, and eukaryotes [33]. The gut microbiota plays a significant role in maintaining normal gut
physiology and health, including supporting protection from pathogens [34], participating in
digestion and metabolism [35], controlling epithelial cell differentiation and proliferation [36] or
influencing brain-gut communication [37] among others. Although only about one-third of the
bacterial species have been identified and described thus far, the GI tract predominantly includes
Bacillota (64%), Bacteroidota (23%), Pseudomonadota (8%), and Actinobacteriodota (3%) [16]. Disruption
of the gut microbiota may result in a condition known as dysbiosis and can happen due to the loss or
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excessive growth of a specific organism, a decrease in microbial diversity, or genetic mutations [38].
Recent findings indicate that gut dysbiosis may play a role in the development of IBS. The commensal
organisms that typically inhabit the gut influence signaling molecules and metabolites essential for
maintaining gut homeostasis and the mucosal immune system formation [39]. Even minor
disruptions in the gut microbiome can result in inflammatory responses that induce oxidative stress,
heighten intestinal permeability, and may involve bacterial translocation across the mucosal layer
[39]. Notable differences have been observed in the composition of the gut microbiome in patients
with IBS. While researchers have recently pinpointed a signature gut microbiome potentially linked
to severe IBS [30], characterization of the IBS intestinal microbiome remains inconsistent, and no
definitive signature has gained acceptance [40]. An original investigation involving patients with IBS
and matched controls without IBS identified an abundance of Ruminococcus gnavus and
Lachnospiraceae and reduced levels of Barnesiella intestinihominis and Coprococcus catus [41]. A meta-
analysis encompassing 13 studies found declines in Bifidobacterium, Lactobacillus, and Faecalibacterium
prausnitzii among patients [42]. Another meta-analysis involving 16 studies and 777 patients with IBS
revealed elevated levels of Bacillota and diminished Bacteroidota (with an increased Bacillota ratio) at
the phylum level. They also noted several alterations at lower taxonomic levels, including higher
concentrations of Clostridin and Clostridiales and reduced concentrations of Bacteroidia and
Bacteroidales [43]. Likewise, a meta-analysis of 23 studies and 1340 participants found lower levels of
Lactobacillus and Bifidobacterium, alongside higher levels of Escherichia coli and Enterobacter in the gut
microbiome analysis of patients with IBS compared to healthy controls. These researchers did not
observe any differences in fecal Bacteroides or Enterococcus levels [44]. While there is evidence
indicating that the microbiome varies between patients and controls, most studies have struggled to
identify significant differences among IBS subtypes [41,43,45,46]. It is crucial to recognize that an
inability to detect significant variations between microbiome phenotypes in individuals with IBS
may, in part, stem from a lack of consistent methodologies. Whole shotgun metagenomics is currently
the standard technology employed for analyzing gut microbial compositions; however, this method
relies on bioinformatic pipelines to interpret the data, which carry their own limitations [46—48].
Additionally, it is important to consider that taxonomic composition alone may not clarify the
differences in functional phenotypes between individuals, highlighting the necessity of utilizing
metagenomics, metatranscriptomics, and metabolomics when exploring these functional
distinctions. A recent study indicated that alterations occurred not only in the microbiome
composition of patients with IBS but also in metabolites and transcripts related to
fructooligosaccharide utilization. This study also demonstrated metatranscriptomic and
metabolomic variations between IBS-D and IBS-C subtypes [48].
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Figure 1. Pathophysiology of the IBS. The pathophysiology of IBS involves the interaction of
psychological, genetic, microbiological, neurological and immunological factors, which contribute to
symptoms, dysbiosis, motility alterations and immune dysregulation. IBS, Irritable Bowel Syndrome.
[9,10,13-15,17-20,25,26,28-32,38,39].

Researchers have also identified a role for the gut virome in IBS, noting significantly lower alpha
diversity and different beta diversity in patients with IBS, with the most prevalent viral clusters
recognized as belonging to the Siphoviridae, Myoviridae, and Podoviridae families [46]. It is also
significant to mention that there may be a correlation between the gut microbiome and psychological
conditions. One study revealed that the fecal microbiota of IBS-D patients was similar to that of
individuals with depression, both characterized by reduced overall diversity and increased
abundance of Bacteroides, Prevotella, or nondominant microbiota [49]. Furthermore, it has been
discovered a significant correlation between the gut microbiome in patients with IBS and
psychological distress, anxiety, and depression [50]. More data are required to comprehend the
significance of this correlation in the development of IBS and/or psychiatric conditions. Given the
extensive variability in microbiome data related to IBS, additional studies incorporating
metabolomic, metatranscriptomic, and metagenomic sequencing are essential for better
characterizing the signature gut microbiome and understanding its role in various diseases.

Experimental evidence obtained from germ-free mice colonized with human microbiota have
supported a role of the gut bacteria in IBS pathogenesis, including its psychological comorbidity [51].
Of note, most of the recent research connecting IBS and gut microbiota has primarily focused on
alterations in the composition and function of intestinal microbiota. Nevertheless, with
advancements in molecular biology tools and methodologies, it has been proposed that the microbial
byproducts can play a key role in the interactions between gut microbiota and the intestinal epithelial
mucosal immune system in the gut, which significantly influence IBS [52]. Confirming this, it has
been reported that gut dysbiosis in patients with IBS was associated with a shift in their metabolic
profile, including variations in short-chain fatty acids (SCFAs), bile acids (BAs), and tryptophan (Trp)
metabolites, which may be linked to the pathogenesis of IBS [53].

In this context, the development of microbiome-metabolome modulator agents emerges as a
potential therapeutic strategy. In fact, probiotics have been long considered as promising agents in
the prevention and management of IBS, based on their well-known beneficial effects by regulating
the intestinal micro-ecosystem, enhancing the integrity of the epithelial barrier, and reducing
immune and inflammatory responses [54,55]. However, there are limited clinical studies on the
impact of probiotics and/or their metabolites on IBS. It is important to note that some findings have
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revealed some concerns with the administration of probiotics in these conditions, because their
effectiveness is influenced by different factors such as species and/or strain selected; also, the dosage
and treatment duration may also vary based on clinical indications.

In this review, the role of gut dysbiosis in the pathophysiology of IBS will be evaluated, thus
establishing the basis for the potential beneficial effects of probiotics and their metabolites as a
complementary and alternative therapeutic approach in this condition, given the lack of effective and
safe treatments at present.

2. Role of Probiotics in IBS

Experimental and clinical studies over recent decades have identified several mechanisms by
which probiotics beneficially impact the pathophysiological processes involved in IBS (Figure 2) [56].
Table 1 provides an overview of the bacterial strains commonly used in probiotic formulations.
Probiotics play an essential role in relieving IBS symptoms, such as gas, abdominal discomfort, and
bloating [57]. They influence microbiota composition, enhancing intestinal motility, visceral
sensitivity, immune function, and metabolic activity, thereby contributing positively to microbiota-
gut-brain axis regulation and related psychiatric conditions. The key benefits reported in the
literature are summarized in Table 1.

Table 1. Bacterial strains commonly utilized in probiotic formulations and their beneficial effects
reported in the literature.

Bifidobacterium animalis subsp. lactis, BB-12 [58]

Lactobacillus acidophilus

. Lactobacillus casei 591
Restoring
Microbiota Lactobacillus paracasei D3-5, Lactobacillus rhamnosus D4-4,
Composition Lactobacillus plantarum D6-2, Lactobacillus rhamnosus D7-5 and
Lactobacillus plantarum D13-4, Enterococcus raffinosus D24-1, [60]
Enterococcus INBio D24-2, Enterococcus avium D25-1,
Enterococcus avium D25-2 and Enterococcus avium D26-1
Bifidobacterium lactis HN019 [61,62]
Bifidobacterium lactis DN-173 010 [63]
Bacillus subtilis
Enterococcus faecium [64]
Enterococcus faecalis
) Lactobacillus rhamnosus GG [65]
Enhancing Bifidobacterium animalis subsp. lactis BB-12
Intestinal Motility
Bifidobacterium animalis subsp. lactis, BB-12 [58]
Bacillus subtilisl: [66]
Streptococcus faecium
Lactobacillus coryniformis CECT5711 [67]
Lactobacillus gasseri CECT5714
Bacillus coagulans Unique 1S2 [68-70]
Bifidobacterium infantis 35624 [71]
Visceral
Hypersensitivity Bifidobacterium animalis subsp. lactis, Streptococcus thermophiles, [72]

Lactobacillus bulgaricus, and Lactococcus lactis subsp. lactis
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Bifidobacterium animalis subsp. lactis CNCM [-2494 [73,74]

Lactococcus lactis [75]

Lactobacillus acidophilus NCFM™
Lactobacillus salivarius Ls-33

Modulation of Bifidobacterium infantis 35624
Inflammatory and Escherichia coli Nissle 1917
Immune Saccharomyces boulardii [76]
Responses VSL#3: Lactobacillus acidophilus, Lactobacillus plantarum,

Lactobacillus casei, Lactobacillus delbrueckii subsp. bulgaricus,
Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium
infantis and Streptococcus salivarius subsp. thermophilus

Lactobacillus rhamnosus R0011 and Lactobacillus helveticus

R0052 771
Bifidobacterium longum R0175 and Lactobacillus helveticus [78,79]

R0052 ’
Lactobacillus rhamnosus GG [80]
Stress Response Bifidobacterium infantis 35624 [76]
Bifidobacterium longum 35624 [81]

VSL#3: Lactobacillus acidophilus, Lactobacillus plantarum,

Lactobacillus casei, Lactobacillus delbrueckii subsp. bulgaricus, [82]

Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium
infantis and Streptococcus salivarius subsp. thermophilus

2.1. Impact of Probiotics in Restoring Microbiota Composition

In the absence of gut microbiota, the intestinal mucosal immune system remains
underdeveloped, resulting in reduced numbers of functional regulatory CD4+ CD25+ T cells, and,
consequently, a diminished ability to combat pathogenic bacteria [83]. Furthermore, the balance
between pro-inflammatory IL-17-producing effector T helper cells and regulatory Forkhead box P3
(Foxp3+) T cells in the gut requires signals from gut bacteria, and these signals depend on the
composition of the intestinal microbiota (Figure 2) [56].

Probiotics can contribute to restoring the balance and composition of the gut microbiome and
enhance the beneficial activities of gut microbial communities, leading to improvements or
prevention of gut inflammation and other intestinal disease phenotypes [84]. Increasing levels of
Lactobacilli and Bifidobacteria through probiotics intake have shown to restore and stabilize an
unfavourable intestinal environment for pathogenic microorganisms [58]. Specifically, Lactobacilli,
through the production of lactic acid, contributes to the generation of an acidic environment that
suppresses the growth of harmful bacteria. Additionally, it plays a role in eliminating pathogens by
competing for adhesion sites and nutrients. This competition for nutrients hinders the growth of
pathogenic microbes, particularly certain species of Clostridium, Escherichia coli, Salmonella, Shigella,
and Pseudomonas. Lactobacilli and other probiotics have been demonstrated to enhance mucin
production and regulate the synthesis of tight junction proteins, which helps block the entry and
adhesion of toxins and pathogens (Figure 2) [59,85]

2.2. Effect of Probiotics in Enhancing Intestinal Motility

Numerous studies have evidenced improved transit in patients with constipation. The
administration of Bifidobacterium lactis HNO19 and Bifidobacterium lactis DN-173 010 resulted in
decreased transit time in adult individuals suffering from chronic constipation [61,63]. Both in vitro
and human studies have shown that Bifidobacterium lactis HNO019 reduced intestinal transit time in
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functional constipation by modulating the gut-brain-microbiota axis, primarily through the serotonin
signalling pathway. Therefore, Bifidobacterium lactis HNO19 represents a probiotic capable of
improving disorders related to intestinal dysmotility [61,62]. Fermented dairy products containing
Bifidobacterium lactis DN-173 010 reduced both abdominal bloating and transit time in a group of IBS-
C patients [63] daily administration of Bifidobacterium lactis decreased the incidence of functional
disorders in patients with abnormal transit and gas. The combination of Bacillus subtilis and
Streptococcus faecium probiotics alleviated symptoms in patients with IBS without diarrhea [64]. A
blend of probiotics including Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus rhamnosus,
Bifidobacterium breve, Bifidobacterium lactis, Bifidobacterium longum, and Streptococcus thermophilus
improved symptoms in patients with IBS-D, yielding superior results without notable adverse effects
[86].

A meta-analysis evaluating randomized controlled trials concluded that Bifidobacterium lactis
administration reduced transit time in patients with chronic constipation [58,66,67,87,88]. A 2022
meta-analysis by Zhang et al. suggested that Bifidobacterium coagulans is highly effective as a
therapeutic agent for IBS-D patients, enhancing symptoms and quality of life [68]. This study
identified Bifidobacterium coagulans as the most effective probiotic for improving abdominal pain and
straining scores, maintaining substantial efficacy compared to various probiotic combinations. The
authors emphasized the necessity for future research on this species, suggesting that developing
specimens with enhanced biological functions through genetic engineering and creating probiotic
combinations containing Bifidobacterium coagulans may be valuable research avenues (Figure 2)[68].

2.3. Probiotics in Visceral Hypersensitivity

Several studies involving animal models have demonstrated that probiotics exert a direct
antinociceptive effect on sensitive nerve endings in the gut [71,89]. Other experiments support the
theory that probiotics also modulate the balance between nociceptive and antinociceptive stimuli at
the central nervous system level. In this sense, the administration of Bifidobacterium Lactis CNCM I-
2494 showed to be able to reduce stress-induced visceral hypersensitivity by restoring intestinal
barrier function [73,74]. The administration of dairy products containing Bifidobacterium animalis
subsp. Lactis, Lactobacillus bulgaricus, Lactococcus lactis, and Streptococcus thermophilus in healthy
individuals was correlated with significant alterations in affective, viscerosensitive, and
somatosensitive cortical processes, as observed in magnetic resonance imaging studies. This suggests
a connection between probiotics and the activity of emotional processing centers (Figure 2)[72,90].

