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Abstract

Background. Pain affects approximately 20% of adults worldwide, representing a significant
global health challenge and a frequent reason for primary care visits. In the context of sports
and physical activity, effective pain management is a cornerstone of maintaining athlete well-
being and optimizing long-term performance. Recent evidence suggests that the gut-brain axis
serves as a critical bidirectional communication system influencing pain through various
pathways.

Aim This review aims to examine the mechanisms by which the gut microbiome modulates
pain perception and to explore the therapeutic potential of microbiome-targeted interventions
in clinical practice.

Material and methods. A systematic review of literature from PubMed, Web of Science, and
Scopus was conducted up to early 2026. The search focused on high-impact research regarding
the gut-brain axis, neuroinflammation, and microbial metabolites, specifically in conditions
such as Irritable Bowel Syndrome (IBS), migraine, and fibromyalgia.

Results. The gut microbiome influences pain via the production of short-chain fatty acids
(SCFAs), neurotransmitters like serotonin and GABA, and the maintenance of intestinal barrier
integrity. Dysbiosis can lead to a "leaky gut,” allowing pro-inflammatory mediators like
lipopolysaccharide (LPS) to sensitize nociceptive neurons. Clinical data show that low-
FODMAP diets and water-soluble fibers are effective for IBS pain. Probiotics and fecal
microbiota transplantation (FMT) show promise in managing pain for migraine and
fibromyalgia patients.

Conclusions. The gut microbiome is a key modulator of pain perception. While microbiome-
targeted therapies like probiotics and FMT show therapeutic potential, effects are often strain-
specific. Future research should utilize large-scale multi-omic studies to develop precision
treatments for chronic pain disorders.

Key words: Gut microbiota, Gut-brain axis, Nociception, Neuroinflammation.
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1. Introduction

Pain is defined as “an unpleasant sensory and emotional experience associated with, or
resembling that associated with, actual or potential tissue damage.” [1] Pain is a global health
problem reported by many patients in primary healthcare offices. It is estimated that
approximately 20% of adults worldwide suffer from pain, and 10% are newly diagnosed with
chronic pain each year. [2] In a study conducted by P. Méntyselka et al. in Finnish primary care,
pain accounted for 40% of physician visits. [3] For athletes and physically active individuals,
pain is often an inherent part of training and competition. However, when it transitions from an
acute signal to a chronic burden, it can significantly impair quality of life and career longevity.
The human gastrointestinal tract represents the most abundant and diverse ecosystem of
anaerobic and aerobic microorganisms in the body. The gut microbiome consists primarily of
bacteria, but also includes yeasts, archaea, and parasites. A state of homeostasis exists between
the host and the microbiota. Interactions between the host and the microbiota are regulated by
the integrity of the intestinal barrier and the immune system. This complex bidirectional
communication is referred to as the gut-brain axis, in which immune, metabolic, and
neuroactive signals play a crucial role. [4] An increasing body of evidence indicates that
microbiome alterations play a significant role in the regulation of nociceptive pain. [2] The
composition of the gut microbiota is influenced by numerous factors, including mode of
delivery, feeding practices, and antibiotic exposure. Consequently, there is no single universal
microbiome profile. However, maintaining host-microbiota balance requires appropriate
proportional representation of microbial taxa. [5] Analysis of the gut microbiome in patients
with IBS demonstrated reduced abundance of Bacteroides, Prevotella, and Parabacteroides
species compared with individuals without this symptom. [4] Studies modifying the
composition of the microbiota in patients with IBS also alleviated their symptoms, primarily
abdominal pain.

Therefore, this paper focuses on the mechanisms and interactions between the microbiota and
the host that influence pain perception, and explores potential strategies for restoring optimal
microbiome composition.

Objectives: This review aims to examine the mechanisms by which the gut microbiome
modulates pain perception and to explore the therapeutic potential of microbiome-targeted

interventions in clinical practice.



2.  Methodology

This study systematically reviewed literature from PubMed, Web of Science, and Scopus up to
early 2026, focusing on recent high-impact research on gut microbiota’s role in pain perception.
Using keywords related to the gut-brain axis, neuroinflammation, microbial metabolites, and
clinical conditions like IBS and fibromyalgia, it included peer-reviewed animal and human
studies exploring biochemical pathways of pain modulation. We excluded non-English and
non-pain-focused studies. The resulting data were synthesized into a structural framework
consisting of four thematic pillars, transitioning from foundational physiology to clinical
pathology. Initially, the review characterizes the functional baseline of the gut microbiota’s

metabolic, immunological, and neuroactive roles.

3. Discussion

3.1.  Gut microbiome composition

Microorganisms colonize all surfaces of the human body with the majority residing in the
gastrointestinal tract as the gut microbiota. Currently, it is estimated that the number of
intestinal microflora species exceeds 35,000 distinct species. [6-7] Although certain dominant
bacterial taxa are commonly observed in most individuals, the overall composition of the gut
microbiome varies substantially between individuals. Dominant phyla include Bacteroides,
Actinobacteria, Firmicutes, and Proteobacteria. In healthy individuals, Bacteroides and
Firmicutes account for approximately 90% of the gut microbiota. [8]

A diet rich in carbohydrates and dietary fiber from fruits and vegetables supports microbiome
diversity. Fructans and galacto-oligosaccharides (GOS) increase the abundance of
Lactobacillus and Bifidobacterium species. Protein intake also influences microbial diversity.
Increased consumption of fermented milk products and prebiotics enhances Bifidobacterium
abundance. Furthermore, polyphenol intake may alter microbial metabolite profiles by
modulating bacterial 7a-dehydroxylation, a process that converts primary bile acids into
secondary bile acids, thereby modifying the composition of the bile acid pool. [8-9] Conversely,
unhealthy dietary patterns, including insufficient fruit and vegetable intake and excessive use
of broad-spectrum antibiotics, may lead to dysbiosis, potentially contributing to the

development of inflammatory and autoimmune disorders. [8-9]



In summary, the gut microbiota constitutes a dynamic and environmentally sensitive ecosystem
whose composition is shaped from early life and modulated by diet, lifestyle, and
pharmacotherapy. Microbial diversity and ecological balance are essential for proper host

functioning, as reflected in its metabolic, immunological, and neuroactive roles.

