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Introduction 
Chronic pain exerts an enormous personal and societal burden 

and affects more than 30% of people worldwide in many epidemi-
ological estimates, reflecting its high prevalence across muscu-
loskeletal, neuropathic, visceral, and nociplastic phenotypes.1,2 
While canonical models emphasize peripheral nociceptor activa-
tion, nerve injury, and maladaptive central plasticity, there is 
increasing recognition that chronic pain is also shaped by systems-
level biology, including immune dysregulation and host-microbe 
interactions.3 In parallel with advances in metagenomics and 
metabolomics, the gut microbiota has been proposed as a candidate 
upstream modulator of immune tone and neuroimmune signaling 
relevant to pain initiation, amplification, and chronification, 
although the strength of this evidence varies considerably across 
pain phenotypes.4 

A systematic review and meta-analysis of chronic pain cohorts 
supports the presence of gut dysbiosis, including reduced alpha-
diversity and non-specific but recurrent taxonomic shifts (e.g., 
lower relative abundance of SCFA-associated genera such as 
Faecalibacterium and Roseburia and increased Eggerthella spp.), 
while also highlighting methodological heterogeneity and the need 
for causal validation.5 Importantly, recent translational evidence 
strengthens the causality argument: fecal microbiota transplantation 
from individuals with fibromyalgia induced pain behaviors and 
immune/metabolic alterations in germ-free mice, whereas micro-
biota replacement attenuated these phenotypes, positioning the 
microbiome as a modifiable contributor to pain.6 

Mechanistically, microbial modulation of pain is increasingly 
conceptualized through an integrated microbiota-immune-brain 
axis, in which innate and adaptive immune signaling constitutes a 
major communication channel between the gut ecosystem and the 
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Chronic pain is increasingly recognized as a complex neuroimmune disorder rather than a purely nociceptive phenomenon. Emerging 
evidence suggests that microbial ecosystems, particularly the gut microbiota, act as upstream modulators of immune and neural sig-
naling pathways that shape pain perception and chronification. This narrative review synthesizes current mechanistic and translational 
evidence supporting the concept of a microbiome-immune-neural axis in chronic pain conditions.We examine how dysbiosis and 
epithelial barrier dysfunction promote systemic translocation of microbial-derived molecules, including lipopolysaccharide and other 
pathogen-associated molecular patterns, leading to activation of innate immune pathways (e.g., Toll-like receptor 4, inflammasomes) 
and sustained cytokine release. These immune signals sensitize peripheral nociceptors, prime spinal microglia, and alter descending 
inhibitory circuits, thereby facilitating peripheral and central sensitization. Attention is given to nociplastic pain syndromes, neuro-
pathic pain, musculoskeletal pain, visceral pain, and primary headache disorders, where low-grade inflammation and immune dys-
regulation intersect with microbial alterations. We further discuss microbial metabolites, short-chain fatty acids, tryptophan-kynure-
nine derivatives, secondary bile acids, and neurotransmitter-modulating metabolites, as bidirectional regulators of neuroimmune 
homeostasis. Finally, we evaluate translational implications, including dietary and probiotic interventions, fecal microbiota transplan-
tation, and immune- and microglia-targeted strategies. While causality remains incompletely established and methodological hetero-
geneity limits definitive conclusions, converging data support a model in which microbial-immune signaling functions as a mecha-
nistic amplifier of pain persistence. Positioning chronic pain within a microbial-immunological framework may redefine therapeutic 
targets and open precision-medicine pathways aimed at reducing pain by restoring neuroimmune and microbial homeostasis.
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nervous system.7 Dysbiosis may promote epithelial barrier dysfunc-
tion and facilitate systemic exposure to microbial-associated molec-
ular patterns such as lipopolysaccharide, engaging pattern-recogni-
tion receptors (notably TLR4) and amplifying pro-inflammatory 
cytokine signaling that sensitizes peripheral afferents and supports 
central neuroinflammatory priming.8 Related TLR4-dependent path-
ways have also been synthesized in the context of visceral pain and 
hypersensitivity states, reinforcing the immunological plausibility of 
microbial pattern sensing as a pain amplifier.9 

Conversely, microbiota-derived metabolites can exert 
immunoregulatory and barrier-protective effects. A recent authori-
tative synthesis details how short-chain fatty acids (butyrate, pro-
pionate, acetate) regulate epithelial integrity and mucosal/systemic 
immunity via GPCR signaling and histone deacetylase mecha-
nisms, including effects on phagocytes and regulatory/effector T-
cell balance, processes with direct relevance to inflammatory pain 
amplification and resolution.10 Neuroimmune interfaces further 
extend into the CNS: foundational experimental work demon-
strates that the microbiota is required for normal microglial matu-
ration and function, supporting a mechanistic bridge from periph-
eral microbial ecology to central immune set-points that shape 
nociceptive processing.11 Contemporary pain-focused syntheses 
further integrate these pathways across peripheral sensitization, 
central sensitization, and metabolite-receptor interactions (e.g., 
TLRs, GPCRs, TRP channels), while critically appraising micro-
biota-targeted interventions.12 Recent domain reviews also consol-
idate emerging immune-mechanistic links between dysbiosis and 
neuropathic pain phenotypes,13 and provide broader overviews 
positioning the gut microbiota as a modulator and therapeutic tar-
get in chronic pain.14 

The present narrative review is mechanism-centered and focuses 
on chronic pain. It examines: i) microbiota profiles across major 
chronic pain phenotypes; ii) innate and adaptive immune mecha-
nisms linking microbial perturbations to peripheral and central sen-
sitization; iii) metabolite-mediated neuroimmune signaling; and iv) 
translational evidence for microbiota-targeted strategies, with 
emphasis on causal inference, reproducibility, and mechanistic 
specificity. Acute pain, cancer-related pain, and computational/AI-
based microbiome profiling fall outside the scope of this synthesis 
and are not covered here. 