2.4. Probiotics and the Modulation of Inflammatory and Immune Responses

The association between IBS and the inflammatory and immune responses of the intestinal
mucosa is indirectly indicated by the emergence of IBS symptoms following a bacterial or viral
intestinal infection. A series of studies have shown that IBS is accompanied by alterations in both the
local and systemic immune responses, both nonspecific and specific [91,92]. Increased permeability
of the intestinal mucosa is recognized as a marker of local inflammation [93]. The non-specific local
immune reaction is highlighted by the subepithelial accumulation of mast cells, macrophages, and
dendritic cells acting as antigen-presenting cells. The non-specific systemic immune response
manifests as elevated levels of certain cytokines: IL-1p, IL-6, IL-8, IL-12, and TNFa [94]. A reduction
in the anti-inflammatory cytokine IL-10, which regulates the release of pro-inflammatory cytokines
and antigen presentation, has also been noted; thus, IL-10 is proposed as a potent anti-inflammatory
biological therapy for IBS [95]. Numerous laboratory findings and clinical studies illustrate that
probiotics mitigate the inflammatory and immune response in IBS via various mechanisms.
Probiotics help maintain the normal permeability of the epithelial barrier, correcting the imbalance
between pro-inflammatory and anti-inflammatory cytokines (measured by the IL-10/IL-12 ratio) and
lowering the local and systemic levels of several pro-inflammatory cytokines (TNF-a, IFN-y) (Figure
2) [75,76].

2.5. Role of Probiotics in Stress Response
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Extensive experimental and clinical evidence indicates bidirectional influences between the
microbiota and the central nervous system. Dysbiosis can trigger alterations in the microbiota-gut-
brain axis, while probiotics may assist in normalizing this interaction [96]. Several studies have
emphasized the protective effects of probiotics against anxiety and depressive states induced by
mental stress. Certain probiotics (strains of Lactobacillus rhamnosus and Lactobacillus helveticus)
normalized the exaggerated response of the hypothalamic-pituitary-adrenal axis in IBS [77,96].
Lactobacillus rhamnosus reduced stress-induced corticosterone release by modulating GABA receptors
involved in anxiety, thus decreasing the frequency and severity of abdominal pain episodes in
patients with IBS (figure 2)[78-80,97].

A strain of Bifidobacterium longum showed positive effects in a recent study by Sabate et al., which
concluded that thirty days of Bifidobacterium longum 35624 treatment reduced disease severity and
improved the quality of life for patients with IBS, especially those with severe cases [76]. The stress-
reducing effects induced by Bifidobacterium are likely linked to Trp metabolism, as increased levels of
Trp were noted following probiotic administration [81,98]. A mixture of eight probiotic species
(Bifidobacterium longum, Bifidobacterium breve, Bifidobacterium infantis, Lactobacillus casei, Lactobacillus
acidophilus, Lactobacillus plantarum, Lactobacillus delbrueckii subsp. Bulgaricus, and Streptococcus
salivarius) resulted in an increase in brain-derived neurotrophic factor (BDNF) levels. Dysfunctions
in the epigenetic control, transport, or signaling pathways of BDNF have been discussed concerning
various neurological and psychiatric conditions [82].There is also increasing evidence highlighting
the significant role of BDNF in visceral pain and visceral hypersensitivity (Figure 2) [99-101].
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Figure 2. Beneficial effects of probiotics in managing IBS through modulation of the gut
microbiota. Probiotics improve intestinal motility, balance inflammatory responses, reduce visceral
hypersensitivity and regulate stress and microbiota-gut-brain axis. IBS, irritable bowel syndrome; IBS-
C, IBS-predominant constipation; IBS-D, predominant diarrhea. [56,58,59,61-63,66,67,71-76,85—
90,93,96].

3. Role of Probiotic-Derived Metabolites in IBS

As commented before, it is widely accepted that probiotics confer a health benefit on the IBS
(Figure 3). Interestingly, recent studies indicate that the beneficial effects of probiotics are not solely
due to the presence of live bacteria but are also mediated by bioactive metabolites they produce [102-
105]. These probiotic-derived metabolites, which include SCFAs, bacteriocins, neurotransmitters, and
bioactive peptides, play critical roles in maintaining gut homeostasis and may help ameliorate
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symptoms of IBS. Consequently, growing evidence increasingly highlights the use of probiotic
supernatants or postbiotics as a promising therapeutic strategy for managing IBS [106,107].
Postbiotics are essentially the culture media in which beneficial microorganisms, such as Lactobacillus
and Bifidobacterium, have been grown and then removed through filtration, leaving behind a diverse
range of metabolites, including SCFAs, proteins, phospholipids, enzymes, peptides, vitamins,
bacteriocins, and other bioactive compounds. These metabolites exert various beneficial effects on gut
health in IBS without the risks associated with administering live microorganisms [108-110].
Specifically, these compounds can influence gut motility, reduce visceral hypersensitivity, and
modulate inflammatory responses; factors that are closely linked to IBS symptoms [111-114]. For
instance, SCFAs have shown to enhance gut barrier integrity and immune function, and BAs are
primarily linked to GI malabsorption; [109,115,116]. Certain neurotransmitter-related metabolites
may help regulate the gut-brain axis, potentially alleviating IBS-related anxiety and discomfort [115].
Recent research suggests that targeting these metabolites offers promising therapeutic potential for
managing IBS symptoms and improving patients' quality of life (Figure 3) [109,110].

3.1. Short-Chain Fatty Acids in IBS

Among the most well-known and extensively studied probiotic-derived metabolites (PDMs) are
SCFAs, including acetate, propionate, and butyrate. SCFAs are produced by the fermentation of
dietary fibres, prebiotics, and non-digestible carbohydrates by gut microbiota, particularly by
beneficial bacteria, probiotics, such as Bifidobacterium, Lactobacillus or Faecalibacterium prausnitzii
among others [117-119]. These metabolites have diverse physiological effects that support GI health
and may be particularly relevant in the treatment of IBS. Thus, SCFAs act by inducing anti-
inflammatory, anti-tumorigenic, and antimicrobial effects, modifying cell proliferation and function,
altering chemotaxis and phagocytosis, inducing reactive oxygen species and modifying gut integrity
[120-122]. At small intestine level, SCFAs have shown to reduce the pH, inhibiting the growth of
pathogenic bacteria [123]. Several evidences have demonstrated that SCFAs affect gut health directly
via enterocytes or by being absorbed to the blood by the gut epithelium, playing a key role in
regulating functions related to IBS pathophysiology, such as intestinal barrier integrity, immune
modulation, gut motility and homeostasis [124]. Recent analysis showed how the total concentration
of SCFAs was significantly higher in IBS-D patients, showing hyperexcitability and hypermotility,
and lower in IBS-C compared to healthy controls [112,124-127]. These results can be explained by
two possible ways: 1) colonic fermentation is stimulated by increased intestinal motility, leading to
higher fecal levels of SCFAs; and 2) the decreased transit time slows down the absorption of SCFAs,
contributing to the accumulation of SCFAs [128]. Recent research has found a correlation between
probiotic administration and an increase in SCFAs production, thereby enhancing the functionality
of the intestinal microbiota [60]. This therapeutic potential of SCFAs in IBS is further supported by
clinical studies showing that probiotic strains that produce high amounts of SCFAs, such as
Bifidobacterium and Lactobacillus species, can significantly improve symptoms of IBS, particularly by
alleviating abdominal pain, bloating, and irregular bowel movements [129]. For instance, studies
using Bifidobacterium lactis HN019 have shown to improve intestinal dysmotility by modulating the
gut-brain-microbiota axis via SCFAs generated by bacterial fermentation [61,62]. These findings
underscore the importance of SCFAs as key probiotic-derived metabolites that influence gut health
and may have beneficial effects in patients with IBS (Figure 3).

Butyrate, a major SCFA, is a primary energy source for colonic epithelial cells and plays a pivotal
role in maintaining gut barrier integrity [130,131]. The production of butyrate is associated with the
strengthening of tight junctions between enterocytes, which helps prevent increased intestinal
permeability and protects against "leaky gut" syndrome, a condition often seen in patients with IBS
[132]. Increased intestinal permeability allows for the translocation of harmful pathogens and
endotoxins into the bloodstream, contributing to systemic inflammation and exacerbating IBS
symptoms. Closely, it has been reported that butyrate also exerts anti-inflammatory effects by
downregulating the production of pro-inflammatory cytokines such as TNF-a and IL-8 through the
inhibition of nuclear factor-kappa B (NF-kB), a key transcription factor involved in inflammatory
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responses [133]. Moreover, different studies have shown that butyrate reduces intestinal
inflammation by inhibiting the production of pro-inflammatory cytokines such as IL-12, inducing
regulatory T cells and promoting the production of anti-inflammatory cytokines like IL-10
[134].Therefore, in IBS, which often presents with low-grade inflammation, butyrate supplementation
has been linked to an improvement in the inflammatory process, which in turn has been associated
with enhanced gut barrier function, reduced visceral hypersensitivity, and alleviation of abdominal
pain and bloating [128,135]. In this line, recent studies using microencapsulated sodium butyrate
have shown to be effective in relieving IBS symptoms by modifying the intestinal microbiota [136].
The most common bacteria involved in the production of butyrate are Clostridium, Eubacterium,
Fusobacterium, Butyrivibrio, Coprococcus, Anaerostipes, Subdoligranulum, Anaerobutyricum, Megasphaera
elsdenii, Mitsuokella multiacida, Roseburia intestinalis, Faecalibacterium prausnitzii and Eubacterium hallii
and rectale among others. Additionally, Actinomycetes, Bacteroidetes, Proteobacteria, and Spirochetes
have also been recognized as potential butyrate-producing bacteria [133,137,138]. The consumption
of Lactobacillus paracasei CNCM 1-1572 has notably shown to modify fecal Clostridiales bacteria and
butyrate levels in healthy volunteers [139]. Furthermore, this probiotic showed to be capable of
significantly reducing the genus Ruminococcus, and to induce a significant increase in the fecal levels
of butyrate in a pilot trial involving patients with IBS (Figure 3) [140].

Acetate is the most abundant SCFAs, contributing to approximately 60% of the total SCFAs [141].
Acetate is an agonist for free fatty acid receptor 2 (FFA2, formerly GPR43) that is present in immune,
nervous, and endocrine cells along the entire GI tract [142] and it participates in lipids and
carbohydrates metabolic pathways [143]. It has been shown to be involved in pH regulation in the
colon, creating an environment conducive to the growth of beneficial bacteria while inhibiting
harmful microorganisms [144]. In this regard, in vitro studies have proposed that acetate-producing
Bifidobacterium can offer protection against bacterial infections [145]. Acetate levels are higher during
the early stages of life, as it is the primary metabolite produced by Bifidobacterium strains that
dominate the infant gut microbiota: strains Bifidobacterium bifidum, Bifidobacterium infantis, and
Bifidobacterium breve are the key contributors [146]. The produced acetate supports the proliferation
of propionate- and butyrate-producing bacteria, while butyrate promotes the growth of
Bifidobacterium, resulting in a reciprocal feeding relationship among SCFAs-producing bacteria
[147,148]. Fecal SCFAs amounts were found to differ between patients with IBS, across IBS subtypes,
and healthy subjects [149-151]. Patients with IBS showing higher acetic and propionic acid levels
presented significantly worse GI symptoms, lower quality of life, and more negative emotions in
comparison with those with lower levels or healthy controls [149].Despite this inconsistency with
levels, recent studies have shown that the proportion of fecal acetate with respect to total SCFAs is
significantly lower in patients with IBS compared with the healthy controls [128,152]. Moreover, those
patients have shown significantly higher counts of Veillonella and Lactobacillus, which are producers
of acetate and propionate [149].An oral treatment using the probiotic strain Lactobacillus paracasei
CNCM I-1572 showed to increase acetate levels of patients with IBS as well as significantly reduction
of Ruminococcus, which is normally increased in IBS patients; suggesting an ecological link between
these factors (Figure 3) [140].

Propionate has been shown to modulate gut motility and reduce intestinal inflammation by
interacting with receptors such as FFA2 (GPR43) and FFA3 (GPR41), which are involved in immune
responses and gut motility regulation [153]. These effects may help alleviate symptoms of IBS,
particularly in patients with IBS-D slowing down the colonic transit [133,154]. Recent studies have
shown that the concentration of fecal propionate in patients with IBS is notably higher compared to
healthy controls [128]. Additionally, propionate-producing genera Lactobacillus and Veillonella are
more abundant in patients with IBS, as they convert lactic acid into propionate [155]. A study testing
in mice a new human-origin probiotic cocktail containing Lactobacillus and Enterococcus strains has
shown to modulate propionate and butyrate production in the gut (Figure 3)[60].

3.2. Bile Acids in IBS
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BAs are steroid acids synthesized in the liver that are involved in the absorption of dietary lipids
and fat soluble vitamins, influencing the transit time and stool consistency. BAs participate in the
endocrine and paracrine functions, regulating lipid and glucose metabolism and modulating
temperature and energy homeostasis [156,157]. Among the mechanisms of action of BAs include
antimicrobial effects, stimulation of colonic motility and mucosal permeability [158]. BAs profile is
correlated with diet, age, genes of microbial enzymes and metabolites. It has been studied that the
levels of BAs may be associated with visceral pain and colonic transit [159] and recent studies have
linked failures in BAs metabolism with the onset of IBS symptoms (Figure 3) [160,161].