3.2. Mechanism linking the gut microbiota with pain

The gut microbiome modulates pain perception by maintaining mucosal barrier integrity and
producing neuroactive signaling molecules. By regulating the maturation of innate and adaptive
immunity, commensal microbes prevent the translocation of pathogens that would otherwise
trigger systemic inflammation and nociceptor sensitization. [10]

Crucially, the microbiome synthesizes key neurotransmitters- including serotonin (5-HT),
GABA, glutamate, and dopamine- which act locally within the enteric nervous system or
systemically via the gut-brain axis. [11] These derived transmitters further influence immune
homeostasis by modulating cytokine production and T-cell activity, effectively setting the
physiological threshold for inflammatory and neuropathic pain.[11-13] Consequently,
dysbiosis- the disruption of this neuro-metabolic balance - is a central driver in the pathogenesis
of chronic pain disorders.

The microbiome is increasingly recognized as an important modulator of pain through several
interconnected mechanisms involving the gut-brain axis, microbial metabolites, immune
responses, intestinal barrier integrity, and neural signaling. These pathways collectively
influence both peripheral and central pain processing. [14-15] A central component of gut-brain
communication is microbial signaling molecules. Important mediators include short-chain fatty
acids (SCFAs) such as acetate, butyrate, and propionate, as well as lipopolysaccharide (LPS),
lipoteichoic acid (LTA), tryptophan metabolites, serotonin, bile acids, cocaine-amphetamine
regulated transcript (CART), substance P, and calcitonin gene-related peptide (CGRP). [16-17]
Additionally, the gut microbiota can synthesize neurotransmitters, including gamma-
aminobutyric acid (GABA), dopamine (DA), and acetylcholine (ACh). These compounds
enable neural communication within the gut-brain axis through the autonomic nervous system,
notably through the vagus nerve. [11,17-21]

As a result, signals derived from the microbiota can modulate nociceptive pathways and
influence inflammatory responses, which play an important role in the mechanisms underlying

chronic pain. Short-chain fatty acids (SCFAS) are of particular importance. These microbiota-



derived metabolites interact with receptors present on nociceptive neurons and immune cells,
regulating neuronal excitability and neuroinflammatory processes. [14-15,17,22-24]
Interestingly, SCFAs may produce both analgesic and pro-nociceptive effects depending on
physiological context. [25] Under normal conditions, SCFASs tend to reduce neuroinflammation
and pain. However, when the intestinal barrier is compromised, molecules such as butyrate and
propionate can activate the NLRP3 inflammasome in macrophages, promoting IL-1f release
and contributing to neuroinflammation. [18] Conversely, SCFAs can activate free fatty acid
receptor 3 (FFAR3) on afferent neurons originating in the gut. This activation can trigger anti-
inflammatory responses in the brain and stimulate the release of mediators such as acetylcholine,
which interact with immune cells to suppress inflammation. [26]

Many of these afferent neurons are associated with the vagus nerve. The vagus nerve plays a
major anti-inflammatory role by reducing peripheral inflammation and improving intestinal
barrier function, thereby influencing microbiota composition and systemic immune responses.
[18]

Gut microbiota-derived metabolites also regulate neuroimmune interactions. SCFAs and
secondary bile acids can modulate macrophage polarization, microglial activation, T-cell
differentiation, and astrocyte function. These effects significantly influence neuroinflammation
and nociceptive signaling. Short-chain fatty acids-particularly butyrate-promote anti-
inflammatory immune responses through activation of the aryl hydrocarbon receptor (AhR) and
G-protein-coupled receptors (GPRs). They also inhibit histone deacetylases (HDACS), thereby
reducing neuroinflammation and neuropathic pain. [14,27]

Secondary bile acids produced by gut microbiota also contribute to pain modulation and often
exert analgesic effects.[27] These molecules inhibit Toll-like receptor 4 (TLR4) signaling and
interact with immune cells such as macrophages and T cells to reduce neuroinflammation. Bile
acids also activate the TGR5 receptor within the nervous system, which can reduce neuropathic
pain and regulate TRPV1 activity.

TRPV1 channels are highly expressed in dorsal root ganglia (DRG) neurons and play a critical
role in nociception by detecting harmful stimuli and transmitting pain signals to the CNS.
Dysregulation of bile acid metabolism may impair TGR5 signaling and contribute to abnormal
TRPV1 expression, particularly in diabetic peripheral neuropathic pain. Experimental evidence
shows that administration of the bile acid ursodeoxycholic acid (UDCA) reduces pain
sensitivity in mouse models of fibromyalgia, suggesting therapeutic potential.[27]
Neuroinflammation is a central driver of neuropathic pain. It often exceeds systemic

inflammation in its ability to initiate and sustain pain and is more difficult to detect clinically.
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Neuroinflammation affects damaged neurons, degenerating fibers, and surrounding intact
neurons, amplifying nociceptive signaling. [27]

Activation of glial cells- including microglia and astrocytes-results in the release of
proinflammatory mediators that sensitize pain pathways and promote central sensitization.
These processes increase neuronal excitability and can produce hyperalgesia and allodynia,
hallmarks of chronic pain conditions. [28-30]

The microbiome may also affect pain signaling indirectly through enteroendocrine cells.
Microbial interactions with these cells stimulate the release of hormones such as leptin and
glucagon-like peptide-1 (GLP-1), which activate extrinsic afferent neurons and influence
nociceptive pathways.[25]