 
 

Methods 
This narrative review was designed and conducted in accor-

dance with the Scale for the Assessment of Narrative Review 
Articles (SANRA) framework, which provides a structured tool to 
enhance transparency, methodological rigor, and interpretative bal-
ance in narrative syntheses.15 

 
Justification and aim 

The review was undertaken to synthesize emerging mechanistic 
and translational evidence linking microbial ecosystems, immune 
signaling pathways and pain modulation. Given the heterogeneity of 
study designs (pre-clinical mechanistic studies, translational models, 
observational clinical studies, Mendelian randomization analyses, 
and prior systematic, scoping, and narrative reviews), a narrative 
methodology was considered most appropriate to integrate immuno-
logical, microbiological, and neurobiological domains into a coher-
ent conceptual framework. Consistent with the conventions of nar-
rative synthesis, an inclusive rather than restrictive approach to study 

selection was adopted, prioritizing biological coherence and contrib-
utory value to the conceptual model over uniformity of design or 
endpoint type. 

 
Literature search strategy 

A structured, non-systematic but transparent literature search 
was performed in PubMed/MEDLINE, Scopus, and Web of Science 
from January 2010 to the present, with emphasis on studies pub-
lished from 2018 onward to capture recent mechanistic advances. 
Search terms included combinations of controlled vocabulary 
(MeSH) and free-text keywords: microbiota, microbiome, dysbiosis, 
immune signaling, TLR4, inflammasome, microglia, short-chain 
fatty acids, gut–brain axis, nociception, neuropathic pain, 
fibromyalgia, and chronic pain. Boolean operators (“AND”, “OR”) 
were used to refine specificity. Reference lists of key articles were 
hand-searched to identify additional relevant studies. 

 
Study selection and appraisal 

Reflecting the cross-disciplinary and still-emerging nature of the 
field, a deliberately inclusive selection strategy was adopted. 
Preference was given, where available, to: i) PubMed-indexed pri-
mary mechanistic and translational studies, particularly those incor-
porating causal-inference designs (e.g., germ-free and pseudo-germ-
free models, fecal microbiota transplantation, antibiotic-mediated 
microbiota depletion, Mendelian randomization, or pharmacological 
pathway modulation); ii) high-impact peer-reviewed reviews (e.g., 
Nature Reviews, Neuron, Pain, Brain, Behavior, and Immunity); and 
iii) clinical studies with defined pain phenotypes. Beyond these pri-
mary sources, the review also incorporates observational case–con-
trol and cross-sectional human studies that are largely associative, 
systematic reviews and meta-analyses (including those analyzing 
systemic immune or fecal biomarkers without primary microbiome 
sequencing), scoping and narrative reviews, and a limited number of 
pharmacological or neurophysiological studies that probe gut–
brain–immune signaling without direct microbiome profiling. Such 
sources were retained when they contributed convergent mechanis-
tic plausibility, addressed phenotypes for which primary microbio-
me data remain sparse, or provided integrative synthesis of pathways 
central to the conceptual framework. Sources were excluded only 
when they lacked methodological clarity, were not peer reviewed, or 
did not contribute interpretively to the mechanistic narrative. 
Inevitably, this approach yields a heterogeneous evidence base; this 
heterogeneity is acknowledged as an intrinsic feature of narrative 
synthesis in this field rather than a methodological lapse, and is 
revisited explicitly in the Limitations paragraph. 

 
Data synthesis 

Evidence was synthesized thematically according to predefined 
domains: i) microbiota alterations across pain phenotypes; ii) innate 
and adaptive immune mechanisms linking microbiota and pain; iii) 
microbial metabolites and neuroimmune signaling; and iv) transla-
tional and therapeutic implications. Emphasis was placed on mech-
anistic plausibility, biological coherence, and convergence of evi-
dence across heterogeneous study designs rather than on quantitative 
aggregation or strict uniformity of methodology. In line with 
SANRA principles, the review explicitly addresses scientific justifi-
cation, structured literature search description, transparent referenc-
ing, critical appraisal of evidence strength, balanced interpretation, 
and delineation of limitations to minimize narrative bias and 
enhance scholarly rigor. 
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Microbiota alterations across pain phenotypes 
Accumulating evidence indicates that distinct pain phenotypes 

are associated with reproducible, though not entirely uniform, 
alterations in gut microbial composition and function.16 While 
methodological heterogeneity remains substantial (differences in 
sequencing platforms, bioinformatic pipelines, dietary control, and 
phenotypic stratification), convergent patterns suggest that dysbio-
sis may represent a shared biological substrate across nociceptive, 
neuropathic and nociplastic pain states.17 Crucially, the strength 
and nature of the evidence linking microbial alterations to pain dif-
fer markedly across phenotypes and the present section should be 
read in that light. For interpretive clarity, three levels of evidence 
are distinguished. Level 1 (translationally supported): phenotypes 
for which dedicated human microbiome studies are complemented 
by mechanistic translational experiments providing directional evi-
dence (e.g., germ-free recipients of human fecal microbiota, antibi-
otic depletion, FMT trials in patients). Level 2 (emerging mecha-
nistic plausibility): phenotypes with either substantive pre-clinical 
mechanistic evidence but limited human microbiome data, or sub-
stantive associative human evidence with limited direct mechanis-
tic anchoring. Level 3 (preliminary): phenotypes for which micro-
biome-specific evidence rests largely on small observational 
human studies, indirect biomarker work, or extrapolation from 
broader neuroimmune frameworks rather than from condition-spe-
cific microbiome experiments. This stratification is intended to 
qualify, not to dismiss, the evidence in less mature domains; it is 
also acknowledged that the boundaries between levels are not 
absolute and reflect the current state of a rapidly evolving litera-
ture. Level assignments throughout this section should additionally 
be read against the substantial confounding and reverse-causation 
concerns specific to chronic pain populations, including diet, obe-
sity, polypharmacy (notably opioids, antidepressants, PPIs, and 
NSAIDs), sleep disturbance, physical inactivity, mood comorbidi-
ties and gastrointestinal comorbidities such as IBS which material-
ly constrain causal interpretation of human microbiome-pain asso-
ciations. Each phenotype subsection below closes with an explicit 
level assignment. 