Primary BAs, cholic and chenodeoxycholic acid, are synthesized de novo in the liver from
cholesterol [161-163]. Around 95% of these primary BAs are reabsorbed and recycled via the hepatic
circulation [164]. The rest of BAs escape this process and undergo modification by microorganisms
resulting in secondary BAs with altered structures that can interact with cellular receptors and having
important effects on the functionality of metabolites [161]. Disruptions in the BAs reabsorption
process would result in the overload of BAs in enteric lumens and lead to digestive disorders [165].
It has been shown that excessive intracolonic BAs is responsible for abdominal pain, enhanced colonic
motility, and fluid secretion in patients [166]. Moreover, animal studies have reported that
intracolonic exposure to BAs can induce visceral hypersensitivity [167,168]. It follows that the altered
BAs metabolism is involved in the development of IBS symptoms, playing gut microbiota a key role
in this process [169-171]. The conjugate BAs undergo deconjugation by the microbial enzyme bile
salt hydrolases which are mainly present in Gram-positive bacteria Bacillota (Lactobacillus and
Enterococcus) and certain Gram-negative bacteria (Bacteroidota) [172]. On the other hand, the critical
secondary enzymatic step to synthetize secondary BAs from their unconjugated form is performed
by anaerobic bacteria (Clostridium species) by means of 7a-dehydratase enzyme [172]. In this sense,
recent studies have shown that the use of prebiotics, probiotics and natural products as well as diet
patterns might alleviate IBS symptoms by modulating the BAs profile through microbiota. For
instance, it has been reported that [173] different dietary-BAs patterns influenced the gut microbiota
and metabolites. This study showed that an animal-based diet, compared with a plant-based diet,
increased the abundance of BAs in fecal samples due to higher amounts of cholesterol (a precursor
of BAs) in animal-based diets. Moreover, they showed that this kind of diet increased the abundance
of bile-tolerant microorganisms (Alistipes, Bilophila and Bacteroides) and decreased the levels of
Bacillota that metabolize dietary plant polysaccharides (Roseburia, Eubacterium rectale and
Ruminococcus bromii) (Figure 3).

On the other hand, it is known that probiotics interact with BAs in the gut lumen, modifying its
metabolism, which subsequently leads to the altered pharmacokinetics of many pharmacologically
active compounds [174]. Lactobacilli and Bifidobacteria subspecies are able to de-conjugate and absorb
BAs, as well as perform BA biotransformation which may detoxify species that are linked with
increased intestinal permeability and pain [175]. In this sense, an interventional human study with
multi-strain probiotic containing Bifidobacterium longum BORI, Bifidobacterium bifidum BGN4,
Bifidobacterium lactis ADO11, Bifidobacterium infantis IBS007, and Lactobacillus acidophilus AD031 have
showed that the probiotic administration to patients with IBS leading to a decreased urine level of
cholic acid, a primary BAs normally elevated in inflammatory gut diseases [176], indicating a BAs
homeostasis stabilization after the probiotic intake [177]. In patients with IBS-D combination of
cholestyramine and multi-strain probiotic (with
Lactobacillus ~ rhamnosus,  Lactobacillus  plantarum, S.  thermophilus, Lactobacillus acidophilus,
Bifidobacterium bifidum, Bifidobacterium longum, Bifidobacterium infantis, Saccharomyces boulardii) led to
a pronounced alterations of BAs metabolism indicators, including composition
of serum and fecal BAs as well as increasing of gut bacterial producing bile salt
hydrolase-activity (Figure 3) [178].

3.3. Neurotransmitters in IBS
3.3.1. Gamma-Aminobutyric Acid (GABA)
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GABA is an inhibitory neurotransmitter which plays a crucial role in regulating neuronal
excitability and is involved in processes such as sleep, anxiety, and motor control. GABA reduces
neuronal excitability, helping to balance excitatory processes that could trigger stress, anxiety, or
mood disturbances [179]. In the context of IBS, GABA influences both the brain and the GI tract,
helping to modulate the communication between. In addition, GABA contributes in homeostasis and
enteric nervous system related disruption, such as acid secretion, gastric empties, intestinal motility,
and pain perception (Figure 3)[180].

Since stress and emotions are common factors in IBS, GABA plays a crucial role in how the brain
processes and responds to these signals, which may influence GI symptoms [181] . For example,
emotional stress can affect gut motility, visceral hypersensitivity, and enteric nervous system
functionality, which together can exacerbate IBS symptoms (abdominal pain, bloating, diarrhoea, or
constipation). Decreased GABA levels can contribute to the development of depression and anxiety
disorders in the context of IBS-D by way of mild inflammation [182]. Therefore, boosting GABA
activity may help mitigate these symptoms and reduce the excessive response in the GI system,
potentially easing abdominal pain and other related symptoms in individuals with IBS [183,184] .Of
note, the microbiota could improve the impact of GABA on host cells. In this line, a recent study using
thirteen lactic acid bacterial strains, belonging to the species Levilactobacillus brevis, Lactiplantibacillus
plantarum, Lacticaseibacillus paracasei, Ligilactobacillus salivarius, and Streptococcus thermophilus in vitro,
has shown to modify the gut microbiota composition with a higher abundance of Veillonellaceae and
higher levels of Bacteroides, associated with anti-inflammatory activities and a potential GABA
producer [185]. Other studies have demonstrated that long-term administration of Lactobacillus
rhamnosus JB—1 modified GABA receptor expression in the brain, leading to a reduction in anxiety-
like and depressive behaviors [181]. Differents strains producers of GABA such as Bifidobacterium
dentium, as well as Lactobacillus plantarum DMSb5, have shown capacity to regulate the intestinal
hypersensitivity of a rat model [186] [187]. Moreover, it has been shown that oral supplementation
with strains producing glutamate decarboxylase B such as Bifidobacterium dentium ATCC 27678 results
in reduction in visceral sensitivity in gut and abdominal pain in a rat model (Figure 3)[188].

3.3.2. Dopamine

Dopamine is an essential neurotransmitter for various key functions including voluntary
movements, cognition, reward, satiety and motivation [189]. Moreover, dopamine controls chronic
pain [190] and psychological disorders, and it is able to regulate intestinal inflammation [191]. The
dopamine D2 receptor antagonist has shown to improve GI motility in subjects with IBS [192].
Meanwhile, the dopamine D5 receptor plays a crucial role in increasing the permeability of duodenal
epithelial cells and protecting the colonic mucosa [193]. Recent research highlights the important role
of gut microbiota in regulating dopamine concentrations through the microbiota-gut-brain axis. Gut
microbiota possess enzymes involved in dopamine metabolism, supporting its production and the
breakdown of its metabolites [194,195]. Therefore, dysbiosis can affect biosynthesis, secretion,
availability, and reuptake of dopamine [196]. As a result, dopamine might contribute to disorders like
IBS, where levels of dopamine have shown to be decreased [197]. In this way genera such as Prevotella,
Bacteroides, Lactobacillus, Bifidobacterium, Clostridium, Enterococcus, and Ruminococcus [198-201] and
several bacterial strains including Escherchia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Shigella sonnei, and Staphylococcus aureus have shown to influence dopamine levels modulating
receptors, transporters, and specific targets of the dopaminergic pathway (Figure 3) [202].

Probiotics might influence dopamine levels through the microbiota-gut-brain axis, helping to
alleviate both the gut and psychological symptoms of IBS. By improving the balance of gut bacteria,
probiotics could potentially restore the function of dopamine in both the peripheral and central
nervous systems, leading to improved gut motility, reduced inflammation, and better overall mood
regulation. Lactobacillus and Bifidobacterium strains can enhance GI motility and reduce bloating,
which may be linked to their influence on dopamine regulation. Lactobacillus rhamnosus can influence
the stress response and emotional behaviour through dopamine modulation [181]. Bifidobacterium
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infantis M-63 has shown to be effective in improving mental health of subjects with IBS due to
restoration of microbial balance and the gut-brain axis (Figure 3)[203].

3.3.3. Serotonin

The gut-brain axis is a bidirectional communication network between the GI system and the
central nervous system, where serotonin acts as a central neurotransmitter. More than 95% of this
serotonin is produced in the gut, where it is involved in essential functions like motility, visceral
sensing and mucosal secretion [204]. Therefore, disruptions in serotonergic signalling [205] pathways
might be involved in GI disorders, such as IBS. In fact, an increased abundance of serotonin has been
reported in the blood of patients with IBS compared with healthy subjects [206]. Because serotonin is
mainly synthesized in the gut, it is not surprising that its microbiota may play an important role in
its availability. In this way, members of the order Clostridiales (particularly families Ruminococcaceae
and family Lachnospiraceae) have been involved in stimulating the biosynthesis and release of
serotonin and modulating GI motility [207,208]. A recent clinical trial using Lactobacillus acidophilus
LA-5 and Lactobacillus paracasei L. CASEI-01 showed antidepressant properties, as well as alleviating
GI symptoms and improving the quality of life of patients with IBS. Its efficacy is suggested by a
regulatory mechanism of serotonin involved in restoring gut microbiota [209]. Bifidobacterium lactis
HNO19 has shown to reduce intestinal transit time and increased bowel movement frequency by
modulating gut-brain—microbiota axis via serotonin signalling pathway (Figure 3) [61].

3.3.4. Tryptophan

Recent studies have been focused on Trp, the precursor of serotonin, and the role of microbes in
regulating Trp metabolism. Trp is an essential amino acid that serves as a precursor to serotonin but
which can alternatively be metabolized along the kynurenine pathway leading to the production of
other neuroactive agents [210]. Dysregulation of Trp metabolism is thus poised to impact on mood
and cognition within the central nervous system as well as secretion, motility, and perception in the
enteric nervous system [211].The gut microbiota has shown to be able to metabolize Trp that in
combination with host GI metabolism are key factors in the systemic availability of Trp, as well as
indoles, kynurenine and serotonin [207,212]. This study remarked the impact of the gut microbiota
on the fate and metabolism of Trp. Importantly, the enzymes responsible for the initial conversion of
L-tryptophan to L-kynurenine; indoleamine-2,3-dioxygenase (IDO) and tryptophan-2,3-dioxygenase
may also be regulated directly or indirectly by the gut microbiome [213]. Importantly, IDO activity
has recently been shown elevated in patients with IBS [214]. In this way, differences in microbial
contents have been demonstrated with respect to functional connectivity of brain regions and GI
sensorimotor function, pointing to alterations in interactions within the brain-gut-microbiome axis
normally shown in patients with IBS (Figure 3) [215].

Probiotics, such as microorganisms from the genera Lactobacillus and Bifidobacterium, are known
to have positive effects on Trp metabolism [216] as well as directly transform Trp into serotonin [217].
Additionally, certain probiotic strains of Lactobacillus, like Lactobacillus casei 327, may indirectly
enhance colonic serotonin production [218]. Consistent with elevated serum serotonin levels, oral
administration of Lactobacillus johnsonii cell-free supernatant leads to a reduction in kynurenine levels
in the bloodstream, along with decreased intestinal IDO activity in rats [219].

In healthy subjects, Lactobacillus johnsonii N6.2 intake [220] as well as a multi-strain probiotic
including Bifidobacterium longum BORI, Bifidobacterium bifidum BGN4, Bifidobacterium lactis
ADO11, Bifidobacterium infantis IBS007, and Lactobacillus acidophilus AD031 tested in patients with
IBS-D [177], showed to lead to a reduction in serum kynurenine levels, accompanied by higher Trp
levels. Same results were observed after administering Bifidobacterium infantis to rats [221]. These
findings suggest that certain probiotic strains may alter host Trp metabolism by inhibiting the
kynurenine pathway. On the other hand, Lactobacillus species are reported to be able to break down
Trp into indolic compounds [222,223].

3.3.5. Histamine
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Histamine is a short-acting endogenous amine, which is distributed along the human body,
being particularly abundant in the skin, lungs, and GI tract [224]. At GI tract level, histamine is
thought to influence in regulation of motility, stimulation of gastric acid secretion, and modification
of mucosal ion transport [225,226]. Several clinics and animal studies have found that the histamine
level in the colon was increased in patients with IBS [227]. In this sense, recent findings indicate that
histamine, derived from histidine, may play a key role in the development and symptoms of IBS
[228]. Some histamine receptors in the gut are involved in mediating sensorineural signalling,
immune responses, and pain perception, being all of them crucial pathways for gut-brain
communication. The evidence suggests that excessive histamine production could be responsible for
diarrhoea resulting from heightened neuronal secretomotor activity [228]. Another theory proposes
that in constipated individuals, histamine disrupts enteric neuron function due to excessive
segmental contractile colonic motor activity (Figure 3)[229].

Apart from host cells, histamine can also be produced by some strains of microorganisms, such
as E. coli and Morganell morganii. The bacterial production of histamine is mediated by the histidine
decarboxylase enzyme (HDC) that converts the amino acid histidine to histamine, and many Gram-
positive and Gram-negative bacteria have HDC-encoding genes and are therefore able to synthesize
histamine [230]. Relatedly, preclinical and clinical studies suggest that abdominal pain in some
patients with IBS may be promoted by fungus-induced mast cell-derived histamine release which
subsequently activates the sensitization of histamine receptor 1 (H1) on sensory afferent neurons and
the associated nociceptive transient receptor potential channel V1 (TRPV1) [231,232] . Being TRPV1 a
major target for antinociceptive effect of the probiotic Lactobacillus reuteri DSM 17938 .[233]
Interestingly, certain bacteria are capable of regulating the synthesis of histamine by producing
histidine decarboxylase, an enzyme that transforms histidine to histamine [227]. Moreover, a recent
study conducted with humanized mice model using germ-free mice colonized with fecal microbiota
from IBS patients, identified Klebsiella aerogenes as a key histamine producer. Klebsiella aerogenes was
found to be abundant in the fecal microbiota of IBS patients, particularly those with high urinary
histamine levels. Moreover, histamine derived from Klebsiella contributed to visceral hyperalgesia in
mice colonized with microbiota from these patients via histamine H4 receptor signalling, leading to
the accumulation and activation of mast cells in the colon [234].