Another important microbial pathway involves tryptophan metabolism. Gut bacteria convert
tryptophan into serotonin, indole derivatives, and kynurenine, each of which can influence
neuroinflammation and pain perception.[31]

Serotonin synthesized in the gut contributes to gastrointestinal function and may influence
visceral pain. Antagonism of certain serotonin receptors, particularly 5-HT3 receptors, has been
shown to reduce visceral pain and slow intestinal transit. [32]

Indole derivatives and kynurenine metabolites can interact with the aryl hydrocarbon receptor
(AhR), forming a microbiota-AhR-neural axis that regulates neuronal function. Kynurenine
also acts as an NMDA receptor antagonist and as an endogenous agonist of GPR-35, both of
which influence nociceptive signaling. Inhibition of the kynurenine pathway has been shown
to significantly reduce neuropathic pain, suggesting a potential therapeutic target. [27]

The gut microbiota also interacts closely with the immune system. Microbial molecules are
recognized by host pattern recognition receptors (PRRs), including Toll-like receptors (TLRs)
and NOD-like receptors expressed on immune cells. One key receptor is TLR4, which detects
microbial molecules such as lipopolysaccharide (LPS). [33]

Disruption of gut microbiota composition can lead to excessive activation of these receptors
and the inflammasome pathway. This results in cytokine production and chronic inflammation
that damages the intestinal barrier. Increased intestinal permeability- often referred to as “leaky
gut”- allows microbial products and cytokines to enter circulation and potentially reach the
CNS, promoting neuroinflammation and altered pain perception. [31]

Bacterial components can also directly activate nociceptive neurons. Cytokines released after
TLR activation stimulate TRPA1 and TRPV1 channels on sensory neurons, triggering neuronal
depolarization and pain signaling. Lipopolysaccharide can sensitize TRPV1 responses and
activate TRPA1 channels, promoting neurogenic inflammation. [27]


https://doi.org/10.1186/s10194-025-02260-4
https://doi.org/10.1136/gut.51.suppl_1.i77
https://doi.org/10.1186/s10194-025-02260-4
https://doi.org/10.1186/s12929-018-0476-7
https://doi.org/10.1186/s10194-025-02260-4

Other bacterial molecules- including flagellin and capsular polysaccharide A - can activate
sensory neurons through receptors such as TLR5 on dorsal root ganglia neurons. Antibiotic
studies in mice show that reducing gut microbiota decreases inflammatory mediators and TLR4
expression, while LPS administration restores inflammation and pain signaling. [34]

These microbial-immune interactions are particularly relevant in chemotherapy-induced
neuropathy. Research shows that gut microbiota-derived LPS amplifies macrophage
inflammation during oxaliplatin treatment, contributing to neuropathic pain through the LPS-
TLR4 signaling pathway. [34]

Finally, experiments using germ-free animals demonstrate that commensal microbiota are
essential for normal pain sensitivity. Germ-free mice exhibit reduced responses to inflammatory
stimuli such as LPS and IL-1p, while colonization with conventional microbiota restores normal
neuronal excitability. [31]

Overall, growing evidence indicates that the gut microbiota is a key regulator of pain perception
through its effects on immune signaling, neuroinflammation, microbial metabolites, and
neuronal communication within the gut-brain axis. Dysbiosis can disrupt these pathways and
increase susceptibility to chronic pain conditions, suggesting that microbiome-targeted

therapies may represent promising strategies for future pain management. [34]

3.3.  Therapeutic Possibilities

Several strategies may modulate gut microbiota composition. One approach involves the use of
probiotics. According to the Food and Agriculture Organization (FAO) and the World Health
Organization (WHO), probiotics are defined as “live microorganisms which, when
administered in adequate amounts, confer a health benefit on the host.” [35] Several human
studies have demonstrated benefits of probiotics in chronic pain management. A randomized,
double-blind clinical trial involving pediatric IBS patients (NCT01180556) showed that four-
week supplementation with Lactobacillus reuteri DSM 17938 reduced both the frequency and
severity of abdominal pain. [4]

Prebiotics represent another therapeutic option. These are non-viable food components that
beneficially affect host health by selectively stimulating growth and/or activity of beneficial gut
microorganisms, particularly Lactobacillus and Bifidobacterium species. [4,36] Vulevic et al.
demonstrated that a prebiotic galacto-oligosaccharide mixture alleviated abdominal pain

associated with gastrointestinal disorders in adults. [37]
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Fecal microbiota transplantation (FMT) is another therapeutic strategy. This procedure involves
transferring stool from a healthy donor into the gastrointestinal tract of a recipient to restore
microbiota composition and function. [4] In a randomized study of patients with treatment-
resistant IBS with predominant bloating, Holvoet et al. demonstrated that FMT improved
symptoms compared with placebo; however, the effect was not sustained long term. [38]

Dietary interventions also significantly influence gut microbiota. High-fiber diets modulate
microbiome composition by promoting proliferation of beneficial bacterial species such as
Bifidobacterium and Lactobacillus while inhibiting pathogenic bacteria.[39] For athletes, these
dietary and microbiome-targeted strategies offer a promising, non-invasive avenue to manage
exercise-induced systemic inflammation and the gastrointestinal distress frequently associated
with high-intensity training. Guo et al. demonstrated that a low-FODMAP diet reduces

abdominal pain in IBS patients by limiting bacterial fermentation and gas production. [14]

4.  Microbiome in selected pain syndromes

4.1. Irritable Bowel Syndrome (IBS)

IBS is a chronic functional disorder characterized by recurrent abdominal pain and altered
bowel habits. [40-41] Gut dysbiosis is a central feature of its pathogenesis, highlighting the
critical role of the microbiota-gut-brain axis in symptom development. [42] This often presents
as a reduced abundance of beneficial taxa—such as Bifidobacterium and Faecalibacterium—
and an increase in Firmicutes. These microbial shifts impair butyrate metabolism and serotonin
signaling , which in turn drive visceral hypersensitivity, increased intestinal permeability, and
low-grade immune activation.[43-45]

