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Gut microbiota-mediated pain
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Emerging evidence has illuminated the pivotal role of gut microbiota in
modulating pain sensitivity through bidirectional gut-brain interactions.
Current research demonstrates that gut microbial communities significantly
influence pain perception by regulating both central and peripheral
sensitization mechanisms across various pain modalities. This review
synthesizes current knowledge on the mechanisms underlying gut
microbiota-mediated pain sensitization, encompassing: (1) cross-talk within
the microbiome-gut-brain axis, (2) regulatory effects of microbial metabolites
on central and peripheral sensitization pathways, and (3) bioactive compounds
derived from gut microbiota that participate in pain modulation. Furthermore,
we systematically evaluate the therapeutic potential of microbiota-targeted
interventions  including probiotic  supplementation, fecal microbiota
transplantation, and dietary modifications in pain management. To advance
this promising field, future investigations should prioritize three key directions:
establishing causal relationships through rigorous verification, accelerating
clinical translation of preclinical findings, and developing personalized
microbial-based therapeutic strategies.

KEYWORDS
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1 Introduction

Recent years have witnessed growing interest in the regulatory role of gut microbiota in
pain modulation at the intersection of neuroscience and microbiology. Gut microbial
communities establish complex bidirectional interactions with their host through three
principal pathways: metabolite production, immune modulation, and neural signaling
transmission. Clinical investigations have demonstrated strong associations between gut
dysbiosis and various chronic pain disorders, particularly neuropathic pain, fibromyalgia,
and irritable bowel syndrome (1-3). The advancement of high-throughput sequencing
and metabolomics technologies has empowered researchers to progressively unravel the
molecular mechanisms through which gut microbiota modulates central and peripheral
sensitization via the gut-brain axis (4-6). Notably, microbiota-derived metabolites such as
short-chain fatty acids (SCFAs), bile acids, and tryptophan catabolites can directly or
indirectly engage receptors (e.g., GPR43, TLR4, TRP channels) on neuronal and immune
cells, inducing neuroinflammation and synaptic plasticity alterations that ultimately drive
pain sensitization (7-9). Furthermore, gut dysbiosis may compromise blood-brain barrier
(BBB) integrity, which facilitates the translocation of pro-inflammatory factors (including
IL-1B and TNF-a) into the central nervous system, thereby exacerbating glial cell
activation and central sensitization (10-12). While these findings provide novel insights
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into pain mechanisms, three critical knowledge gaps persist:1. the
causal relationships between specific dysbiotic taxa and pain
phenotypes remain unestablished, 2. the spatiotemporal specificity
of key metabolic pathways requires systematic elucidation, and
3. the clinical translatability of microbiota-based interventions
needs comprehensive evaluation. This review synthesizes recent
advances in gut microbiota-mediated pain sensitization by
delineating three mechanistic dimensions: gut-brain axis signaling,
metabolite-mediated regulation, and central/peripheral sensitization
mechanisms, while critically assessing the therapeutic potential of
probiotics, fecal microbiota transplantation (FMT), and dietary
interventions. By integrating preclinical and clinical evidence, we
establish a
microbiota-targeted strategies in pain management.

aim to theoretical framework for developing

1.1 Disclaimer and future perspectives

It is critical to that the

recommendations proposed in this review are constrained by

acknowledge therapeutic
current limitations in the field. First, the causal relationships
between specific microbial taxa and pain phenotypes remain
inferential due to insufficient longitudinal human data and
interventional studies. Second, the heterogeneity in host genetics,
diet, and comorbidities across clinical cohorts complicates the
generalizability of microbiota-based interventions. Third, the
dynamic spatiotemporal
pathways and their interactions with host receptors (e.g., GPR43,

regulation of microbial metabolic

TLR2/4) requires further mechanistic dissection.