3.4. Vitamins in IBS

It has been widely described that microbiome modulation can occur through direct interactions
with dietary elements that influence the microbiome's composition or metabolic activities, or
indirectly by altering gut physiology to create changes in the intestinal environment, which in turn
affects the microbiome. Vitamins are potential microbiome modulators via multiple pathways. These
compounds, classified as either fat-soluble or water-soluble, serve diverse roles in the body. Fat-
soluble vitamins, absorbed and transported similarly to lipids, are vital for cell membranes, while
water-soluble vitamins generally act as coenzymes in metabolic processes, transferring chemical
groups or electrons. Certain vitamins, such as A, B6, C, and E, exhibit antimicrobial properties that
can directly influence the gut microbiome, as evidenced by shifts in fecal bacterial profiles (Figure 3)
[235].

Vitamins involved in energy metabolism can support specific bacteria by promoting their
growth or enhancing their biological activities. Additionally, vitamins can indirectly influence the
microbiome by modulating the immune system or altering infection susceptibility, particularly in the
gastrointestinal tract [235]. Moreover, the microbiome itself produces vitamins, contributing to
micronutrient availability and stabilizing gut bacterial ecosystems [235]. Thus, vitamins can exert bi-
directional effects on the microbiome, both directly and indirectly, without serving as an energy
source.

In the digestive system, vitamins play key roles in nutrient absorption, gut movement,
regulation of the gut microbiome, and other essential functions. In fact, deficiencies in vitamins can
disrupt normal physiological processes, leading to gastrointestinal diseases such as beriberi or
scurvy. Different studies have highlighted the role of the vitamin in IBS, however, the relationship
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between vitamins and IBS symptoms remains uncertain. Thus, it has been reported that habitual diet
in patients with IBS was associated with deficiencies in Vitamin A, B6 and B12, of which patients with
IBS on restrictive diets such as low-FODMAP diet also had additional deficiencies in vitamins B1, B2,
B9, and D. Interestingly, scores from the different and validated questionnaires including IBS-QoL,
IBS-SSS, and IBS-TS improved following vitamin D supplementation [236]. Despite the numerous
studies on management of IBS, few analyzed the role of vitamins. More specifically, little is known
regarding the effect of vitamin supplementation in alleviating IBS symptoms apart from that of
vitamin D.

3.4.1. Vitamin B12

Vitamin B12 is an essential cofactor for two enzymes in humans: I-methylmalonyl-CoA mutase
in the mitochondria and methionine synthase in the cytoplasm. Vitamin B12 supports DNA synthesis,
methylation, and folate metabolism, with deficiencies impairing cell division, erythropoiesis, DNA
stability, and neurological function (Figure 3) [237].

Recent research indicates that vitamin B12 could play a significant role in the structure and
function of the gut microbiome. Results from in vitro studies suggest that vitamin B12 may increase
alpha diversity and shift gut microbiome composition [238]. This vitamin is produced and used by
bacteria within the gut microbiome and it is essential for the activity of several bacterial enzymes
[237]. Therefore, vitamin B12 deficiency is normally associated with GI symptoms and may contribute
to abdominal pain and other symptoms in patients with IBS, being the supplementation an option to
improve overall well-being and relieve certain GI symptoms. In this regard, several studies have
investigated the impact of probiotic intake on vitamin B12 concentrations [239-241]. For instance, a
randomized nutritional supplementation trial assessing the effect of consuming Lactobacillus
acidophilus in children indicated enhanced plasma vitamin B12 levels [242]. A multi-center trial
examined the effects of a personalized diet with or without the VSL#3 probiotic on vitamin B12 levels
in older adults. The VSL#3 supplement, containing Bifidobacterium infantis DSM 24,737,
Bifidobacterium longum DSM 24,736, Bifidobacterium breve DSM 24,732, Lactobacillus acidophilus DSM
24,735, Lactobacillus delbriickii subsp. bulgaricus DSM 24,734, Lactobacillus paracasei DSM 24,733,
Lactobacillus plantarum DSM 24,730, and Streptococcus thermophilus DSM 24,731, showed to improve
plasma vitamin B12 levels. Interestingly, subgroup analysis revealed that participants with low-grade
inflammation experienced an increase in bifidobacteria levels following VSL#3 treatment [239].

3.4.2. Vitamin B6

Vitamin B6 has been associated with inflammatory processes and the development of IBS. Recent
studies have shown a significant inverse association between dietary intake of B6 and severity of IBS
symptoms [243] such as inflammation, fatigue and extraintestinal symptoms among others [244].
There are different explanations for the observed results. On its part, pyridoxal phosphate 6-
azophenyl-2,4-disulfonic acid is a derivative of vitamin B6 and a P2X receptor antagonist, being these
antagonists involved in intestinal motility and abdominal discomfort and visceral sensitivity in
patients with IBS [245]. On the other hand, low levels of vitamin B6 have been associated with
inflammation and proinflammatory cytokines such as IL-6 observed in subjects with IBS [246].
Moreover, pyridoxal 5-phosphate, which is the active form of vitamin B6, participates as cofactor in
cellular metabolism of amino acids, BAs and lipids [247], being low levels of pyridoxal 5-phosphate
associated with higher IBS symptom score [248]. Different bacterial strains Bacteroides fragilis and
Prevotella copri (Bacteroidetes), Bifidobacterium longum and Collinsella aerofaciens (Actinobacteria) and
Helicobacter pylori (Proteobacteria) have shown to produce vitamin B6 in the gut (Figure 3) [249,250].

3.4.3. Vitamin D

Vitamin D deficiency is a common characteristic of IBS, with up to 82% of patients affected, and
is strongly linked to the onset, progression, and complications of the disorder [251]. This deficiency
plays a pivotal role in intestinal barrier integrity, which is often compromised in IBS, as evidenced
by disruptions in tight junction proteins [252]. Vitamin D has been shown to preserve barrier integrity
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by preventing epithelial cell apoptosis and modulating these proteins [253-255] . It also exhibits anti-
inflammatory properties by inhibiting T helper 1 and 17 cells [256]and downregulating the IL-23
receptor pathway in innate lymphoid cells [257]. Despite its known biological functions, the
relationship between vitamin D levels and IBS symptoms remains complex. Reduced serum vitamin
D levels in IBS patients has been associated with increased proinflammatory cytokines like TNF-a
and IFN-y, which weaken mucosal barrier function, increasing permeability [252,258,259].
Interestingly, IBS patients show elevated expression of the vitamin D receptor (VDR) in the
duodenum, highlighting VDR’s role in intestinal barrier function, immune modulation, and the
activation of NFkB pathways [260]. Additionally, 1c,25-dihydroxyvitamin D3, the active form of
vitamin D, interacts directly with the gut microbiota and mitigates the effects of lipopolysaccharides
and TNF-a. However, clinical studies have shown conflicting results regarding the benefits of vitamin
D supplementation for IBS. While some trials report significant improvements in symptoms, quality
of life, and psychological comorbidities like anxiety and depression [261-264], others have found no
effect on IBS symptomology or overall quality of life. The proposed mechanisms for the observed
effects include vitamin D’s ability to reduce low-grade intestinal inflammation, provide mental health
benefits and modulate the gut microbiome. In fact, a recent prospective study has shown that a food
supplement combining the three probiotic strains (Lactobacillus plantarum CC 7484 and CC 7485 and
Pediococcus acidilactici CC 7483) and vitamin D in patients with IBS significantly benefited in terms of
anxiety, depression and quality of life [265]. Additionally, several clinical trials have reported that
oral Lactobacillus probiotic strains resulted in significantly increased serum vitamin D3 levels [266].
Studies have demonstrated that the probable mechanism behind this is the enhanced production of
lactic acid by the probiotic bacteria, which subsequently elevates the enzyme responsible for the
absorption and synthesis of vitamin D  (Figure 3) [267].
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Figure 3. Effects of gut microbiota-derived metabolites, such as vitamins, SCFA, BAs and
neurotransmitters, on the regulation of the gut-brain axis, gut homeostasis and IBS-associated
symptoms. IBS, Irritable Bowel Syndrome; BAs, Bile Acids; SCFA, Short-Chain Fatty Acids. [61,102—
105,108-110,112,115,117-119,123-127,129-134,142,144,153,156-159,161-163,166,180,182,190-

192,204,207,208,210,228,230,237,238,244,245,253-255,261-264].

4. Conclusions
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IBS is a prevalent condition for which no definitive cure is currently available. In recent years,
substantial evidence has emerged suggesting a potential link between changes in the gut microbiota
and the development of IBS. This has led many experts to advocate for the use of probiotics and their
metabolites to manage the various clinical issues related to IBS. While the available evidence is
promising, it is still unclear which specific probiotic and/or their metabolites, as well as their
combination are most effective. Additionally, it is uncertain whether probiotic/metabolite treatment
should differ depending on the IBS subtype. More research is needed before probiotics and their
metabolites can be considered a reliable treatment for IBS. Future studies should be designed with
rigorous methodological standards, minimizing bias, and should include a sufficient number of
patients and controls to provide robust evidence. Moreover, long-term follow-up is essential to
ensure that the adjuvant treatment is both effective and safe over extended periods.

Author Contributions: Conceptualization, M.].G.M. and M.Je.R.S,; investigation, AR.N., M.J.R.S. and C.V.A.M;
resources, ].G. and A.J.R.M; writing —original draft preparation, M.J.R.S., A.J.R. M., A.R.N. and M.].G.M.; writing,
review and editing, , M.].R.S,, ].G. and A.R.N.; project administration, ].G. and A.R.N. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the Junta de Andalucia (CTS 164), the Instituto de Salud Carlos III (Spain),
Ministerio de Ciencia e Innovacién (Spain) and Fondo Europeo de Desarrollo Regional (FEDER), from the
European Union, through the research grants PI18/00826, PY20-01157, PI20/01447, B-CTS-664-UGR20,
PI19/01058 and JDC2022-049478-1.

Acknowledgments: Authors would like to thank all institutions involved; Universidad de Granada (Granada,
Spain), Centro de Investigacion Biomédica (CIBM, Granada, Spain), Instituto de Investigacion Biosanitaria de
Granada (ibs.GRANADA) and Instituto de Investigacion Biomédica de Malaga (IBIMA), CIBER de
Enfermedades Hepaticas y Digestivas (CIBER-EHD, Madrid, Spain) and Plataforma en Nanomedicina-IBIMA
Plataforma BIONAND (Malaga, Spain).

Conflicts of Interest: The authors declare no conflicts of interest.

List of abbreviations.

BAs: Bile Acids

BDNF: Brain-Derived Neurotrophic Factor

Foxp3+: Forkhead Box P3

FFA2: Free Fatty Acid Receptor 2

FODMAP: Fermentable Oligosaccharides, Disaccharides, Monosaccharides And Polyols
IBS: Irritable Bowel Syndrome

IBS-C: Irritable Bowel Syndrome Predominant Constipation
IBS-D: Irritable Bowel Syndrome Predominant Diarrhea

IBS-M: Irritable Bowel Syndrome Mixed Bowel Habits

IDO: indoleamine-2,3-dioxygenase

GABA: Gamma-Aminobutyric Acid

GI: Gastrointestinal

GPR43: G-Protein Coupled Receptor 43

GRID2IP: Glutamate Receptor, Ionotropic, Delta 2 Interacting Protein
HDC: Histidine Decarboxylase Enzyme

H1: Histamine Receptor 1

KDELR2: Endoplasmic Reticulum Protein Retention Receptor 2
NF-«B: Factor-Kappa B

PAME: Palmitic Acid Methyl Ester

PDMs: Probiotic-Derived Metabolites

SCFAs: Short-Chain Fatty Acids

TNESEF: Tumor Necrosis Factor Superfamily

Trp: Tryptophan

TRPV1: Transient Receptor Potential Channel V1


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

18
VDR: Vitamin D Receptor

References

1.  Mearin, F,, et al.,, Bowel Disorders. Gastroenterology, 2016.

2. Schmulson, M.J. and D.A. Drossman, What Is New in Rome IV. ] Neurogastroenterol Motil, 2017. 23(2): p.
151-163.

3.  Ford, A.C, B.E. Lacy, and N.]. Talley, Irritable Bowel Syndrome. N Engl ] Med, 2017. 376(26): p. 2566-2578.

4. National Institute for Health and Care Excellence: Guidelines, in Irritable bowel syndrome in adults:
diagnosis and management. 2017, National Institute for Health and Care Excellence (NICE)

5. Copyright © NICE 2018.: London.

6. Canavan, C., J. West, and T. Card, The epidemiology of irritable bowel syndrome. Clin Epidemiol, 2014. 6: p. 71-
80.

7.  Lee, Y.J. and K.S. Park, Irritable bowel syndrome: emerging paradigm in pathophysiology. World ] Gastroenterol,
2014. 20(10): p. 2456-69.

8. Uranga, J.A., V. Martinez, and R. Abalo, Mast Cell Regulation and Irritable Bowel Syndrome: Effects of
Food Components with Potential Nutraceutical Use. Molecules, 2020. 25(18).

9.  Kairaluoma, M.I,, P. Kérkold, and T.K. Larmi, Surgical treatment of arterial embolism. Fifteen years experience.
Ann Chir Gynaecol, 1976. 65(3): p. 163-7.

10. Fukudo, S. and M. Kanazawa, Gene, environment, and brain-gut interactions in irritable bowel syndrome. ]
Gastroenterol Hepatol, 2011. 26 Suppl 3: p. 110-5.