Among microbiome-targeted therapies, the low-FODMAP diet is identified as the most
effective intervention for global symptom and pain relief. [46] Supplementation with water-
soluble fiber (e.g., psyllium husk) is also strongly recommended as a first-line therapy. [47]
While certain probiotic strains, such as Bifidobacterium longum and Lactobacillus plantarum
299v, show modest reductions in abdominal pain , their effects remain highly strain-specific.
[48-49] Conversely, while FMT may offer short-term improvements , it has not demonstrated

sustained long-term benefits for IBS pain in controlled trials. [47,50]
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4.2.  Migraine

Migraine is a complex neurological condition characterized by recurrent, debilitating headaches
often accompanied by nausea and sensory sensitivities. [51] The gut-brain axis is a critical
driver of migraine pathogenesis, involving a triad of proinflammatory mediators, serotonergic
pathways, and neuropeptides. Notably, elevated levels of calcitonin gene-related peptide
(CGRP)- a key mediator in migraine-are closely correlated with symptom severity. Clinical
evidence highlights a strong link between migraines and gastrointestinal disturbances.
Probiotic supplementation involving strains such as Lactobacillus acidophilus and
Bifidobacterium has been shown to improve patient quality of life by enhancing intestinal
barrier integrity and regulating systemic immune responses. [4,52-53]

4.3. Fibromyalgia (FM)

FM is a chronic condition defined by widespread musculoskeletal pain, fatigue, and cognitive
dysfunction. [54] Recent evidence suggests a causal relationship between gut dysbiosis and FM
pain; for instance, fecal microbiota transplantation (FMT) from FM patients into germ-free
mice induces pain symptoms similar to those observed in humans. [55-56] Conversely, FMT
from healthy donors into FM patients has demonstrated significant, sustained reductions in pain
scores and improvements in sleep and mood for up to 12 months. [57-58] Specific metabolic
alterations, such as the depletion of a-muricholic acid due to altered bile acid-metabolizing
bacteria, correlate directly with pain intensity. [55-56] Furthermore, targeted probiotic therapy
(4 x 10%° CFU/day for 8 weeks) has been shown to significantly reduce pain scores (VAS) and
psychological distress in clinical settings. [59] Given that musculoskeletal pain is a primary
concern in sports medicine, the significant reduction in pain scores through microbiome
modulation suggests these therapies could be adapted to accelerate recovery and manage pain
in professional sporting contexts. While specific dietary therapies for fibromyalgia lack
definitive evidence, current research suggests that weight management, anti-inflammatory diets,
and vitamin D supplementation can effectively improve symptoms, though further study is
required. [60]

5. Conclusion
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In conclusion, accumulating scientific evidence indicates that the gut microbiome plays a
significant role in pain modulation. As demonstrated in the cited studies, both the composition
and diversity of gastrointestinal microorganisms may influence the intensity and character of
pain symptoms. This association has been documented in conditions such as migraine, IBS or
FM. Expanding our understanding of the microbiome’s role in pain perception has profound
implications for the sporting world, potentially leading to 'probiotic-based' recovery protocols
that reduce reliance on traditional analgesics. Underlying mechanisms include gut-brain axis
interactions, immune regulation, production of bacterial metabolites, and modulation of neural
signaling.

This field holds considerable research potential, particularly given that pain- especially
abdominal and headache disorders- remains among the most common reasons for medical
consultation. Improved understanding of microbiome involvement in pain pathogenesis may
facilitate development of more personalized and effective therapeutic strategies, including
targeted probiotic therapy, dietary modification, and microbiota-based interventions.

Despite promising findings, further research is necessary. Future studies should include larger
and more diverse populations and standardized inclusion criteria to enhance reliability and
comparability of results. Identifying specific bacterial species that contribute to the
development and persistence of distinct pain phenotypes represents a crucial research direction.
Such approaches may pave the way for precision microbiome-based therapies and deepen our
understanding of the complex interactions between the gut microbiome and the human nervous

system.

Disclosure

Supplementary Materials: Not applicable.

Author Contributions:

Conceptualization: Anna Korzeniowska, Greta Stotecka.

Methodology: Anna Korzeniowska, Greta Stotecka.

Software: Not applicable.

Check (Validation): Joanna Jedrysiak, Karolina Mikotka, Martyna Lelonkiewicz.

Formal analysis: Joanna Jedrysiak, Karolina Mikotka, Martyna Lelonkiewicz.

Investigation: Anna Korzeniowska, Greta Stolecka, Wiktoria Kolasa, Katarzyna Szeliga,
Magdalena Kolanko, Julia Grabowska, Patrycja Kosidto, Karolina Mikoétka.

Resources: Greta Stotecka, Wiktoria Kolasa, Katarzyna Szeliga, Julia Grabowska, Patrycja
Kosidlo, Karolina Mikotka.

12



Data curation: Anna Korzeniowska, Wiktoria Kolasa, Katarzyna Szeliga, Magdalena Kolanko,
Julia Grabowska, Patrycja Kosidto.

Writing- rough preparation: Anna Korzeniowska, Greta Stolecka, Magdalena Kolanko,
Joanna Jedrysiak, Martyna Lelonkiewicz.

Writing- review and editing: Anna Korzeniowska, Greta Stotecka.

Visualization: Anna Korzeniowska.

Supervision: Anna Korzeniowska.

Project administration: Anna Korzeniowska.

All authors have read and agreed with the published version of the manuscript.
Funding: This study has not received any external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgements: Not applicable.

Conflict of Interest: The authors declare that there are no financial or personal
relationships with other people or organizations that could inappropriately influence (bias)
their work.