 
Chronic widespread pain and fibromyalgia 

Among nociplastic disorders, fibromyalgia (FM) has received 
the most systematic microbiome investigation. A landmark study 
by Minerbi et al.18 demonstrated that women with FM exhibit sig-
nificant alterations in gut microbial composition compared with 
healthy controls, including differences in taxa correlated with pain 
intensity and symptom severity. More recently, a causal dimension 
was introduced by Cai et al.,6 who showed that fecal microbiota 
transplantation (FMT) from individuals with FM into germ-free 
mice induced hyperalgesia and metabolic alterations, whereas 
microbiota replacement attenuated these phenotypes. These data 
support the hypothesis that microbial communities may contribute 
directly to pain amplification rather than merely reflecting disease 
status. Systematic synthesis further supports dysbiosis in chronic 
pain populations. A recent meta-analysis reported reduced alpha 
diversity and recurrent shifts in short-chain fatty acid (SCFA)-pro-
ducing genera such as Faecalibacterium and Roseburia, alongside 
enrichment of pro-inflammatory taxa in chronic pain cohorts.5 

Among the phenotypes considered here, fibromyalgia therefore 
represents the most translationally supported example (Level 1): the 
available evidence combines well-controlled human case-control 
studies, including the Minerbi cohort18 with explicit dietary and 
antibiotic stratification,18 with directional evidence from human-to-

germ-free mouse FMT experiments6. Even so, human findings 
remain susceptible to residual confounding (sex, comorbid mood 
and sleep disorders, medication exposure) and replication across 
independent cohorts is still limited. 

 
Neuropathic pain 

pre-clinical models of neuropathic pain (NP) demonstrate 
microbiota-dependent modulation of pain behaviors. Germ-free or 
antibiotic-treated rodents show altered mechanical allodynia and 
immune signaling following nerve injury, implicating microbial reg-
ulation of macrophage and microglial activation.13 Foundational 
mechanistic research further establishes that the microbiota shapes 
microglial maturation and function, providing a neuroimmune 
bridge relevant to central sensitization.11 Human data in NP remain 
associative but suggest reduced microbial diversity and immune-
linked compositional shifts. Reviews synthesizing these findings 
emphasize TLR4-mediated inflammatory pathways and microbial 
metabolite signaling as candidate mechanisms.8 

The evidence base in neuropathic pain is best characterized as 
level 2: pre-clinical mechanistic data from germ-free, antibiotic-
depletion and reciprocal FMT paradigms are relatively strong and 
a Mendelian randomization analysis provides preliminary genetic-
instrument support for directionality in selected neuropathic sub-
types,19 but adequately powered, mechanistically anchored human 
microbiome studies in clearly defined neuropathic pain cohorts 
remain sparse. 

 
Visceral pain and irritable bowel syndrome 

Visceral pain conditions such as irritable bowel syndrome 
(IBS) display robust microbiota alterations. Meta-analytic evi-
dence demonstrates compositional differences and functional 
metabolic changes in IBS patients compared with controls.20 
TLR4-associated inflammatory signaling has been implicated in 
IBS-related visceral hypersensitivity, reinforcing microbial-
immune mechanistic plausibility.9 

IBS-related visceral pain occupies a Level 2 position with phe-
notype-specific characteristics: human evidence is comparatively 
abundant but predominantly associative, with much of the synthe-
sized data pertaining to systemic immune and intestinal-permeabili-
ty biomarkers rather than to direct microbiome-pain causal experi-
ments,20 and TLR4-pathway inferences derive substantially from 
scoping rather than primary mechanistic syntheses.9 Reverse causa-
tion, whereby visceral hypersensitivity, altered transit, or repeated 
dietary modification shape microbial composition rather than the 
converse, is a particularly relevant consideration in this phenotype. 

 
Musculoskeletal and low back pain 

Although fewer studies exist, emerging evidence suggests that 
gut dysbiosis may be linked to chronic low back pain (CLBP). A 
recent publication reported altered microbial diversity in individuals 
with CLBP compared with controls, with correlations between 
microbial composition and pain severity.21 Mechanistic extrapola-
tion implicates systemic low-grade inflammation and microbial 
metabolite imbalance as potential modulators of nociceptive sensi-
tivity. Evidence in CLBP remains preliminary (Level 3): the avail-
able human studies are cross-sectional and observational,21,22 sam-
ple sizes are modest and metagenomic or metabolomic anchoring is 
restricted to subsets and no causal-inference experiments specific to 
this phenotype have yet been reported. Mechanistic links to systemic 
low-grade inflammation are at present extrapolated from broader 
neuroimmune frameworks rather than demonstrated in CLBP-spe-
cific microbiome interventions. 
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Orofacial and headache disorders 
Migraine and temporomandibular disorders have also been 

linked to microbiota perturbations.23 Reviews highlight alterations 
in gut microbial composition alongside immune activation and 
altered tryptophan metabolism in migraineurs. These findings 
align with broader gut-brain axis models integrating microbial 
metabolites, cytokine signaling, and trigemino-vascular sensitiza-
tion.24 Headache and orofacial pain disorders likewise represent a 
level 3 evidence base. A pediatric migraine study combining clini-
cal microbiome profiling, a capsaicin rat model and an exploratory 
probiotic pilot provides one of the more integrated phenotype-spe-
cific datasets currently available,25 and a recent case-control study 
has highlighted oral rather than gut dysbiosis as a candidate signal 
in migraine.26 However, several frequently cited supporting studies 
probe gut-brain-trigeminal modulation pharmacologically without 
direct microbiome profiling,24 and dedicated microbiome-specific 
evidence in temporomandibular disorders is at present minimal. 
Conclusions in this domain should accordingly be regarded as 
hypothesis-generating. 