11. Bellini, M., et al.,, Irritable bowel syndrome: a disease still searching for pathogenesis, diagnosis and
therapy. World ] Gastroenterol, 2014. 20(27): p. 8807-20.

12. Lazaridis, N. and G. Germanidis, Current insights into the innate immune system dysfunction in irritable
bowel syndrome. Ann Gastroenterol, 2018. 31(2): p. 171-187.

13. Choghakhori, R., et al., Inflammatory cytokines and oxidative stress biomarkers in irritable bowel
syndrome: Association with digestive symptoms and quality of life. Cytokine, 2017. 93: p. 34-43.

14. Shulman, RJ., et al, Associations among gut permeability, inflammatory markers, and symptoms in
patients with irritable bowel syndrome. ] Gastroenterol, 2014. 49(11): p. 1467-76.

15. Aguilera-Lizarraga, J., H. Hussein, and G.E. Boeckxstaens, Immune activation in irritable bowel syndrome: what
is the evidence? Nat Rev Immunol, 2022. 22(11): p. 674-686.

16. Barbara, G,, et al., Mast cell-dependent excitation of visceral-nociceptive sensory neurons in irritable bowel
syndrome. Gastroenterology, 2007. 132(1): p. 26-37.

17.  Chong, P.P,, et al.,, The Microbiome and Irritable Bowel Syndrome - A Review on the Pathophysiology,
Current Research and Future Therapy. Front Microbiol, 2019. 10: p. 1136.

18.  Wouters, M.M,, et al., Genetic variants in CDC42 and NXPH1 as susceptibility factors for constipation and
diarrhoea predominant irritable bowel syndrome. Gut, 2014. 63(7): p. 1103-11.

19. Jun, S, et al., Associations of tryptophan hydroxylase gene polymorphisms with irritable bowel syndrome.
Neurogastroenterol Motil, 2011. 23(3): p. 233-9, el16.

20. Grasberger, H., et al., Identification of a functional TPH1 polymorphism associated with irritable bowel
syndrome bowel habit subtypes. Am J Gastroenterol, 2013. 108(11): p. 1766-74.

21. Camilleri, M., et al, Cannabinoid receptor 1 gene and irritable bowel syndrome: phenotype and
quantitative traits. Am ] Physiol Gastrointest Liver Physiol, 2013. 304(5): p. G553-60.

22. Wong, B.S,, et al, Increased bile acid biosynthesis is associated with irritable bowel syndrome with
diarrhea. Clin Gastroenterol Hepatol, 2012. 10(9): p. 1009-15.e3.

23. Ek, W.E, et al,, Exploring the genetics of irritable bowel syndrome: a GWA study in the general population
and replication in multinational case-control cohorts. Gut, 2015. 64(11): p. 1774-82.

24. Czogalla, B, et al., A meta-analysis of immunogenetic Case-Control Association Studies in irritable bowel
syndrome. Neurogastroenterol Motil, 2015. 27(5): p. 717-27.

25. Mahurkar, S., et al., Genome-wide DNA methylation profiling of peripheral blood mononuclear cells in
irritable bowel syndrome. Neurogastroenterol Motil, 2016. 28(3): p. 410-22.

26. Mayer, E.A., H.]J. Ryu, and R.R. Bhatt, The neurobiology of irritable bowel syndrome. Mol Psychiatry, 2023. 28(4):
p. 1451-1465.

27. Mayer, E.A., The neurobiology of stress and gastrointestinal disease. Gut, 2000. 47(6): p. 861-9.

28. Camilleri, M., Diagnosis and Treatment of Irritable Bowel Syndrome: A Review. Jama, 2021. 325(9): p. 865-
877.

29. Carroll, LM, et al.,, Molecular analysis of the luminal- and mucosal-associated intestinal microbiota in
diarrhea-predominant irritable bowel syndrome. Am ] Physiol Gastrointest Liver Physiol, 2011. 301(5): p.
G799-807.

30. Jeffery, I.B., et al., An irritable bowel syndrome subtype defined by species-specific alterations in faecal
microbiota. Gut, 2012. 61(7): p. 997-1006.


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

19

31. Tap,], etal, Identification of an Intestinal Microbiota Signature Associated With Severity of Irritable Bowel
Syndrome. Gastroenterology, 2017. 152(1): p. 111-123.e8.

32. Kassinen, A, et al., The fecal microbiota of irritable bowel syndrome patients differs significantly from that
of healthy subjects. Gastroenterology, 2007. 133(1): p. 24-33.

33. Krogius-Kurikka, L., et al., Microbial community analysis reveals high level phylogenetic alterations in the
overall gastrointestinal microbiota of diarrhoea-predominant irritable bowel syndrome sufferers. BMC
Gastroenterol, 2009. 9: p. 95.

34. Passos, M. and ].P. Moraes-Filho, INTESTINAL MICROBIOTA IN DIGESTIVE DISEASES. Arq
Gastroenterol, 2017. 54(3): p. 255-262.

35. Mills, S., et al., Precision Nutrition and the Microbiome, Part I: Current State of the Science. Nutrients, 2019.
11(4).

36. Rothschild, D., et al., Environment dominates over host genetics in shaping human gut microbiota. Nature,
2018. 555(7695): p. 210-215.

37. Wiley, N.C,, et al,, The microbiota-gut-brain axis as a key regulator of neural function and the stress
response: Implications for human and animal health. ] Anim Sci, 2017. 95(7): p. 3225-3246.

38. Zheng, P., et al, The gut microbiome from patients with schizophrenia modulates the glutamate-
glutamine-GABA cycle and schizophrenia-relevant behaviors in mice. Sci Adv, 2019. 5(2): p. eaau8317.

39. Kiriss, M., et al., Low diversity gut microbiota dysbiosis: drivers, functional implications and recovery. Curr
Opin Microbiol, 2018. 44: p. 34-40.

40. Toor, D, et al., Dysbiosis Disrupts Gut Immune Homeostasis and Promotes Gastric Diseases. Int ] Mol Sci,
2019. 20(10).

41. Canakis, A., M. Haroon, and H.C. Weber, Irritable bowel syndrome and gut microbiota. Curr Opin Endocrinol
Diabetes Obes, 2020. 27(1): p. 28-35.

42. Jeffery, 1B, et al., Differences in Fecal Microbiomes and Metabolomes of People With vs Without Irritable
Bowel Syndrome and Bile Acid Malabsorption. Gastroenterology, 2020. 158(4): p. 1016-1028.e8.

43. Liu, H.N,, et al., Altered molecular signature of intestinal microbiota in irritable bowel syndrome patients
compared with healthy controls: A systematic review and meta-analysis. Dig Liver Dis, 2017. 49(4): p. 331-
337.

44. Duan, R, et al., Alterations of Gut Microbiota in Patients With Irritable Bowel Syndrome Based on 165
rRNA-Targeted Sequencing: A Systematic Review. Clin Transl Gastroenterol, 2019. 10(2): p. e00012.

45. Wang, L., et al., Gut Microbial Dysbiosis in the Irritable Bowel Syndrome: A Systematic Review and Meta-
Analysis of Case-Control Studies. ] Acad Nutr Diet, 2020. 120(4): p. 565-586.

46. Das, A, et al., The fecal mycobiome in patients with Irritable Bowel Syndrome. Sci Rep, 2021. 11(1): p. 124.

47. Coughlan, S,, et al., The gut virome in Irritable Bowel Syndrome differs from that of controls. Gut Microbes,
2021. 13(1): p. 1-15.

48. Shanahan, F., T.S. Ghosh, and P.W. O'Toole, The Healthy Microbiome-What Is the Definition of a Healthy Gut
Microbiome? Gastroenterology, 2021. 160(2): p. 483-494.

49. Jacobs, J.P., et al., Multi-omics profiles of the intestinal microbiome in irritable bowel syndrome and its
bowel habit subtypes. Microbiome, 2023. 11(1): p. 5.

50. Liu, Y., et al.,, Similar Fecal Microbiota Signatures in Patients With Diarrhea-Predominant Irritable Bowel
Syndrome and Patients With Depression. Clin Gastroenterol Hepatol, 2016. 14(11): p. 1602-1611.e5.

51. Peter, ], et al.,, A Microbial Signature of Psychological Distress in Irritable Bowel Syndrome. Psychosom
Med, 2018. 80(8): p. 698-709.

52. De Palma, G,, et al.,, Transplantation of fecal microbiota from patients with irritable bowel syndrome alters
gut function and behavior in recipient mice. Sci Transl Med, 2017. 9(379).

53. Al-Fakhrany, O.M. and E. Elekhnawy, Next-generation probiotics: the upcoming biotherapeutics. Mol Biol Rep,
2024. 51(1): p. 505.

54. Chen, Y., et al, Gut microbiota and intestinal immunity-A crosstalk in irritable bowel syndrome.
Immunology, 2024. 172(1): p. 1-20.

55. Pace, F., M. Pace, and G. Quartarone, Probiotics in digestive diseases: focus on Lactobacillus GG. Minerva
Gastroenterol Dietol, 2015. 61(4): p. 273-92.

56. Claes, L], et al.,, Lessons from probiotic-host interaction studies in murine models of experimental colitis.
Mol Nutr Food Res, 2011. 55(10): p. 1441-53.

57. Skoufou, M, et al., The Networked Interaction between Probiotics and Intestine in Health and Disease: A
Promising Success Story. Microorganisms, 2024. 12(1).

58. Satish Kumar, L., et al,, Probiotics in Irritable Bowel Syndrome: A Review of Their Therapeutic Role.
Cureus, 2022. 14(4): p. €24240.

59. Eskesen, D., et al, Effect of the probiotic strain Bifidobacterium animalis subsp. lactis, BB-12®, on
defecation frequency in healthy subjects with low defecation frequency and abdominal discomfort: a
randomised, double-blind, placebo-controlled, parallel-group trial. Br ] Nutr, 2015. 114(10): p. 1638-46.


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

20

60. Soltani, N., et al., Antibacterial and antibiofilm activity of Lactobacillus strains secretome and extraction
against Escherichia coli isolated from urinary tract infection. Biotechnol Rep (Amst), 2022. 36: p. e00760.

61. Nagpal, R, et al, Human-origin probiotic cocktail increases short-chain fatty acid production via
modulation of mice and human gut microbiome. Sci Rep, 2018. 8(1): p. 12649.

62. Cheng, J., A. Laitila, and A.C. Ouwehand, Bifidobacterium animalis subsp. lactis HNO19 Effects on Gut
Health: A Review. Front Nutr, 2021. 8: p. 790561.

63. Morovic, W, et al., Transcriptional and Functional Analysis of Bifidobacterium animalis subsp. lactis
Exposure to Tetracycline. Appl Environ Microbiol, 2018. 84(23).

64. Agrawal, A, et al., Clinical trial: the effects of a fermented milk product containing Bifidobacterium lactis
DN-173 010 on abdominal distension and gastrointestinal transit in irritable bowel syndrome with
constipation. Aliment Pharmacol Ther, 2009. 29(1): p. 104-14.

65. Chen, Y.M, et al., Effect of Bacillus subtilis, Enterococcus faecium, and Enterococcus faecalis supernatants
on serotonin transporter expression in cells and tissues. World ] Gastroenterol, 2022. 28(5): p. 532-546.

66. Szajewska, H. and I. Hojsak, Health benefits of Lactobacillus rhamnosus GG and Bifidobacterium animalis
subspecies lactis BB-12 in children. Postgrad Med, 2020. 132(5): p. 441-451.

67. Choi, C.H,, et al.,, Efficacy of combination therapy with probiotics and mosapride in patients with IBS
without diarrhea: a randomized, double-blind, placebo-controlled, multicenter, phase II trial.
Neurogastroenterol Motil, 2015. 27(5): p. 705-16.

68. de Moreno de LeBlanc, A. and J.G. LeBlanc, Effect of probiotic administration on the intestinal microbiota,
current knowledge and potential applications. World ] Gastroenterol, 2014. 20(44): p. 16518-28.

69. Zhang, T., et al., Efficacy of Probiotics for Irritable Bowel Syndrome: A Systematic Review and Network
Meta-Analysis. Front Cell Infect Microbiol, 2022. 12: p. 859967.

70. Sudha, M.R,, et al.,, Efficacy of Bacillus coagulans Unique IS2 in treatment of irritable bowel syndrome in
children: a double blind, randomised placebo controlled study. Benef Microbes, 2018. 9(4): p. 563-572.

71. Madempudi, R.S,, et al., Randomized clinical trial: the effect of probiotic Bacillus coagulans Unique IS2 vs.
placebo on the symptoms management of irritable bowel syndrome in adults. Sci Rep, 2019. 9(1): p. 12210.

72. Johnson, A.C., B. Greenwood-Van Meerveld, and J. McRorie, Effects of Bifidobacterium infantis 35624 on
post-inflammatory visceral hypersensitivity in the rat. Dig Dis Sci, 2011. 56(11): p. 3179-86.

73. Tillisch, K., et al, Consumption of fermented milk product with probiotic modulates brain activity.
Gastroenterology, 2013. 144(7): p. 1394-401, 1401.e1-4.

74. Agostini, S, et al., A marketed fermented dairy product containing Bifidobacterium lactis CNCM 1-2494
suppresses gut hypersensitivity and colonic barrier disruption induced by acute stress in rats.
Neurogastroenterol Motil, 2012. 24(4): p. 376-e172.

75. Le Nevé, B., et al., A Fermented Milk Product with B. Lactis CNCM 1-2494 and Lactic Acid Bacteria
Improves Gastrointestinal Comfort in Response to a Challenge Diet Rich in Fermentable Residues in
Healthy Subjects. Nutrients, 2020. 12(2).