Al: Al was utilized for two specific purposes in this research. Text analysis of clinical
reasoning narratives to identify linguistic patterns associated with specific logical
fallacies. Assistance in refining the academic English language of the manuscript,
ensuring clarity, consistency, and adherence to scientific writing standards. Al were
used for additional linguistic refinement of the research manuscript, ensuring proper
English grammar, style, and clarity in the presentation of results. It is important to
emphasize that all Al tools were used strictly as assistive instruments under human
supervision. The final interpretation of results, classification of errors, and
conclusions were determined by human experts in clinical medicine and formal logic.
The Al tools served primarily to enhance efficiency in data processing, pattern
recognition, and linguistic refinement, rather than replacing human judgment in the

analytical process.

13



References

1.

Polskie Towarzystwo Badania Bolu. Bol — definicja IASP 2020 [Internet]. Warszawa:
PTBB; 2020 [cited 2026 Mar 14]. Available from: https://ptbb.pl/17-aktualnosci/556-
bol-definicja-iasp-2020

Nawarathna G, Fakhruddin KS, Shorbagi AISA, Samaranayake LP. The gut
microbiota-neuroimmune crosstalk and neuropathic pain: a scoping review. Gut
Microbiome. 2023;4:e10. DOI: https://doi.org/10.1017/gmb.2023.7

Méntyselkd, Pekka & Kumpusalo, Esko & Ahonen, Riitta & Kumpusalo, Anne &
Kauhanen, Jussi & Viinaméki, Heimo & Halonen, Pirjo & Takala, Jorma. (2001).
Pain as a reason to visit the doctor: A study in Finnish primary health care. Pain. 89.
175-80. DOI: 10.1016/s0304-3959(00)00361-4

Ustianowska, K.; Ustianowski, £..; Machaj, F.; Goracy, A.; Rosik, J.; Szostak, B.;
Szostak, J.; Pawlik, A. The Role of the Human Microbiome in the Pathogenesis of
Pain. Int. J. Mol. Sci. 2022, 23, 13267. https://doi.org/10.3390/ijms232113267
Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, Gasbarrini A, Mele
MC. What is the Healthy Gut Microbiota Composition? A Changing Ecosystem
across Age, Environment, Diet, and Diseases. Microorganisms. 2019 Jan 10;7(1):14.
doi: 10.3390/microorganisms7010014. PMID: 30634578; PMCID: PMC6351938.
Afzaal M, Saeed F, Shah YA, Hussain M, Rabail R, Socol CT, Hassoun A, Pateiro
M, Lorenzo JM, Rusu AV and Aadil RM (2022) Human gut microbiota in health and
disease: Unveiling the relationship. Front. Microbiol. 13:999001. DOI:
10.3389/fmicbh.2022.999001

Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H, Sasikala M, Nageshwar
Reddy D. Role of the normal gut microbiota. World J Gastroenterol. 2015 Aug
7;21(29):8787-803. doi: 10.3748/wjg.v21.i29.8787. PMID: 26269668; PMCID:
PMC4528021.

Ma ZF, Lee YY. The Role of the Gut Microbiota in Health, Diet, and Disease with a
Focus on Obesity. Foods. 2025 Feb 4;14(3):492.
https://doi.org/10.3390/foods14030492; PMID: 39942085; PMCID: PMC11817362.
Pushpanathan P, Mathew GS, Selvarajan S, Seshadri KG, Srikanth P. Gut microbiota
and its mysteries. Indian J Med Microbiol. 2019 Apr-Jun;37(2):268-277. DOI:
10.4103/ijmm.1JIMM_19 373; PMID: 31745030.

14


https://ptbb.pl/17-aktualnosci/556-bol-definicja-iasp-2020
https://ptbb.pl/17-aktualnosci/556-bol-definicja-iasp-2020
https://ptbb.pl/17-aktualnosci/556-bol-definicja-iasp-2020
https://doi.org/10.1017/gmb.2023.7
https://doi.org/10.1016/s0304-3959(00)00361-4
https://doi.org/10.3390/ijms232113267
https://pubmed.ncbi.nlm.nih.gov/30634578/
https://doi.org/10.3389/fmicb.2022.999001
https://pubmed.ncbi.nlm.nih.gov/26269668/
https://doi.org/10.3390/foods14030492
https://doi.org/10.4103/ijmm.ijmm_19_373

10.

11.

12.

13.

14.

15.

16.

17.

18.

Schluter J, Peled JU, Taylor BP, Lin PY, Giardina ST, Cunningham-Rundles C, et al.
The gut microbiota is associated with immune cell dynamics in humans. Nature.
2020;588:303-307. DOI: 10.1038/s41586-020-2971-8

Pusceddu MM, Gareau MG. Visceral pain: gut microbiota, a new hope? J Biomed
Sci. 2018 Oct 11;25(1):73. DOI: 10.1186/s12929-018-0476-7. PMID: 30309367,
PMCID: PMC6182804.

Cryan JF, O'Riordan KJ, Sandhu K, Peterson V, Dinan TG. The gut microbiome in
neurological disorders. Lancet Neurol. 2020 Feb;19(2):179-194. DOI:
10.1016/S1474-4422(19)30356-4. Epub 2019 Nov 18. PMID: 31753762.

Yu LW, Hsiao EY. Microbial regulation of serotonin and neuroimmune interactions.
Curr Opin Immunol. 2025 Oct;96:102639. DOI: 10.1016/j.¢c0i.2025.102639. Epub
2025 Aug 19. PMID: 40840010.

Guo R, Chen LH, Xing C, Liu T. Pain regulation by gut microbiota: molecular
mechanisms and therapeutic potential. Br J Anaesth. 2019 Nov;123(5):637-654. DOI:
10.1016/j.bja.2019.07.026. Epub 2019 Sep 21. PMID: 31551115.