 
Metabolic-immune integration across phenotypes 

Across pain conditions, recurrent themes include reduced 
SCFA-producing taxa and increased inflammatory signatures. 
SCFAs are recognized regulators of epithelial integrity and 
immune homeostasis.10 Reduced SCFA availability may predis-
pose to epithelial barrier dysfunction and systemic immune prim-
ing, amplifying nociceptive signaling pathways. Taken together, 
the literature reviewed here is more heterogeneous than uniform. 
The strongest case for a contributory role of microbial alterations 
is currently restricted to a small set of translationally anchored 
phenotypes, most notably fibromyalgia, where directional evi-
dence from human-to-germ-free FMT and an open-label patient 
trial complements substantive observational data (Level 1). 
Neuropathic pain and IBS-related visceral pain occupy an interme-
diate position (Level 2), with strong pre-clinical or substantive 
associative human evidence respectively, but with persistent gaps 
in phenotype-specific causal experimentation. CLBP, headache 
disorders and temporomandibular disorders rest on a comparative-
ly preliminary base (Level 3) and at present rely on small observa-
tional studies, indirect biomarker work, or extrapolation from 
broader neuroimmune frameworks. Recurrent themes, reduced 
SCFA-producing taxa, low-grade inflammatory signatures, and 
barrier dysfunction, therefore constitute a unifying conceptual 
scaffold whose weight in any given chronic pain condition must be 
calibrated to the maturity and nature of the underlying evidence 
rather than assumed to be uniform across phenotypes.  

Collectively, the analyzed literature supports a cross-phenotypic 
pattern in which dysbiosis, characterized by diminished microbial 
diversity, depletion of beneficial metabolite-producing taxa, and 
enrichment of pro-inflammatory organisms, intersects with immune 
dysregulation and neuroimmune sensitization. Causality has been 
demonstrated only in a small number of translational contexts 
(notably FM FMT models in mice). The available human evidence 
remains predominantly associative and is vulnerable to confounding 
by diet, medication, comorbidity and reverse causation. With these 
caveats, the cross-phenotypic convergence of pre-clinical and obser-
vational findings is consistent with, but does not establish, a contrib-
utory role of microbiota alterations in pain vulnerability and persist-
ence.27 All the key studies are summarized in Table 1. 

It should be emphasized that the SCFA-depletion / inflamma-
tory-priming theme is supported far more uniformly in pre-clinical 
and translational systems than across the human pain phenotypes 

discussed above and that its weight in human disease likely varies 
considerably between, for example, fibromyalgia and CLBP or 
temporomandibular disorders. Cross-phenotype metabolic-
immune themes should therefore be regarded as a unifying concep-
tual scaffold rather than as evidence of a single, uniformly validat-
ed pathway operating across all chronic pain conditions. 

 
 

Innate and adaptive immune mechanisms 
linking microbiota and pain 

The microbiota-immunity interface is mechanistically the most 
extensively characterized component of the proposed axis, 
although the strength of this characterization is uneven: rodent 
germ-free, antibiotic-depletion, and FMT paradigms provide con-
vergent directional evidence,28, 29 whereas adequately powered 
human studies linking specific microbial alterations to defined 
immune phenotypes in chronic pain populations are comparatively 
few.30 The sections that follow distinguish, for each pathway, what 
has been demonstrated mechanistically (predominantly in pre-clin-
ical systems), what has been established correlatively in humans 
and what remains plausible but unproven. This distinction is essen-
tial because a recurrent feature of the field is that the strength of 
mechanistic plausibility in animal models is commonly mistaken 
for the strength of evidence in patients. 

 
Innate immune signaling 

Innate immunity constitutes the first line of host-microbial 
interaction and is critically dependent on pattern-recognition 
receptors (PRRs), including Toll-like receptors (TLRs) and 
nucleotide-binding oligomerization domain-like receptors 
(NLRs).31 Among these, TLR4 has been particularly implicated in 
pain modulation.32 TLR4 recognizes lipopolysaccharide (LPS), a 
component of Gram-negative bacterial cell walls, and activates 
downstream MyD88-dependent signaling cascades culminating in 
NF-κB-mediated transcription of pro-inflammatory cytokines such 
as IL-1β, TNF-α, and IL-6. Synthetic reviews of TLR4 signaling in 
neuropathic and inflammatory pain have summarized this evi-
dence,33-35 although direct human pain-cohort data linking TLR4 
expression to specific phenotypes remain limited. 

Experimental blockade of TLR4 attenuates mechanical allody-
nia in rodent nerve injury models, supporting causal involve-
ment.36 Importantly, TLR4 is expressed not only on peripheral 
immune cells but also on microglia and astrocytes, linking micro-
bial pattern recognition to central neuroinflammatory amplifica-
tion.  The NLRP3 inflammasome further represents a critical 
innate immune platform integrating microbial and danger-associat-
ed signals.37 Activation of NLRP3 leads to caspase-1-mediated 
maturation of IL-1β and IL-18, cytokines strongly implicated in 
pain hypersensitivity. Inflammasome activation has been docu-
mented in neuropathic and inflammatory pain models.38 
Systematic syntheses confirm NLRP3 involvement in persistent 
pain states.39  

Microglial activation constitutes a pivotal mechanism bridg-
ing innate immunity and central sensitization. Foundational work 
demonstrated that peripheral nerve injury induces microglial pro-
liferation and activation in the dorsal horn, contributing to neuro-
pathic pain.40 Microbiota-dependent regulation of microglial 
maturation and function has been established, providing a direct 
mechanistic link between microbial ecosystems and CNS 
immune tone.11  
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Table 1. Key studies examined in this review.  