76. Martin, R, et al., Effects in the use of a genetically engineered strain of Lactococcus lactis delivering in situ
IL-10 as a therapy to treat low-grade colon inflammation. Hum Vaccin Immunother, 2014. 10(6): p. 1611-21.

77. Gad, M, et al., Regulation of the IL-10/IL-12 axis in human dendritic cells with probiotic bacteria. FEMS
Immunol Med Microbiol, 2011. 63(1): p. 93-107.

78. Emge, J.R, et al, Modulation of the microbiota-gut-brain axis by probiotics in a murine model of
inflammatory bowel disease. Am ] Physiol Gastrointest Liver Physiol, 2016. 310(11): p. G989-98.

79. Messaoudi, M., et al., Beneficial psychological effects of a probiotic formulation (Lactobacillus helveticus
R0052 and Bifidobacterium longum R0175) in healthy human volunteers. Gut Microbes, 2011. 2(4): p. 256-
61.

80. Messaoudi, M., et al., Assessment of psychotropic-like properties of a probiotic formulation (Lactobacillus
helveticus R0052 and Bifidobacterium longum R0175) in rats and human subjects. Br ] Nutr, 2011. 105(5):
p. 755-64.

81. Francavilla, R., et al.,, A randomized controlled trial of Lactobacillus GG in children with functional
abdominal pain. Pediatrics, 2010. 126(6): p. e1445-52.

82. Sabaté, .M. and F. Iglicki, Effect of Bifidobacterium longum 35624 on disease severity and quality of life in
patients with irritable bowel syndrome. World ] Gastroenterol, 2022. 28(7): p. 732-744.

83. Benarroch, E.E., Brain-derived neurotrophic factor: Regulation, effects, and potential clinical relevance.
Neurology, 2015. 84(16): p. 1693-704.

84. Sommer, F. and F. Backhed, The gut microbiota--masters of host development and physiology. Nat Rev Microbiol,
2013. 11(4): p. 227-38.

85. Hemarajata, P. and ]J. Versalovic, Effects of probiotics on gut microbiota: mechanisms of intestinal
immunomodulation and neuromodulation. Therap Adv Gastroenterol, 2013. 6(1): p. 39-51.

86. Lebeer, S,, et al., Identification of probiotic effector molecules: present state and future perspectives. Curr
Opin Biotechnol, 2018. 49: p. 217-223.


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

21

87. Ki Cha, B, et al., The effect of a multispecies probiotic mixture on the symptoms and fecal microbiota in
diarrhea-dominant irritable bowel syndrome: a randomized, double-blind, placebo-controlled trial. J Clin
Gastroenterol, 2012. 46(3): p. 220-7.

88. Miller, L.E. and A.C. Ouwehand, Probiotic supplementation decreases intestinal transit time: meta-analysis
of randomized controlled trials. World ] Gastroenterol, 2013. 19(29): p. 4718-25.

89. Dimidi, E., et al., The effect of probiotics on functional constipation in adults: a systematic review and meta-
analysis of randomized controlled trials. Am ] Clin Nutr, 2014. 100(4): p. 1075-84.

90. Mayer, E.A,, T. Savidge, and R.J. Shulman, Brain-gut microbiome interactions and functional bowel disorders.
Gastroenterology, 2014. 146(6): p. 1500-12.

91. Zhou, L. and J.A. Foster, Psychobiotics and the gut-brain axis: in the pursuit of happiness. Neuropsychiatr Dis
Treat, 2015. 11: p. 715-23.

92. Bischoff, S.C., et al, Intestinal permeability--a new target for disease prevention and therapy. BMC
Gastroenterol, 2014. 14: p. 189.

93. Camilleri, M., K. Lasch, and W. Zhou, Irritable bowel syndrome: methods, mechanisms, and
pathophysiology. The confluence of increased permeability, inflammation, and pain in irritable bowel
syndrome. Am ] Physiol Gastrointest Liver Physiol, 2012. 303(7): p. G775-85.

94. Hanning, N, et al., Intestinal barrier dysfunction in irritable bowel syndrome: a systematic review. Therap
Adv Gastroenterol, 2021. 14: p. 1756284821993586.

95. Mitselou, A., et al., Proinflammatory cytokines in irritable bowel syndrome: a comparison with
inflammatory bowel disease. Intest Res, 2020. 18(1): p. 115-120.

96. Kumar, S., et al, Interleukin-10: A Compelling Therapeutic Target in Patients With Irritable Bowel
Syndrome. Clin Ther, 2017. 39(3): p. 632-643.

97. Pusceddu, M.M,, K. Murray, and M.G. Gareau, Targeting the Microbiota, from Irritable Bowel Syndrome
to Mood Disorders: Focus on Probiotics and Prebiotics. Curr Pathobiol Rep, 2018. 6(1): p. 1-13.

98. Moloney, R.D,, etal,, Stress and the Microbiota-Gut-Brain Axis in Visceral Pain: Relevance to Irritable Bowel
Syndrome. CNS Neurosci Ther, 2016. 22(2): p. 102-17.

99. Raskov, H,, etal,, Irritable bowel syndrome, the microbiota and the gut-brain axis. Gut Microbes, 2016. 7(5):
p- 365-83.

100. Distrutti, E., et al., Modulation of intestinal microbiota by the probiotic VSL#3 resets brain gene expression
and ameliorates the age-related deficit in LTP. PLoS One, 2014. 9(9): p. e106503.

101. Savignac, H.M.,, et al., Bifidobacteria modulate cognitive processes in an anxious mouse strain. Behav Brain
Res, 2015. 287: p. 59-72.

102. Qi, Q., et al., Colonic N-methyl-d-aspartate receptor contributes to visceral hypersensitivity in irritable
bowel syndrome. ] Gastroenterol Hepatol, 2017. 32(4): p. 828-836.

103. Kwon, H.,, et al.,, Effect of Lacticaseibacillus rhamnosus IDCC 3201 on irritable bowel syndrome with
constipation: a randomized, double-blind, and placebo-controlled trial. Sci Rep, 2024. 14(1): p. 22384.

104. Chaudhary, N., et al., Chapter7 - Probiotics and bioactive metabolite production, in Probiotics for Human Nutrition
in Health and Disease, E. Leite de Souza, ].L. de Brito Alves, and V. Fusco, Editors. 2022, Academic Press. p.
171-198.

105. Guaman, L.P., et al., The Impact of Bioactive Molecules from Probiotics on Child Health: A Comprehensive
Review. Nutrients, 2024. 16(21).

106. Martin, F.P., et al., Metabolome-associated psychological comorbidities improvement in irritable bowel
syndrome patients receiving a probiotic. Gut Microbes, 2024. 16(1): p. 2347715.

107. Srivastava, S., et al., A randomized double-blind, placebo-controlled trial to evaluate the safety and efficacy
of live Bifidobacterium longum CECT 7347 (ES1) and heat-treated Bifidobacterium longum CECT 7347
(HT-ES1) in participants with diarrhea-predominant irritable bowel syndrome. Gut Microbes, 2024. 16(1):
p- 2338322.

108. Rafique, N., et al., Promising bioactivities of postbiotics: A comprehensive review. Journal of Agriculture and
Food Research, 2023. 14: p. 100708.

109. Liu, Q., et al., Surface components and metabolites of probiotics for regulation of intestinal epithelial
barrier. Microb Cell Fact, 2020. 19(1): p. 23.

110. Mostafavi Abdolmaleky, H. and J.R. Zhou, Gut Microbiota Dysbiosis, Oxidative Stress, Inflammation, and
Epigenetic Alterations in Metabolic Diseases. Antioxidants (Basel), 2024. 13(8).

111. Xu, F,, et al., The efficacy of prevention for colon cancer based on the microbiota therapy and the antitumor
mechanisms with intervention of dietary Lactobacillus. Microbiol Spectr, 2023. 11(5): p. e0018923.

112. Zheng, Z., et al., Role of gut microbiota-derived signals in the regulation of gastrointestinal motility. Front
Med (Lausanne), 2022. 9: p. 961703.

113. Shaidullov, LF., et al., Short chain fatty acids and colon motility in a mouse model of irritable bowel
syndrome. BMC Gastroenterol, 2021. 21(1): p. 37.

114. Dudzinska, E., et al., The Importance of Visceral Hypersensitivity in Irritable Bowel Syndrome-Plant
Metabolites in IBS Treatment. Pharmaceuticals (Basel), 2023. 16(10).


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

22

115. Yardeni, T., et al., Host mitochondria influence gut microbiome diversity: A role for ROS. Sci Signal, 2019.
12(588).

116. Xiong, R.G,, et al., The Role of Gut Microbiota in Anxiety, Depression, and Other Mental Disorders as Well
as the Protective Effects of Dietary Components. Nutrients, 2023. 15(14).

117. Silva, Y.P., A. Bernardi, and R.L. Frozza, The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain
Communication. Front Endocrinol (Lausanne), 2020. 11: p. 25.

118. Ringel-Kulka, T., et al., Altered Colonic Bacterial Fermentation as a Potential Pathophysiological Factor in
Irritable Bowel Syndrome. Am J Gastroenterol, 2015. 110(9): p. 1339-46.

119. Aiello, A, et al, Production of butyric acid by different strains of Lactobacillus plantarum
(Lactiplantibacillus plantarum). International Dairy Journal, 2023. 140: p. 105589.

120. Layden, B.T., et al., Short chain fatty acids and their receptors: new metabolic targets. Transl Res, 2013.
161(3): p. 131-40.

121. Tan, ], et al., The role of short-chain fatty acids in health and disease. Adv Immunol, 2014. 121: p. 91-119.

122. Natarajan, N. and J.L. Pluznick, From microbe to man: the role of microbial short chain fatty acid
metabolites in host cell biology. Am J Physiol Cell Physiol, 2014. 307(11): p. C979-85.

123. Vinolo, M.A,, et al., Regulation of inflammation by short chain fatty acids. Nutrients, 2011. 3(10): p. 858-76.

124. Slavin, J., Fiber and prebiotics: mechanisms and health benefits. Nutrients, 2013. 5(4): p. 1417-35.

125. Sun, Q,, et al., Alterations in fecal short-chain fatty acids in patients with irritable bowel syndrome: A
systematic review and meta-analysis. Medicine (Baltimore), 2019. 98(7): p. €14513.

126. Hustoft, T.N., et al., Effects of varying dietary content of fermentable short-chain carbohydrates on
symptoms, fecal microenvironment, and cytokine profiles in patients with irritable bowel syndrome.
Neurogastroenterol Motil, 2017. 29(4).

127. Gargari, G, et al., Fecal Clostridiales distribution and short-chain fatty acids reflect bowel habits in irritable
bowel syndrome. Environ Microbiol, 2018. 20(9): p. 3201-3213.

128. Tian, Z., et al., The propionic acid and butyric acid in serum but not in feces are increased in patients with
diarrhea-predominant irritable bowel syndrome. BMC Gastroenterol, 2020. 20(1): p. 73.

129. Ju, X,, et al., Changes in Fecal Short-Chain Fatty Acids in IBS Patients and Effects of Different Interventions:
A Systematic Review and Meta-Analysis. Nutrients, 2024. 16(11).

130. Ford, A.C,, et al., Efficacy of prebiotics, probiotics, and synbiotics in irritable bowel syndrome and chronic
idiopathic constipation: systematic review and meta-analysis. Am J Gastroenterol, 2014. 109(10): p. 1547-
61; quiz 1546, 1562.

131. Zhang, J., et al, Primary human colonic mucosal barrier crosstalk with super oxygen-sensitive
Faecalibacterium prausnitzii in continuous culture. Med, 2021. 2(1): p. 74-98.€9.

132. Guo, C,, et al., Deficient butyrate-producing capacity in the gut microbiome is associated with bacterial
network disturbances and fatigue symptoms in ME/CFS. Cell Host Microbe, 2023. 31(2): p. 288-304.e8.

133. Hodgkinson, K., et al., Butyrate's role in human health and the current progress towards its clinical
application to treat gastrointestinal disease. Clin Nutr, 2023. 42(2): p. 61-75.

134. Zaleski, A., A. Banaszkiewicz, and ]. Walkowiak, Butyric acid in irritable bowel syndrome. Prz Gastroenterol,
2013. 8(6): p. 350-3.

135. Hamer, H.M,, et al., Review article: the role of butyrate on colonic function. Aliment Pharmacol Ther, 2008. 27(2):
p. 104-19.

136. Furusawa, Y., et al., Commensal microbe-derived butyrate induces the differentiation of colonic regulatory
T cells. Nature, 2013. 504(7480): p. 446-50.

137. Lewandowski, K., et al., The effectiveness of microencapsulated sodium butyrate at reducing symptoms in
patients with irritable bowel syndrome. Prz Gastroenterol, 2022. 17(1): p. 28-34.

138. Singh, V., et al., Butyrate producers, "The Sentinel of Gut": Their intestinal significance with and beyond
butyrate, and prospective use as microbial therapeutics. Front Microbiol, 2022. 13: p. 1103836.

139. Zhu, L.B,, et al., Prospects for clinical applications of butyrate-producing bacteria. World J Clin Pediatr,
2021. 10(5): p. 84-92.

140. Ferrario, C., et al., Modulation of fecal Clostridiales bacteria and butyrate by probiotic intervention with
Lactobacillus paracasei DG varies among healthy adults. ] Nutr, 2014. 144(11): p. 1787-96.

141. Cremon, C,, et al., Effect of Lactobacillus paracasei CNCM I-1572 on symptoms, gut microbiota, short chain
fatty acids, and immune activation in patients with irritable bowel syndrome: A pilot randomized clinical
trial. United European Gastroenterol J, 2018. 6(4): p. 604-613.