Liu L, Wu Q, Chen Y, Ren H, Zhang Q, Yang H, Zhang W, Ding T, Wang S, Zhang
Y, Liu 'Y, Sun J. Gut microbiota in chronic pain: Novel insights into mechanisms and
promising therapeutic strategies. Int Immunopharmacol. 2023 Feb;115:109685.
https://doi.org/10.1016/j.intimp.2023.109685. Epub 2023 Jan 24. PMID: 37278059.
Khan MT, Zohair M, Khan A, Kashif A, Mumtaz S, Muskan F. From Gut to Brain:
The roles of intestinal microbiota, immune system, and hormones in intestinal
physiology and gut-brain-axis. Mol Cell Endocrinol. 2025 Sep 15;607:112599. DOI:
10.1016/j.mce.2025.112599. Epub 2025 Jun 6. PMID: 40482955.

Cryan JF, O'Riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS, Boehme M,
Codagnone MG, Cussotto S, Fulling C, Golubeva AV, Guzzetta KE, Jaggar M, Long-
Smith CM, Lyte JM, Martin JA, Molinero-Perez A, Moloney G, Morelli E, Morillas
E, O'Connor R, Cruz-Pereira JS, Peterson VL, Rea K, Ritz NL, Sherwin E, Spichak
S, Teichman EM, van de Wouw M, Ventura-Silva AP, Wallace-Fitzsimons SE,
Hyland N, Clarke G, Dinan TG. The Microbiota-Gut-Brain Axis. Physiol Rev. 2019
Oct 1;99(4):1877-2013. DOI: 10.1152/physrev.00018.2018. PMID: 31460832.
Bonaz B, Bazin T, Pellissier S. The Vagus Nerve at the Interface of the Microbiota-
Gut-Brain Axis. Front Neurosci. 2018 Feb 7;12:49. DOI: 10.3389/fnins.2018.00049.
PMID: 29467611; PMCID: PMC5808284.

15


https://doi.org/10.1038/s41586-020-2971-8
https://doi.org/10.1186/s12929-018-0476-7
https://doi.org/10.1016/s1474-4422(19)30356-4
https://doi.org/10.1016/j.coi.2025.102639
https://doi.org/10.1016/j.bja.2019.07.026
https://doi.org/10.1016/j.intimp.2023.109685
https://doi.org/10.1016/j.mce.2025.112599
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.3389/fnins.2018.00049

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Qu S, Yu Z, Zhou Y, Wang S, Jia M, Chen T, Zhang X. Gut microbiota modulates
neurotransmitter and gut-brain signaling. Microbiol Res. 2024 Oct;287:127858. DOI:
10.1016/j.micres.2024.127858. Epub 2024 Jul 26. PMID: 39106786.

Strandwitz P. Neurotransmitter modulation by the gut microbiota. Brain Res. 2018
Aug 15;1693(Pt B):128-133. DOI: 10.1016/j.brainres.2018.03.015. PMID: 29903615;
PMCID: PMC6005194

Dicks LMT. Gut Bacteria and Neurotransmitters. Microorganisms. 2022 Sep
14;10(9):1838. DOI: 10.3390/microorganisms10091838. PMID: 36144440; PMCID:
PMC9504309.

Minerbi A, Shen S. Gut Microbiome in Anesthesiology and Pain Medicine.
Anesthesiology. 2022 Jul 1;137(1):93-108. DOI: 10.1097/ALN.0000000000004204.
PMID: 35486831; PMCID: PMC9183187.

Rea K, O'Mahony SM, Dinan TG, Cryan JF. The Role of the Gastrointestinal
Microbiota in Visceral Pain. Handb Exp Pharmacol. 2017;239:269-287. DOI:
10.1007/164_2016_115. PMID: 28035535.

Mayer EA, Tillisch K, Gupta A. Gut/brain axis and the microbiota. J Clin Invest.
2015 Mar 2;125(3):926-38. DOI: 10.1172/JC176304. Epub 2015 Feb 17. PMID:
25689247; PMCID: PMC4362231.

Lomax AE, Pradhananga S, Sessenwein JL, O'Malley D. Bacterial modulation of
visceral sensation: mediators and mechanisms. Am J Physiol Gastrointest Liver
Physiol. 2019 Sep 1;317(3):G363-G372. DOI: 10.1152/ajpgi.00052.2019. Epub
2019 Jul 10. PMID: 31290688.

Shin AS, Xing Y, Waseem MR, Siwiec R, James-Stevenson T, Rogers N, Bohm M,
Wo J, Lockett C, Gupta A, Kadariya J, Toh E, Anderson R, Dong A, Xu H, Gao X.
Microbiota and short chain fatty acid relationships underlie clinical heterogeneity and
identify key microbial targets in irritable bowel syndrome (IBS). Sci Rep. 2025 Oct
9;15(1):35375. DOI: 10.1101/2024.01.31.24302084. PMID: 41068306; PMCID:
PMC12511408.

Gong, Z., Zou, J., Fang, Y. et al. The role of gut microbiota in neuropathic pain:
insights into immune mechanisms. J Headache Pain 27, 28 (2026).
https://doi.org/10.1186/s10194-025-02260-4

Vergne-Salle P, Bertin P. Chronic pain and neuroinflammation. Joint Bone Spine.
2021 Dec;88(6):105222. DOI: 10.1016/j.jbspin.2021.105222. Epub 2021 May 19.
PMID: 34022418.