Domain                      Author          Design             Cohort/          Microbiome            Main findings           Level           Confounders/ 
                                     (year)                                  phenotype          profiling                (clinical and                                    limitations 
                                                                                                             endpoints            mechanistic link)                                          

To be continued on next page
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                                                                                                             endpoints            mechanistic link)                                          
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                                     (year)                                  phenotype          profiling                (clinical and                                    limitations 
                                                                                                             endpoints            mechanistic link)                                          

To be continued on next page



Adaptive immune contributions 
Beyond innate pathways, adaptive immunity plays an increas-

ingly recognized role in chronic pain. T-cell subsets modulate both 
peripheral inflammation and spinal cord neuroimmune interactions. 
Th1 and Th17 polarization promotes pro-inflammatory cytokine 
production, while regulatory T cells (Tregs) exert counter-regulatory 
effects. Experimental depletion of T cells attenuates neuropathic 
pain in murine models, demonstrating adaptive immune contribu-
tion.41 Conversely, Treg expansion has been shown to reduce pain 
hypersensitivity and neuroinflammation.42 Microbiota profoundly 
influences T-cell differentiation. Short-chain fatty acids (SCFAs) 
derived from microbial fermentation promote Treg differentiation 

via epigenetic mechanisms.43 A comprehensive review further 
details how SCFAs regulate immune homeostasis and inflammatory 
responses.10 Reduced SCFA-producing taxa in dysbiosis may there-
fore impair Treg-mediated anti-inflammatory buffering, predispos-
ing to persistent inflammatory pain. Additionally, gut microbiota 
regulates systemic IL-17 production, linking microbial composition 
to Th17-mediated inflammation.44 IL-17 signaling has been impli-
cated in neuropathic and inflammatory pain states.45  

Collectively, the literature is consistent with a working model in 
which microbiota-derived signals can influence innate and adaptive 
immune landscapes. TLR4 engagement, inflammasome activation, 
microglial priming, and altered T-cell polarization have each been 
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linked to peripheral and central sensitization in pre-clinical models, 
although the extent to which these pathways operate in concert in 
human chronic pain remains to be established. Conversely, micro-
bial metabolites such as SCFAs promote immunoregulatory path-
ways that may mitigate pain amplification. These findings provide 
mechanistic plausibility for microbiota-targeted immunomodulatory 
strategies in chronic pain disorders. These pathways are summarized 
schematically in Figure 1; the schematic is conceptual, and its con-
stituent steps differ in the degree to which they are supported by 
human as opposed to pre-clinical evidence. 

 
 

Microbial metabolites and neuroimmune  
signaling 

The functional output of the microbiota, its metabolome, pro-
vides a more mechanistically tractable point of entry to the axis 
than taxonomic composition alone, because individual metabo-
lite classes engage defined host receptors with defined down-
stream effects. This tractability, however, has not yet been 
matched by direct evidence in chronic pain patients: most of the 
data summarized below derive from in vitro systems, germ-free 
or gnotobiotic rodents and observational human cohorts in which 
metabolite measurements are decoupled from direct microbiome 
profiling. The metabolite classes considered here, short-chain 

fatty acids, tryptophan-pathway derivatives, secondary bile acids, 
lipopolysaccharide and neurotransmitter precursors, are therefore 
presented as biologically coherent candidate pathways rather 
than as established human pain mechanisms and the section clos-
es by identifying which links currently rest on the strongest and 
which on the weakest, empirical foundations. 

 
Short-chain fatty acids  

Short-chain fatty acids (SCFAs), principally acetate, propionate, 
and butyrate, are generated through microbial fermentation of 
dietary fibers. SCFAs exert pleiotropic immunoregulatory effects 
through G-protein-coupled receptors (FFAR2/GPR43, 
FFAR3/GPR41, GPR109A) and through inhibition of class I and II 
histone deacetylases (HDACs). A review details how SCFAs regu-
late epithelial barrier function, macrophage polarization, dendritic 
cell maturation, and T-cell differentiation, including expansion of 
regulatory T cells.10 Earlier seminal work demonstrated that butyrate 
promotes colonic Treg differentiation via epigenetic modification of 
the Foxp3 locus.43 

From a neuroimmune perspective, SCFAs influence microglial 
maturation and functional state. Germ-free mice display immature 
microglia, and recolonization or SCFA supplementation restores 
microglial homeostasis, establishing a causal link between microbial 
metabolites and CNS immune tone.11 Given the established role of 
microglial activation in neuropathic pain and central sensitization,46 

Review

Figure 1. Proposed microbiota-immune-neural interactions implicated in chronic pain. Schematic integration of pathways supported, to 
varying degrees, by pre-clinical, translational and human evidence. Left, dysbiosis and reduced SCFA-producing taxa have been associated 
with altered epithelial barrier integrity and translocation of microbial-derived molecules including LPS and other PAMPs. Centre, periph-
erally, LPS engagement of TLR4 and assembly of the NLRP3 inflammasome can promote pro-inflammatory cytokine release (TNF-α, IL-
1β, IL-6, IL-18); reduced SCFA availability has been linked to impaired Treg differentiation and a relative Th17 bias; these signals may 
sensitize primary afferents and dorsal root ganglion neurons, in part via TRP-channel modulation. Right, in the spinal dorsal horn, 
microglial activation and altered descending modulation (PAG-RVM) have been implicated in central sensitization. The bottom bidirec-
tional arrow indicates gut-brain crosstalk via vagal and HPA-axis pathways. The sequence depicted is conceptual and should not be read 
as a uniformly established linear cascade; the relative weight of each step varies across pain phenotypes, and most human evidence remains 
associative.



SCFA-mediated modulation of microglial function represents a 
mechanistically coherent pathway linking microbial metabolism to 
pain amplification.  