142. Fusco, W., et al., Short-Chain Fatty-Acid-Producing Bacteria: Key Components of the Human Gut
Microbiota. Nutrients, 2023. 15(9).

143. Le Poul, E,, et al., Functional characterization of human receptors for short chain fatty acids and their role
in polymorphonuclear cell activation. ] Biol Chem, 2003. 278(28): p. 25481-9.

144. Miller, T.L. and M.]. Wolin, Pathways of acetate, propionate, and butyrate formation by the human fecal
microbial flora. Appl Environ Microbiol, 1996. 62(5): p. 1589-92.


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

23

145. Xie, Z., et al., The effect of in vitro simulated colonic pH gradients on microbial activity and metabolite
production using common prebiotics as substrates. BMC Microbiol, 2024. 24(1): p. 83.

146. Fukuda, S., et al., Acetate-producing bifidobacteria protect the host from enteropathogenic infection via
carbohydrate transporters. Gut Microbes, 2012. 3(5): p. 449-54.

147. Tsukuda, N., et al., Key bacterial taxa and metabolic pathways affecting gut short-chain fatty acid profiles
in early life. Isme j, 2021. 15(9): p. 2574-2590.

148. Rios-Covian, D., et al., Enhanced butyrate formation by cross-feeding between Faecalibacterium prausnitzii
and Bifidobacterium adolescentis. FEMS Microbiol Lett, 2015. 362(21).

149. Deleu, S., et al., Short chain fatty acids and its producing organisms: An overlooked therapy for IBD?
EBioMedicine, 2021. 66: p. 103293.

150. Tana, C,, et al.,, Altered profiles of intestinal microbiota and organic acids may be the origin of symptoms
in irritable bowel syndrome. Neurogastroenterol Motil, 2010. 22(5): p. 512-9, e114-5.

151. El-Salhy, M., et al., Changes in fecal short-chain fatty acids following fecal microbiota transplantation in
patients with irritable bowel syndrome. Neurogastroenterol Motil, 2021. 33(2): p. e13983.

152. Farup, P.G., K. Rudi, and K. Hestad, Faecal short-chain fatty acids - a diagnostic biomarker for irritable
bowel syndrome? BMC Gastroenterol, 2016. 16(1): p. 51.

153. Sun, Q.H,, et al., Sex-based differences in fecal short-chain fatty acid and gut microbiota in irritable bowel
syndrome patients. ] Dig Dis, 2021. 22(5): p. 246-255.

154. Tough, LR, S. Forbes, and H.M. Cox, Signaling of free fatty acid receptors 2 and 3 differs in colonic mucosa
following selective agonism or coagonism by luminal propionate. Neurogastroenterol Motil, 2018. 30(12):
p- €13454.

155. Yang, G., et al., Implication of G Protein-Coupled Receptor 43 in Intestinal Inflammation: A Mini-Review.
Front Immunol, 2018. 9: p. 1434.

156. Malinen, E., et al., Analysis of the fecal microbiota of irritable bowel syndrome patients and healthy controls
with real-time PCR. Am ] Gastroenterol, 2005. 100(2): p. 373-82.

157. Ticho, A.L,, et al., Intestinal Absorption of Bile Acids in Health and Disease. Compr Physiol, 2019. 10(1): p. 21-
56.

158. Perino, A, et al., Molecular Physiology of Bile Acid Signaling in Health, Disease, and Aging. Physiol Rev,
2021. 101(2): p. 683-731.

159. Bajor, A., P.G. Gillberg, and H. Abrahamsson, Bile acids: short and long term effects in the intestine. Scand ]
Gastroenterol, 2010. 45(6): p. 645-64.

160. Dior, M., et al,, Interplay between bile acid metabolism and microbiota in irritable bowel syndrome.
Neurogastroenterol Motil, 2016. 28(9): p. 1330-40.

161. Long, S.L., C.G.M. Gahan, and S.A. Joyce, Interactions between gut bacteria and bile in health and disease. Mol
Aspects Med, 2017. 56: p. 54-65.

162. Joyce, S.A. and C.G. Gahan, Bile Acid Modifications at the Microbe-Host Interface: Potential for
Nutraceutical and Pharmaceutical Interventions in Host Health. Annu Rev Food Sci Technol, 2016. 7: p.
313-33.

163. Min, Y.W., A. Rezaie, and M. Pimentel, Bile Acid and Gut Microbiota in Irritable Bowel Syndrome. ]
Neurogastroenterol Motil, 2022. 28(4): p. 549-561.

164. Alnouti, Y., Bile Acid sulfation: a pathway of bile acid elimination and detoxification. Toxicol Sci, 2009.
108(2): p. 225-46.

165. Shin, A., et al., Bowel functions, fecal unconjugated primary and secondary bile acids, and colonic transit
in patients with irritable bowel syndrome. Clin Gastroenterol Hepatol, 2013. 11(10): p. 1270-1275.el.

166. Damsgaard, B., et al., Long-term effect of medical treatment of diarrhoea in 377 patients with SSHCAT scan
diagnosed bile acid malabsorption from 2003 to 2016; a retrospective study. Aliment Pharmacol Ther, 2018.
47(7): p. 951-957.

167. Bajor, A., et al., Increased colonic bile acid exposure: a relevant factor for symptoms and treatment in IBS.
Gut, 2015. 64(1): p. 84-92.

168. Traub, R.]J., et al., A rat model of chronic postinflammatory visceral pain induced by deoxycholic acid.
Gastroenterology, 2008. 135(6): p. 2075-83.

169. Li, W.T,, et al., Bile acids induce visceral hypersensitivity via mucosal mast cell-to-nociceptor signaling that
involves the farnesoid X receptor/nerve growth factor/transient receptor potential vanilloid 1 axis. Faseb j,
2019. 33(2): p. 2435-2450.

170. Wei, W, et al., Altered metabolism of bile acids correlates with clinical parameters and the gut microbiota
in patients with diarrhea-predominant irritable bowel syndrome. World J Gastroenterol, 2020. 26(45): p.
7153-7172.

171. Xiao, L., et al., Gut Microbiota-Derived Metabolites in Irritable Bowel Syndrome. Front Cell Infect Microbiol,
2021. 11: p. 729346.

172. Sayin, S.I, et al,, Gut microbiota regulates bile acid metabolism by reducing the levels of tauro-beta-
muricholic acid, a naturally occurring FXR antagonist. Cell Metab, 2013. 17(2): p. 225-35.


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

24

173. Singh, J., et al., Review on Bile Acids: Effects of the Gut Microbiome, Interactions with Dietary Fiber, and
Alterations in the Bioaccessibility of Bioactive Compounds. ] Agric Food Chem, 2019. 67(33): p. 9124-9138.

174. David, L.A,, et al., Diet rapidly and reproducibly alters the human gut microbiome. Nature, 2014. 505(7484):
p- 559-63.

175. Pavlovi¢, N., K. Stankov, and M. Mikov, Probiotics--interactions with bile acids and impact on cholesterol
metabolism. Appl Biochem Biotechnol, 2012. 168(7): p. 1880-95.

176. Ruiz, L., A. Margolles, and B. Sanchez, Bile resistance mechanisms in Lactobacillus and Bifidobacterium. Front
Microbiol, 2013. 4: p. 396.

177. Zhang, X., et al., Metabolite profiling of plasma and urine from rats with TNBS-induced acute colitis using
UPLC-ESI-QTOF-MS-based metabonomics--a pilot study. Febs j, 2012. 279(13): p. 2322-38.

178. Kim, J., et al., Probiotic treatment induced change of inflammation related metabolites in IBS-D
patients/double-blind, randomized, placebo-controlled trial. Food Sci Biotechnol, 2020. 29(6): p. 837-844.

179. Neverovskyi, A. and S. Polishchuk, Modification of bile acids metabolism with multi-strain probiotic in
patients with diarrhea predominant irritable bowel syndrome: a randomized study. Ukrainian Scientific
Medical Youth Journal, 2023. 142: p. 55-61.

180. Cryan, J.F. and K. Kaupmann, Don't worry 'B' happy!: a role for GABA(B) receptors in anxiety and
depression. Trends Pharmacol Sci, 2005. 26(1): p. 36-43.

181. Azarfarin, M., et al., Association Between Stress, Neuroinflammation, and Irritable Bowel Syndrome: The
Positive Effects of Probiotic Therapy. Cell Biochem Funct, 2024. 42(8): p. €70009.

182. Bravo, J.A,, et al., Ingestion of Lactobacillus strain regulates emotional behavior and central GABA receptor
expression in a mouse via the vagus nerve. Proc Natl Acad Sci U S A, 2011. 108(38): p. 16050-5.

183. Potts, R.A,, et al., Mast cells and histamine alter intestinal permeability during malaria parasite infection.
Immunobiology, 2016. 221(3): p. 468-74.

184. Adeghate, E. and A.S. Ponery, GABA in the endocrine pancreas: cellular localization and function in normal
and diabetic rats. Tissue Cell, 2002. 34(1): p. 1-6.

185. Aggarwal, S., V. Ahuja, and J. Paul, Dysregulation of GABAergic Signalling Contributes in the Pathogenesis
of Diarrhea-predominant Irritable Bowel Syndrome. ] Neurogastroenterol Motil, 2018. 24(3): p. 422-430.

186. Casertano, M., et al., Gut production of GABA by a probiotic formula: an in vitro study. Benef Microbes,
2024. 15(1): p. 67-81.

187. Mazzoli, R. and E. Pessione, The Neuro-endocrinological Role of Microbial Glutamate and GABA
Signaling. Front Microbiol, 2016. 7: p. 1934.

188. Das, D. and A. Goyal, Antioxidant activity and y-aminobutyric acid (GABA) producing ability of probiotic
Lactobacillus plantarum DMS5 isolated from Marcha of Sikkim. LWT - Food Science and Technology, 2015.
61.

189. Pokusaeva, K., et al., GABA-producing Bifidobacterium dentium modulates visceral sensitivity in the
intestine. Neurogastroenterol Motil, 2017. 29(1).

190. Hamamah, S., et al., Role of Microbiota-Gut-Brain Axis in Regulating Dopaminergic Signaling.
Biomedicines, 2022. 10(2).

191. Mitsi, V. and V. Zachariou, Modulation of pain, nociception, and analgesia by the brain reward center.
Neuroscience, 2016. 338: p. 81-92.

192. Li, Y., et al., Electroacupuncture alleviates intestinal inflammation and barrier dysfunction by activating
dopamine in a rat model of intestinal ischaemia. Acupunct Med, 2021. 39(3): p. 208-216.

193. Tack, J., et al., Systematic review: the efficacy of treatments for irritable bowel syndrome--a European
perspective. Aliment Pharmacol Ther, 2006. 24(2): p. 183-205.

194. Li, Y., et al., Dopamine promotes colonic mucus secretion through dopamine D(5) receptor in rats. Am J
Physiol Cell Physiol, 2019. 316(3): p. C393-c403.

195. Taj, A. and N. Jamil, Bioconversion of Tyrosine and Tryptophan Derived Biogenic Amines by
Neuropathogenic Bacteria. Biomolecules, 2018. 8(1).

196. Shaw, W., Elevated Urinary Glyphosate and Clostridia Metabolites With Altered Dopamine Metabolism in
Triplets With Autistic Spectrum Disorder or Suspected Seizure Disorder: A Case Study. Integr Med
(Encinitas), 2017. 16(1): p. 50-57.

197. Gwiozdzik, W., et al., Psychobiotics as an Intervention in the Treatment of Irritable Bowel Syndrome: A
Systematic Review. Applied Microbiology, 2023. 3: p. 465-475.

198. Dunlop, B.W. and C.B. Nemeroff, The role of dopamine in the pathophysiology of depression. Arch Gen
Psychiatry, 2007. 64(3): p. 327-37.

199. Hartstra, A.V., et al., Infusion of donor feces affects the gut-brain axis in humans with metabolic syndrome.
Mol Metab, 2020. 42: p. 101076.

200. Cheon, M.]J.,, N.K. Lee, and H.D. Paik, Neuroprotective Effects of Heat-Killed Lactobacillus plantarum
200655 Isolated from Kimchi Against Oxidative Stress. Probiotics Antimicrob Proteins, 2021. 13(3): p. 788-
795.


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

25

201. Villagelit, D. and M. Lyte, Dopamine production in Enterococcus faecium: A microbial endocrinology-
based mechanism for the selection of probiotics based on neurochemical-producing potential. PLoS One,
2018. 13(11): p. €0207038.

202. Cao, G., et al, Positive effects of a Clostridium butyricum-based compound probiotic on growth
performance, immune responses, intestinal morphology, hypothalamic neurotransmitters, and colonic
microbiota in weaned piglets. Food Funct, 2019. 10(5): p. 2926-2934.

203. Strandwitz, P., Neurotransmitter modulation by the gut microbiota. Brain Res, 2018. 1693(Pt B): p. 128-133.

204. Ma, Z.F,, et al., Bifidobacterium infantis M-63 improves mental health in victims with irritable bowel
syndrome developed after a major flood disaster. Benef Microbes, 2019. 10(2): p. 111-120.

205. Dimidi, E., et al., Mechanisms of Action of Probiotics and the Gastrointestinal Microbiota on Gut Motility
and Constipation. Adv Nutr, 2017. 8(3): p. 484-494.

206. Spiller, R., Recent advances in understanding the role of serotonin in gastrointestinal motility in functional
bowel disorders: alterations in 5-HT signalling and metabolism in human disease. Neurogastroenterol
Motil, 2007. 19 Suppl 2: p. 25-31.

207. Luo, M., et al., Alterations in short-chain fatty acids and serotonin in irritable bowel syndrome: a systematic
review and meta-analysis. BMC Gastroenterol, 2021. 21(1): p. 14.