16


https://doi.org/10.1016/j.micres.2024.127858
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.3390/microorganisms10091838
https://doi.org/10.1097/aln.0000000000004204
https://doi.org/10.1007/164_2016_115
https://doi.org/10.1172/jci76304
https://doi.org/10.1152/ajpgi.00052.2019
https://doi.org/10.1101/2024.01.31.24302084
https://doi.org/10.1186/s10194-025-02260-4
https://doi.org/10.1016/j.jbspin.2021.105222

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Echeverria-Villalobos M, Tortorici V, Brito BE, Ryskamp D, Uribe A and Weaver T
(2023) The role of neuroinflammation in the transition of acute to chronic pain and
the opioid-induced hyperalgesia and tolerance. Front. Pharmacol. 14:1297931. DOI:
10.3389/fphar.2023.1297931

Calvo M, Dawes JM, Bennett DL. The role of the immune system in the generation
of neuropathic pain. Lancet Neurol. 2012 Jul;11(7):629-42. DOI: 10.1016/S1474-
4422(12)70134-5. PMID: 22710756.

Pusceddu, M.M., Gareau, M.G. Visceral pain: gut microbiota, a new hope?. J Biomed
Sci 25, 73 (2018). https://doi.org/10.1186/s12929-018-0476-7

Tack J, Sarnelli G. Serotonergic modulation of visceral sensation: upper
gastrointestinal tract. Gut. 2002 Jul;51 Suppl 1(Suppl 1):i77-80.  DOI:
10.1136/gut.51.suppl_1.i77. PMID: 12077073; PMCID: PMC1867718.

Mogensen TH. Pathogen recognition and inflammatory signaling in innate immune
defenses. Clin Microbiol Rev. 2009 Apr;22(2):240-73, Table of Contents. DOI:
10.1128/CMR.00046-08. PMID: 19366914; PMCID: PMC2668232.

Brenner D, Shorten GD, O'Mahony SM. Postoperative pain and the gut microbiome.
Neurobiol Pain. 2021 Aug 3;10:100070. DOI: 10.1016/j.ynpai.2021.100070. PMID:
34409198; PMCID: PMC8361255.

Azad MAK, Sarker M, Li T, Yin J. Probiotic Species in the Modulation of Gut
Microbiota: An Overview. Biomed Res Int. 2018 May 8;2018:9478630. DOI:
10.1155/2018/9478630. PMID: 29854813; PMCID: PMC5964481.

Roberfroid M. Prebiotics: the concept revisited. J Nutr. 2007 Mar;137(3 Suppl
2):830S-7S. DOI: 10.1093/jn/137.3.830S. PMID: 17311983.

Vulevic J, Tzortzis G, Juric A, Gibson GR. Effect of a prebiotic
galactooligosaccharide mixture (B-GOS®) on gastrointestinal symptoms in adults
selected from a general population who suffer with bloating, abdominal pain, or
flatulence.  Neurogastroenterol Motil. 2018 Nov;30(11):e13440. DOI:
10.1111/nmo.13440. Epub 2018 Aug 15. PMID: 30109908.

Holvoet T, Joossens M, VVazquez-Castellanos JF, Christiaens E, Heyerick L, Boelens
J, Verhasselt B, van Vlierberghe H, De Vos M, Raes J, De Looze D. Fecal Microbiota
Transplantation Reduces Symptoms in Some Patients With Irritable Bowel Syndrome
With Predominant Abdominal Bloating: Short- and Long-term Results From a
Placebo-Controlled Randomized Trial. Gastroenterology. 2021 Jan;160(1):145-
157.e8. DOI: 10.1053/j.gastro0.2020.07.013. Epub 2020 Jul 15. PMID: 32681922.

17


https://doi.org/10.3389/fphar.2023.1297931
https://doi.org/10.1016/s1474-4422(12)70134-5
https://doi.org/10.1016/s1474-4422(12)70134-5
https://doi.org/10.1186/s12929-018-0476-7
https://doi.org/10.1136/gut.51.suppl_1.i77
https://doi.org/10.1128/cmr.00046-08
https://doi.org/10.1016/j.ynpai.2021.100070
https://doi.org/10.1155/2018/9478630
https://doi.org/10.1093/jn/137.3.830s
https://doi.org/10.1111/nmo.13440
https://doi.org/10.1053/j.gastro.2020.07.013

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Zhao M, Zhang L and Liu Z (2025) Gut microbiota-mediated pain sensitization:
mechanisms and therapeutic implications. Front. Pain Res. 6:1626515. DOI:
10.3389/fpain.2025.1626515

Babicki M, Mastalerz-Migas A, Stolarczyk M, Wasko-Czopnik D, Wichniak A.
Position of an expert panel on diagnosis of treatment of irritable bowel syndrome.
Family Medicine & Primary Care Review. 2023;25(4):472-479. DOI:
https://doi.org/10.5114/fmpcr.2023.132973.

Jaworowska A, Dudzinska E, Zagorska J, Koch W. Pathogenesis and treatment of
irritable bowel syndrome. Medical Studies/Studia Medyczne. 2025;41(3):179-188.
DOI: https://doi.org/10.5114/ms.2025.15443.

Karasek M, Szyszko M, Polanski K, Andrzejczuk S, Kasela M, Kosikowska U.
Linking gut microbiota and irritable bowel syndrome (IBS): a review. Family
Medicine & Primary Care Review. 2025;27(4):179-188. DOI:10.2478/am-2025-
0012.

Franzin M., Stefanci¢ K., Lucafo M., Decorti G., & Stocco G.. Microbiota and Drug
Response in Inflammatory Bowel Disease. Pathogens 2021;10(2):211.
https://doi.org/10.3390/pathogens10020211

Aldars-Garcia L., Chaparro M., & Gisbert J.. Systematic Review: The Gut
Microbiome and Its Potential Clinical Application in Inflammatory Bowel Disease.
Microorganisms 2021;9(5):977. https://doi.org/10.3390/microorganisms9050977
Ling Z., Zhu M., Yan X., Cheng Y., Li S., Liu X.et al.. Structural and Functional
Dysbiosis of Fecal Microbiota in Chinese Patients With Alzheimer's Disease.
Frontiers in Cell and Developmental Biology 2021;8.
https://doi.org/10.3389/fcell.2020.634069

Black CJ, Staudacher HM, Ford AC. Efficacy of a low FODMAP diet in irritable
bowel syndrome: systematic review and network meta-analysis. Gut. 2022
Jun;71(6):1117-1126. DOI: 10.1136/gutjnl-2021-325214. Epub 2021 Aug 10. PMID:
34376515.