 
Tryptophan metabolism and aryl hydrocarbon 
receptor signaling 

Microbiota regulate host tryptophan metabolism, generating 
indole derivatives that activate the aryl hydrocarbon receptor (AhR), 
a transcription factor involved in mucosal immunity and barrier 
integrity. A detailed review of microbial tryptophan metabolites and 
immune regulation is provided by Wang et al.47 AhR signaling influ-
ences IL-22 production and epithelial defense mechanisms, thereby 
modulating inflammatory tone.47 

Importantly, alterations in the kynurenine pathway, another 
branch of tryptophan metabolism, have been implicated in pain and 
neuroinflammation. Kynurenine metabolites influence NMDA 
receptor activity and excitotoxic signaling, mechanisms directly rel-
evant to central sensitization.48 Thus, microbiota-dependent shifts in 
tryptophan metabolism may modulate both immune and glutamater-
gic pathways central to pain chronification.  

 
Secondary bile acids and immune modulation 

Gut microbes convert primary bile acids into secondary bile 
acids, which engage host receptors such as farnesoid X receptor 
(FXR) and Takeda G-protein-coupled receptor 5 (TGR5).49 These 
signaling pathways regulate inflammatory responses and epithelial 
integrity. A synthesis of bile acid-immune interactions is provided by 
Tong et al.50 Bile acid signaling influences macrophage polarization 
and cytokine production, processes implicated in inflammatory and 
neuropathic pain states.  

 
Lipopolysaccharide and neuroimmune activation 

Lipopolysaccharide (LPS), a structural component of Gram-
negative bacteria, functions as a potent activator of TLR4-dependent 
innate immune signaling. LPS administration induces hyperalgesia 
and neuroinflammation in experimental models, effects mediated 
via microglial activation and cytokine release.51 A recent review 
summarizes TLR4-pathway evidence in pain amplification,52 noting 
that most causal evidence derives from rodent models. Increased 
intestinal permeability during dysbiosis can facilitate systemic LPS 
exposure, contributing to low-grade systemic inflammation and cen-
tral immune priming. The mechanistic framework linking barrier 
dysfunction, microbial metabolites, and neuroinflammation has 
been articulated principally by Cryan et al.,53 although translation of 
this framework to specific chronic pain phenotypes remains incom-
pletely tested. 

 
Neurotransmitter-modulating metabolites 

Microbiota also synthesize or modulate neurotransmitter precur-
sors, including γ-aminobutyric acid (GABA), serotonin, and 
dopamine. Microbial influence on host neurotransmission and 
behavior has been reviewed elsewhere;54 its specific contribution to 
descending pain modulation in humans is less well established. 
Serotonin biosynthesis in enterochromaffin cells is modulated by 
spore-forming bacteria, influencing gut-brain communication Given 
serotonin’s established role in descending pain modulation, micro-
bial regulation of its biosynthesis provides an additional neuroim-
mune interface. 

Microbial metabolites regulate immune polarization, barrier 
integrity, microglial maturation, and neurotransmitter systems 

through defined molecular pathways. SCFAs promote Treg differen-
tiation and anti-inflammatory signaling; tryptophan metabolites 
influence AhR and glutamatergic pathways; bile acids regulate 
macrophage activation; and LPS engages TLR4-dependent inflam-
matory cascades (Figure 2). These mechanisms outline a biological-
ly coherent, but largely pre-clinical, framework in which the micro-
biota-derived metabolome may contribute to neuroimmune signal-
ing relevant to pain. Direct human evidence linking specific metabo-
lite profiles to pain phenotypes remains limited. 

 
 

Translational and therapeutic implications 
Translational implications follow from the mechanistic 

framework outlined above, but their current evidentiary status is 
highly uneven across intervention class and across pain pheno-
type. Among the strategies considered below, FMT in IBS-relat-
ed visceral pain has the strongest controlled-trial evidence; FMT 
in fibromyalgia has accumulated mechanistic translational sup-
port and one open-label clinical trial; probiotic and dietary inter-
ventions have generated reproducible but modest signals largely 
confined to functional gastrointestinal phenotypes; and immune-
targeted approaches (TLR4 and NLRP3 modulation) have been 
tested predominantly in pre-clinical models, with no current 
chronic-pain trials. Each subsection below states explicitly the 
current ceiling of evidence rather than treating the strategies as 
broadly equivalent.14 

 
Probiotics, prebiotics, and dietary modulation 

Dietary fiber-driven modulation of the gut microbiota repre-
sents the most accessible translational avenue. SCFAs generated 
through microbial fermentation of complex carbohydrates, rein-
force epithelial barrier integrity and promote regulatory T-cell 
(Treg) differentiation, thereby attenuating inflammatory 
signaling.43 A further synthesis details the immunoregulatory prop-
erties of SCFAs and their systemic effects on inflammatory tone.10 
Given that chronic pain states frequently display low-grade inflam-
matory signatures, dietary strategies aimed at restoring SCFAs pro-
duction may offer adjunctive benefit. 

Clinical trials investigating probiotic supplementation in IBS, a 
visceral pain condition with well-characterized microbiota alter-
ations, demonstrate modest but reproducible reductions in abdomi-
nal pain and global symptom burden.55 While heterogeneity in 
strains and dosing limits generalization, these findings provide 
proof-of-concept that microbiota-directed interventions can influ-
ence pain endpoints.  

 
Fecal microbiota transplantation  

More direct microbiota manipulation is achieved via fecal 
microbiota transplantation (FMT). Although primarily established 
for recurrent Clostridioides difficile infection,56 FMT has demon-
strated symptomatic benefit in IBS, including improvements in 
abdominal pain.57 Mechanistically, restoration of microbial diversity 
and metabolic output may recalibrate mucosal immune activation 
and visceral hypersensitivity.  