208. Yano, .M, et al,, Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell,
2015. 161(2): p. 264-76.

209. Golubeva, A.V,, et al., Microbiota-related Changes in Bile Acid & Tryptophan Metabolism are Associated
with Gastrointestinal Dysfunction in a Mouse Model of Autism. EBioMedicine, 2017. 24: p. 166-178.

210. Sarkawi, M., et al, A randomized, double-blinded, placebo-controlled clinical trial on Lactobacillus-
containing cultured milk drink as adjuvant therapy for depression in irritable bowel syndrome. Sci Rep,
2024. 14(1): p. 9478.

211. Clarke, G,, et al., A Distinct Profile of Tryptophan Metabolism along the Kynurenine Pathway Downstream
of Toll-Like Receptor Activation in Irritable Bowel Syndrome. Front Pharmacol, 2012. 3: p. 90.

212. Fitzgerald, P., et al., Tryptophan catabolism in females with irritable bowel syndrome: relationship to
interferon-gamma, severity of symptoms and psychiatric co-morbidity. Neurogastroenterol Motil, 2008.
20(12): p. 1291-7.

213. Roager, HM. and T.R. Licht, Microbial tryptophan catabolites in health and disease. Nat Commun, 2018. 9(1):
p. 3294.

214. Clarke, G, et al., The microbiome-gut-brain axis during early life regulates the hippocampal serotonergic
system in a sex-dependent manner. Mol Psychiatry, 2013. 18(6): p. 666-73.

215. Clarke, G., et al.,, Tryptophan degradation in irritable bowel syndrome: evidence of indoleamine 2,3-
dioxygenase activation in a male cohort. BMC Gastroenterol, 2009. 9: p. 6.

216. Labus, ].S,, et al., Evidence for an association of gut microbial Clostridia with brain functional connectivity
and gastrointestinal sensorimotor function in patients with irritable bowel syndrome, based on tripartite
network analysis. Microbiome, 2019. 7(1): p. 45.

217. Agus, A, J. Planchais, and H. Sokol, Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease.
Cell Host Microbe, 2018. 23(6): p. 716-724.

218. O'Mahony, S.M.,, et al., Serotonin, tryptophan metabolism and the brain-gut-microbiome axis. Behav Brain
Res, 2015. 277: p. 32-48.

219. Hara, T, etal., Heat-killed Lactobacillus casei subsp. casei 327 promotes colonic serotonin synthesis in mice.
Journal of Functional Foods, 2018. 47: p. 585-589.

220. Valladares, R., et al., Lactobacillus johnsonii inhibits indoleamine 2,3-dioxygenase and alters tryptophan
metabolite levels in BioBreeding rats. Faseb j, 2013. 27(4): p. 1711-20.

221. Marcial, G.E,, et al., Lactobacillus johnsonii N6.2 Modulates the Host Inmune Responses: A Double-Blind,
Randomized Trial in Healthy Adults. Front Immunol, 2017. 8: p. 655.

222. Desbonnet, L., et al.,, The probiotic Bifidobacteria infantis: An assessment of potential antidepressant
properties in the rat. ] Psychiatr Res, 2008. 43(2): p. 164-74.

223. Zelante, T., et al., Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance
mucosal reactivity via interleukin-22. Immunity, 2013. 39(2): p. 372-85.

224. Cervantes-Barragan, L., et al., Lactobacillus reuteri induces gut intraepithelial CD4(+)CD8aa(+) T cells.
Science, 2017. 357(6353): p. 806-810.

225. Wouters, M.M., Histamine antagonism and postinflammatory visceral hypersensitivity. Gut, 2014. 63(12):
p- 1836-7.

226. Tanaka, S., et al., Gastric acid secretion in L-histidine decarboxylase-deficient mice. Gastroenterology, 2002.
122(1): p. 145-55.

227. Fargeas, M.]., ]. Fioramonti, and L. Bueno, Involvement of different receptors in the central and peripheral
effects of histamine on intestinal motility in the rat. ] Pharm Pharmacol, 1989. 41(8): p. 534-40.

228. Mishima, Y. and S. Ishihara, Molecular Mechanisms of Microbiota-Mediated Pathology in Irritable Bowel
Syndrome. Int ] Mol Sci, 2020. 21(22).


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

26

229. Fabisiak, A., et al., Targeting Histamine Receptors in Irritable Bowel Syndrome: A Critical Appraisal. J
Neurogastroenterol Motil, 2017. 23(3): p. 341-348.

230. Barbara, G., et al., Activated mast cells in proximity to colonic nerves correlate with abdominal pain in
irritable bowel syndrome. Gastroenterology, 2004. 126(3): p. 693-702.

231. Fiorani, M., et al., Histamine-producing bacteria and their role in gastrointestinal disorders. Expert Rev
Gastroenterol Hepatol, 2023. 17(7): p. 709-718.

232. Botschuijver, S., et al., Miltefosine treatment reduces visceral hypersensitivity in a rat model for irritable
bowel syndrome via multiple mechanisms. Sci Rep, 2019. 9(1): p. 12530.

233. Wouters, M.M., et al., Histamine Receptor H1-Mediated Sensitization of TRPV1 Mediates Visceral
Hypersensitivity and Symptoms in Patients With Irritable Bowel Syndrome. Gastroenterology, 2016. 150(4):
p- 875-87.€9.

234. Perez-Burgos, A., et al., The TRPV1 channel in rodents is a major target for antinociceptive effect of the
probiotic Lactobacillus reuteri DSM 17938. ] Physiol, 2015. 593(17): p. 3943-57.

235. De Palma, G,, et al., Histamine production by the gut microbiota induces visceral hyperalgesia through
histamine 4 receptor signaling in mice. Sci Transl Med, 2022. 14(655): p. eabj1895.

236. Pham, V.T,, et al., Vitamins, the gut microbiome and gastrointestinal health in humans. Nutr Res, 2021. 95:
p. 35-53.

237. Bellini, M., et al., Low FODMAP Diet: Evidence, Doubts, and Hopes. Nutrients, 2020. 12(1).

238. Guetterman, H.M.,, et al., Vitamin B-12 and the Gastrointestinal Microbiome: A Systematic Review. Adv
Nutr, 2022. 13(2): p. 530-558.

239. Xu, Y., et al., Cobalamin (Vitamin B12) Induced a Shift in Microbial Composition and Metabolic Activity in
an in vitro Colon Simulation. Front Microbiol, 2018. 9: p. 2780.

240. Valentini, L., et al., Impact of personalized diet and probiotic supplementation on inflammation, nutritional
parameters and intestinal microbiota - The "RISTOMED project”: Randomized controlled trial in healthy
older people. Clin Nutr, 2015. 34(4): p. 593-602.

241. Donaldson, M.S., Metabolic vitamin B12 status on a mostly raw vegan diet with follow-up using tablets,
nutritional yeast, or probiotic supplements. Ann Nutr Metab, 2000. 44(5-6): p. 229-34.

242. Ballini, A., et al., Effect of probiotics on the occurrence of nutrition absorption capacities in healthy children:
a randomized double-blinded placebo-controlled pilot study. Eur Rev Med Pharmacol Sci, 2019. 23(19): p.
8645-8657.

243. Mohammad, M.A,, et al.,, Plasma cobalamin and folate and their metabolic markers methylmalonic acid
and total homocysteine among Egyptian children before and after nutritional supplementation with the
probiotic bacteria Lactobacillus acidophilus in yoghurt matrix. Int ] Food Sci Nutr, 2006. 57(7-8): p. 470-80.

244. Ligaarden, S.C. and P.G. Farup, Low intake of vitamin B6 is associated with irritable bowel syndrome
symptoms. Nutr Res, 2011. 31(5): p. 356-61.

245. Roth, B., E. Larsson, and B. Ohlsson, Poor intake of vitamins and minerals is associated with symptoms
among patients with irritable bowel syndrome. ] Gastroenterol Hepatol, 2022. 37(7): p. 1253-1262.

246. Galligan, J.]., Enteric P2X receptors as potential targets for drug treatment of the irritable bowel syndrome.
Br ] Pharmacol, 2004. 141(8): p. 1294-302.

247. Spiller, R. and K. Garsed, Infection, inflammation, and the irritable bowel syndrome. Dig Liver Dis, 2009. 41(12):
p- 844-9.

248. Hellmann, H. and S. Mooney, Vitamin B6: a molecule for human health? Molecules, 2010. 15(1): p. 442-59.

249. Cellini, B., et al, Pyridoxal 5'-Phosphate-Dependent Enzymes at the Crossroads of Host-Microbe
Tryptophan Metabolism. Int ] Mol Sci, 2020. 21(16).

250. Yoshii, K., et al., Metabolism of Dietary and Microbial Vitamin B Family in the Regulation of Host
Immunity. Front Nutr, 2019. 6: p. 48.

251. Rosenberg, ]J., T. Ischebeck, and F.M. Commichau, Vitamin B6 metabolism in microbes and approaches for
fermentative production. Biotechnol Adv, 2017. 35(1): p. 31-40.

252. Yamamoto, E.A. and T.N. Jergensen, Relationships Between Vitamin D, Gut Microbiome, and Systemic
Autoimmunity. Front Immunol, 2019. 10: p. 3141.

253. Miura, K., et al., Vitamin D receptor is overexpressed in the duodenum of patients with irritable bowel
syndrome. ] Gastroenterol Hepatol, 2021. 36(4): p. 951-958.

254. Bertiaux-Vandaéle, N., et al., The expression and the cellular distribution of the tight junction proteins are
altered in irritable bowel syndrome patients with differences according to the disease subtype. Am ]
Gastroenterol, 2011. 106(12): p. 2165-73.

255. He, L., et al., Gut Epithelial Vitamin D Receptor Regulates Microbiota-Dependent Mucosal Inflammation
by Suppressing Intestinal Epithelial Cell Apoptosis. Endocrinology, 2018. 159(2): p. 967-979.

256. Du, ], etal, 1,25-Dihydroxyvitamin D Protects Intestinal Epithelial Barrier by Regulating the Myosin Light
Chain Kinase Signaling Pathway. Inflamm Bowel Dis, 2015. 21(11): p. 2495-506.

257. Zhang, H.,, et al., 1,25-dihydroxyvitamin D3 regulates the development of chronic colitis by modulating
both T helper (Th)1 and Th17 activation. Apmis, 2015. 123(6): p. 490-501.


https://doi.org/10.20944/preprints202412.0406.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0406.v1

27

258. Konya, V., et al., Vitamin D downregulates the IL-23 receptor pathway in human mucosal group 3 innate
lymphoid cells. ] Allergy Clin Immunol, 2018. 141(1): p. 279-292.

259. Bruewer, M., S. Samarin, and A. Nusrat, Inflammatory bowel disease and the apical junctional complex. Ann N
Y Acad Sci, 2006. 1072: p. 242-52.

260. Reich, K.M,, et al., Vitamin D improves inflammatory bowel disease outcomes: basic science and clinical
review. World ] Gastroenterol, 2014. 20(17): p. 4934-47.

261. Wu, S,, et al., Vitamin D receptor pathway is required for probiotic protection in colitis. Am ] Physiol Gastrointest
Liver Physiol, 2015. 309(5): p. G341-9.

262. Chong, RILH,, et al., Vitamin D supplementation for irritable bowel syndrome: A systematic review and
meta-analysis. ] Gastroenterol Hepatol, 2022. 37(6): p. 993-1003.

263. Huang, H., et al., The efficacy of vitamin D supplementation for irritable bowel syndrome: a systematic
review with meta-analysis. Nutr J, 2022. 21(1): p. 24.

264. Casseb, G.A.S., M.P. Kaster, and A.L.S. Rodrigues, Potential Role of Vitamin D for the Management of
Depression and Anxiety. CNS Drugs, 2019. 33(7): p. 619-637.

265. Jamilian, H., et al., The effects of vitamin D supplementation on mental health, and biomarkers of
inflammation and oxidative stress in patients with psychiatric disorders: A systematic review and meta-
analysis of randomized controlled trials. Prog Neuropsychopharmacol Biol Psychiatry, 2019. 94: p. 109651.

266. Jouét, P., et al., Probiotics plus vitamin D in irritable bowel syndrome: a prospective multicentric non-
interventional study. Minerva Gastroenterol (Torino), 2024. 70(3): p. 332-341.

267. Jones, M.L., C.J. Martoni, and S. Prakash, Oral supplementation with probiotic L. reuteri NCIMB 30242
increases mean circulating 25-hydroxyvitamin D: a post hoc analysis of a randomized controlled trial. J
Clin Endocrinol Metab, 2013. 98(7): p. 2944-51.

268. Singh, P., et al., The potential role of vitamin D supplementation as a gut microbiota modifier in healthy
individuals. Sci Rep, 2020. 10(1): p. 21641.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202412.0406.v1

	1. Introduction
	2. Role of Probiotics in IBS
	2.1. Impact of Probiotics in Restoring Microbiota Composition
	2.2. Effect of Probiotics in Enhancing Intestinal Motility
	2.3. Probiotics in Visceral Hypersensitivity
	2.4. Probiotics and the Modulation of Inflammatory and Immune Responses
	2.5. Role of Probiotics in Stress Response

	3. Role of Probiotic-Derived Metabolites in IBS
	3.1. Short-Chain Fatty Acids in IBS
	3.2. Bile Acids in IBS
	3.3. Neurotransmitters in IBS
	3.3.1. Gamma-Aminobutyric Acid (GABA)
	3.3.2. Dopamine
	3.3.3. Serotonin
	3.3.4. Tryptophan
	3.3.5. Histamine

	3.4. Vitamins in IBS
	3.4.1. Vitamin B12
	3.4.2. Vitamin B6
	3.4.3. Vitamin D


	4. Conclusions
	List of abbreviations.
	References