Memel Z., Shah N., & Beck K.. Diet, nutraceuticals, and lifestyle interventions for
the treatment and management of irritable bowel syndrome. Nutrition in Clinical
Practice 2025;40(5):1013-1030. https://doi.org/10.1002/ncp.11307

Goodoory, V. C., & Ford, A. C. (2023). Antibiotics and probiotics for irritable bowel
syndrome. Drugs, 83(7), 687—699. https://doi.org/10.1007/s40265-023-01871-y

18


https://doi.org/10.3389/fpain.2025.1626515
https://doi.org/10.5114/fmpcr.2023.132973
https://doi.org/10.5114/ms.2025.154432
https://doi.org/10.2478/am-2025-0012
https://doi.org/10.2478/am-2025-0012
https://doi.org/10.3390/pathogens10020211
https://doi.org/10.3390/microorganisms9050977
https://doi.org/10.3389/fcell.2020.634069
https://doi.org/10.1136/gutjnl-2021-325214
https://doi.org/10.1002/ncp.11307
https://doi.org/10.1007/s40265-023-01871-y

49,

50.

51.

52.

53.

54,

55.

56.

S57.

58.

Maslennikov R, Gosteeva E, Ananeva V, Korshunova L, Kravtsowa A, Poluektova
E, et al. Strain-Specific Systematic Review with Meta-Analysis of Probiotics
Efficacy in the Treatment of Irritable Bowel Syndrome. J Clin Med. 2026;15:1152.
DOI: 10.3390/jcm15031152

Li X, Yuan Q, Huang H and Wang L (2025) Gut microbiota in irritable bowel
syndrome: a narrative review of mechanisms and microbiome-based therapies. Front.
Immunol. 16:1695321. DOI: 10.3389/fimmu.2025.1695321

Pescador Ruschel MA, De Jesus O. Migraine Headache. [Updated 2024 Jul 5]. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2026 Jan-.
Available from: https://www.ncbi.nIm.nih.gov/books/NBK560787/

El Karim IA, Linden GJ, Orr DF, Lundy FT. Antimicrobial activity of neuropeptides
against a range of micro-organisms from skin, oral, respiratory and gastrointestinal
tract sites. J  Neuroimmunol. 2008 Aug 30;200(1-2):11-6. DOI:
10.1016/j.jneuroim.2008.05.014. Epub 2008 Jul 7. PMID: 18603306.

Guo R, Chen L, Xing C, Liu T, Zhang L. Pain regulation by gut microbiota: molecular
mechanisms and therapeutic potential. Br J Anaesth. 2019;123(5):637-654. DOI:
10.1016/j.bja.2019.07.026

Winslow BT. Fibromyalgia: Diagnosis and Management. Am Fam Physician.
2023;107(2):137-144. PMID: 36791450.
https://www.researchgate.net/publication/368543079_Fibromyalgia_Diagnosis_and
_Management

Minerbi A, Gonzalez E, Brereton NJB, Anjarkouchian A, Dewar K, Fitzcharles MA,
Chevalier S, Shir Y. Altered microbiome composition in individuals with
fibromyalgia. Pain. 2019 Nov;160(11):2589-2602. DOI:
10.1097/j.pain.0000000000001640. PMID: 31219947.

Minerbi A, Gonzalez E, Brereton N, Fitzcharles MA, Chevalier S, Shir Y. Altered
serum bile acid profile in fibromyalgia is associated with specific gut microbiome
changes and symptom severity. Pain. 2023 Feb 1;164(2):e66-e76. DOI:
10.1097/j.pain.0000000000002694. Epub 2022 May 19. PMID: 35587528.
Lesmana I. Fibromyalgia pain may have a gut solution. Neuron. 2025;113(13):2029-
2031. DOI: 10.1016/j.neuron.2025.06.005

Cai W, Zhang Y, Li X, et al. The gut microbiota promotes pain in fiboromyalgia.
Neuron. 2025;113(5):789-803. DOI: 10.1016/j.neuron.2025.03.032

19


https://doi.org/10.3390/jcm15031152
https://doi.org/10.3389/fimmu.2025.1695321
https://www.ncbi.nlm.nih.gov/books/NBK560787/
https://doi.org/10.1016/j.jneuroim.2008.05.014
https://doi.org/10.1016/j.bja.2019.07.026
https://www.researchgate.net/publication/368543079_Fibromyalgia_Diagnosis_and_Management
https://www.researchgate.net/publication/368543079_Fibromyalgia_Diagnosis_and_Management
https://doi.org/10.1097/j.pain.0000000000001640
https://doi.org/10.1097/j.pain.0000000000002694
https://doi.org/10.1016/j.neuron.2025.06.005
https://doi.org/10.1016/j.neuron.2025.03.032

59.

60.

Aslan Cin NN, Acik M, Tertemiz OF, Aktan C, Akgali DT, Cakiroglu FP, Ozgelik
AOQ. Effect of prebiotic and probiotic supplementation on reduced pain in patients
with fibromyalgia syndrome: a double-blind, placebo-controlled randomized clinical
trial. Psychol Health Med. 2024;29(3):528-541. DOI:
10.1080/13548506.2023.2216464

Wendland M, Janikowska J, Zak-Gontarz A, Piotrowska J, Domanska A, Lubinska-
Kowalska A, et al. The influence of diet on patients suffering from Fibromyalgia
Syndrome. Qual Sport [Internet]. 2025 May 12;41:60298.
https://doi.org/10.12775/QS.2025.41.60298

20


https://doi.org/10.1080/13548506.2023.2216464
https://doi.org/10.12775/QS.2025.41.60298