Translational causality has been strengthened by experimental 
work showing that microbiota from individuals with fibromyalgia 
induce hyperalgesia in germ-free mice, supporting a microbial con-
tribution to pain biology.6 Although therapeutic FMT in nociplastic 
pain remains investigational, such findings underscore the need for 
rigorously controlled interventional trials. 
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Immune-targeted microbiota modulation 
Given that microbial influences on pain are largely mediated 

through immune signaling, therapeutic strategies targeting shared 
immune pathways may have indirect microbiota relevance. Toll-like 
receptor 4 (TLR4) antagonism attenuates neuropathic pain behaviors 
in pre-clinical models.36 Reviews synthesize the role of TLR4 and 
innate immune activation in chronic pain.58 Although systemic 
TLR4 blockade carries safety concerns, selective modulation of 
microbiota-derived inflammatory triggers represents a more physio-
logically nuanced approach.  

Similarly, targeting the NLRP3 inflammasome has shown anal-
gesic effects in experimental models.59 Because inflammasome acti-
vation can be driven by microbial signals, microbiota-oriented 
strategies that reduce inflammasome priming may represent a com-
plementary intervention.  

 
Neuroimmune modulation and microglial targets 

Microbiota-dependent regulation of microglial maturation11 and 
the well-established role of microglial activation in central sensitiza-
tion46 together motivate the conceptual proposal that microbiota-
directed interventions might secondarily restore microglial home-
ostasis. At present, however, this proposal rests on inference from 
two separate literatures rather than on direct evidence: no human 
chronic pain study has demonstrated that a microbiota-targeted inter-

vention modifies microglial state, and the existing pre-clinical evi-
dence (e.g., the partial analgesic effect of microglial depletion with 
PLX5622 in the Cai et al.6 fibromyalgia translational model) is sug-
gestive but not specific to therapeutic microbiota manipulation. 
Microglial restoration is therefore best regarded as an aspirational 
rather than an established therapeutic mechanism in this context. 

 
Precision medicine and biomarker development 

Future translational strategies require biomarker integration. 
Multi-omics approaches combining metagenomics, metabolomics, 
cytokine profiling, and neuroimaging could identify microbiota-
linked inflammatory endotypes within heterogeneous pain popula-
tions. Conceptual frameworks integrating microbiota and neuroim-
mune pathways have been advanced in prior syntheses,33, 53 and 
extended in subsequent work,60 from which the schematic in 
Figure 3 is adapted. A detailed treatment of multi-omics integration 
and computational profiling lies beyond the mechanistic scope of 
this review. 

Despite promising mechanistic plausibility, clinical relevant 
analgesic evidence remains hypothetical and preliminary. Variability 
in probiotic strains, dosing, dietary adherence, and host genetics 
complicates translation. Moreover, causality in humans requires rig-
orously designed, adequately powered randomized controlled trials 
with predefined immune, microbial and analgesic endpoints. 

In summary, microbiota-targeted interventions, ranging from 
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Figure 2. Candidate microbial metabolite pathways relevant to neuroimmune signaling. Receptor and effector targets through which 
microbiota-derived metabolites have been reported to influence immune polarization, epithelial integrity, and central nervous system sig-
naling. 1) SCFAs (acetate, propionate, butyrate) signal via FFAR2/3 and GPR109A and, in the case of butyrate, inhibit HDACs; these 
mechanisms have been linked, primarily in pre-clinical models, to Treg differentiation and microglial homeostasis. 2) Tryptophan metab-
olism yields AhR ligands (indoles) and the kynurenine-pathway metabolites quinolinic acid (NMDA agonist) and kynurenic acid (NMDA 
antagonist); the relative balance is altered in some dysbiotic states. 3) Secondary bile acids engage TGR5 and FXR, with predominantly 
anti-inflammatory effects, although high concentrations have also been reported to engage TLR4/NLRP3. 4) LPS activates TLR4-NF-κB 
signaling in peripheral and central immune cells. 5) Microbiota-modulated biosynthesis of neurotransmitter precursors (e.g., serotonin) 
may influence descending pain modulation. Pathway weights and clinical relevance differ across pain phenotypes; the schematic is intend-
ed to illustrate plausible mechanisms rather than to represent an integrated, causally validated network in humans.



dietary modulation to FMT and immune pathway refinement, could 
represent biologically plausible adjunctive strategies in chronic pain 
management. Their successful translation will depend on mechanis-
tic stratification, standardized microbial analytics, and integration of 
immune biomarkers to ensure precision and reproducibility. 

 
 

Limitations 
This narrative review is subject to several methodological and 

evidentiary limitations inherent to non-systematic syntheses, of 
which the most consequential and the most underappreciated in the 
broader microbiome-pain literature relate to confounding and to the 
directionality of the proposed associations.  

Selection and synthesis bias. Although conducted in accor-
dance with SANRA principles, the literature search was not 
designed as a formal systematic review or meta-analysis and selec-
tion bias cannot be entirely excluded. The evidence base summa-
rized here is intentionally heterogeneous in design and endpoint 
type, ranging from translational germ-free and FMT experiments 
and Mendelian randomization analyses to associative observation-
al studies, meta-analyses of systemic immune biomarkers, scoping 
and narrative reviews, and pharmacological or neurophysiological 
studies in which microbial composition was not directly profiled. 
While this breadth was necessary to integrate mechanistic, transla-
tional and clinical perspectives across pain phenotypes for which 
primary microbiome data are unevenly available, it limits the 

strength of any individual causal claim and reduces comparability 
across studies. 

Translational asymmetry. Much of the mechanistic foundation 
linking microbiota, immune signaling, and pain derives from pre-
clinical models, germ-free animals, antibiotic manipulation and 
fecal microbiota transplantation experiments. While these provide 
strong directional inference, extrapolation to clinically heteroge-
neous human chronic pain phenotypes must be approached cau-
tiously.  

Confounding in chronic pain microbiome research. The inter-
pretation of human microbiome studies in chronic pain populations 
is uniquely vulnerable to confounding and these confounders are not 
peripheral statistical issues but central fears to causal inference. 
Several act simultaneously and in the same direction, generating 
apparent microbiota-pain associations that may be partially or entire-
ly attributable to shared upstream determinants. Diet is among the 
most powerful modifiers of gut microbial composition and is sys-
tematically altered in chronic pain populations as a consequence of 
pain itself, comorbid mood symptoms, gastrointestinal symptoms, or 
therapeutic recommendations; few cited studies adequately control 
for habitual dietary intake. Obesity and metabolic status independ-
ently shape both microbial composition and systemic inflammatory 
tone and are over-represented in several chronic pain phenotypes 
(notably musculoskeletal and low back pain). Pharmacological 
exposures are pervasive: antibiotics produce direct and durable com-
positional shifts; proton pump inhibitors alter gastric acidity and are 
associated with overgrowth of oral-type taxa; antidepressants (par-
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Figure 3. Candidate microbiota-targeted strategies in chronic pain. Schematic of intervention categories proposed in the literature: dietary 
modulation and prebiotic/probiotic approaches aimed at supporting SCFA production and barrier function; fecal microbiota transplanta-
tion, with the strongest current evidence in IBS-related visceral pain; and immune- or microglia-directed strategies (e.g., TLR4 or NLRP3 
modulation) tested predominantly in pre-clinical models. Clinical evidence remains preliminary, heterogeneous in methodology, and large-
ly confined to selected pain phenotypes; the figure should be read as a translational map of investigational approaches rather than as estab-
lished therapeutic options.



[page 134]                                                      [Advancements in Health Research 2026; 3:134]

ticularly SSRIs and tricyclics, both used as analgesic adjuvants) 
have intrinsic antimicrobial activity and modify motility; opioids 
alter transit, mucus secretion and barrier function and are independ-
ently associated with dysbiosis; and NSAIDs and other analgesics 
modify epithelial integrity and microbial communities. Sleep distur-
bance and physical inactivity, both highly prevalent in chronic pain, 
independently perturb microbial diurnal rhythms and beta-diversity. 
Anxiety and depression, ubiquitous comorbidities, are themselves 
associated with microbial alterations, complicating efforts to disen-
tangle pain-specific from mood-related signals. Finally, gastroin-
testinal comorbidities, particularly IBS, which co-occurs at high fre-
quency with fibromyalgia, migraine, and chronic pelvic pain, pro-
duce microbial signatures that may be erroneously attributed to the 
pain phenotype under study. Most published human studies, includ-
ing several included in the present synthesis, address only a subset 
of these factors and the cumulative effect on the literature is to 
inflate apparent phenotype-specific microbial signals. 

Reverse causation. Closely related to, but distinct from, classical 
confounding is the question of directionality. Several of the mecha-
nisms proposed in this review can plausibly operate in the reverse 
direction that is, chronic pain and the physiological, behavioral and 
pharmacological consequences of pain may themselves drive micro-
bial alterations rather than the converse. Sustained nociceptive and 
stress signaling alters autonomic tone, intestinal motility, mucosal 
immunity and HPA-axis output, all of which shape the gut microbial 
niche; reduced physical activity, dietary restriction, sleep fragmenta-
tion and chronic exposure to opioids, antidepressants, NSAIDs and 
PPIs reinforce these effects. In phenotypes such as IBS-related vis-
ceral pain, where altered transit and visceral hypersensitivity directly 
modify the luminal environment, reverse causation is a particularly 
strong consideration. With the partial exception of human-to-germ-
free FMT experiments and Mendelian randomization analyses, the 
directionality of the microbiome-pain association in human chronic 
pain populations cannot at present be resolved with available evi-
dence. The interpretive framework adopted throughout this review 
should accordingly be read as bidirectional: microbial alterations are 
best understood as plausible contributors to, and concurrent conse-
quences of, the chronic pain state, with the relative weight of each 
direction varying across phenotypes and stages of disease. 

Methodological and field-maturity limitations. In addition, 
microbial composition does not equate to functional metabolic out-
put and paired metagenomic-metabolomic data remain comparative-
ly limited; sequencing platforms, bioinformatic pipelines and taxo-
nomic resolution differ substantially across studies; and the rapidly 
evolving nature of microbiome science may render specific interpre-
tations provisional. High-quality longitudinal cohorts with rigorous 
control for the confounders enumerated above, mechanistically strat-
ified randomized interventions and study designs explicitly able to 
address directionality (e.g., pre/post-onset cohorts, properly instru-
mented Mendelian randomization, and FMT trials with mechanistic 
readouts) are required to advance causal inference and therapeutic 
precision. 

 
 

Conclusions 
Available evidence is consistent with a model in which micro-

bial ecosystems can influence pain phenotypes through interactions 
with innate and adaptive immune pathways relevant to peripheral 
and central sensitization, although the strength of this influence in 
humans remains to be defined. Alterations in microbial composition 

and metabolic output can promote epithelial barrier dysfunction and 
facilitate systemic dissemination of microbial-derived molecules, 
including lipopolysaccharide and other pathogen-associated molec-
ular patterns. These signals are proposed to activate pattern-recogni-
tion receptors, amplify cytokine cascades, and prime glial cells with-
in the spinal cord and supraspinal structures, potentially lowering 
nociceptive thresholds and sustaining neuroinflammatory signaling. 
Integrative approaches that combine high-resolution microbiota pro-
filing with immunophenotyping, cytokine signatures, neuroimaging, 
and electrophysiological biomarkers may enable mechanistically 
informed stratification of pain phenotypes. Such multimodal charac-
terization holds substantial promise for redefining chronic pain as a 
neuroimmune-microbial disorder and for guiding precision-based 
therapeutic strategies aimed at restoring immune and microbial 
homeostasis. 
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