1.2 Future research should prioritize

Causal validation: Utilizing germ-free animal models coupled
with targeted bacterial colonization to establish microbial causality
in pain sensitization. Clinical translation: Conducting large-scale
randomized controlled trials (RCTs) to evaluate microbiome-
targeted therapies (e.g., probiotics, FMT) in stratified pain
subtypes. Personalized approaches: Integrating multi-omics data
(metagenomics, metabolomics, host epigenomics) to develop
precision microbial therapeutics. Long-term safety: Assessing
longitudinal effects of microbiota modulation on neurological and
immunological functions. Mechanistic depth: Elucidating strain-
specific effects and receptor crosstalk (e.g., GPR43-TLR4 synergy)
using single-cell transcriptomics and spatial metabolomics.

The gut microbiota refers to microbial communities colonizing
the host’s gastrointestinal tract, with human intestinal flora being
predominantly composed of bacteria. These microbial populations,
historically estimated to outnumber human somatic cells by a 10:1
ratio, play indispensable roles in maintaining host homeostasis (1).
The gut microbiota exhibits dynamic fluctuations throughout the
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host’s lifespan, modulated by both endogenous and exogenous
factors including genetic predisposition (13), sex differences (14),
geographical environment (15), dietary habits and nutritional
). These
microbial communities interface with human physiology through

patterns (16), as well as individual physiological status (
multiple pathways, particularly via the gut microbiota-brain axis—

a Dbidirectional communication network. This conceptual
framework, which describes the reciprocal signaling between the
gastrointestinal tract and the central nervous system (CNS) (18), is
mechanistically underpinned by neuroregulation, neurotransmitter
activity, and neuroimmune interactions. This axis encompasses
five major physiological systems: immune, endocrine, enteric
nervous, autonomic nervous, and central nervous
Through
molecular signaling mechanisms, it coordinates bidirectional

CNS

systems.

integrated  neuroanatomical, neurochemical, and

communication between the and gut microbiota

communities (4).

Central sensitization refers to a maladaptive plasticity within
the CNS characterized by amplified neuronal responsiveness to
nociceptive signaling, resulting in heightened pain perception to
both
Mechanistically, neuroinflammatory cascades—whether triggered

noxious stimuli and normally innocuous inputs;
by primary neural inflammation or secondary to tissue injury—
constitute the core driver of pain-related central sensitization.
This pathophysiological process manifests through sustained glial
activation, dysregulated cytokine networks, and maladaptive
). The gut

through

metabolite production (notably SCFAs) that activate immune

synaptic potentiation within nociceptive pathways (
microbiota  drives neuroinflammatory  processes
cells such as macrophages and T lymphocytes. Mechanistically,
SCFAs engage G protein-coupled receptors (e.g, GPR43) on
these immune cells, triggering the release of pro-inflammatory
cytokines including interleukin-1p (IL-1B), tumor necrosis factor-
o (TNF-a), and IL-17. These signaling molecules subsequently
translocate across the BBB, inducing microglial activation within
the CNS that ultimately precipitates central sensitization (20, 21).

3.1 Microbiota-derived metabolite-
mediated GPR43 signaling pathway

While SCFAs
inflammatory properties, they paradoxically exhibit context-
dependent pro-inflammatory effects through GPR43-mediated
immune cell activation under specific pathological contexts.

are generally recognized for their anti-

A representative example is acetate’s capacity to engage GPR43 on
neutrophils, potentiating their chemotaxis, oxidative burst, and
cytokine production (22). The metabolic pathway of SCFAs
involves their entry into systemic circulation, where they engage
G protein-coupled receptors (GPR43) expressed on immune cell
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surfaces. Notably, GPR43 represents one of the primary receptors for
SCFAs, which serves as a critical signaling cascade initiating immune
cell activation and subsequent systemic immunomodulatory effects
(23). Following SCFAs-GPR43 binding, receptor activation triggers
the recruitment of Gq/l11 protein subunits. These activated
subunits subsequently stimulate phospholipase C (PLC), catalyzing
the generation of inositol trisphosphate (IP3) and diacylglycerol
(DAG). IP3 binds
receptors, inducing Ca®" release that elevates intracellular calcium

to endoplasmic reticulum-localized IP3

levels. This calcium surge sequentially activates both the nuclear
factor-kappa B (NF-kB) and MAPK signaling pathways, which
PKA-mediated of the NLRP3
inflammasome. The ubiquitinated NLRP3 complex undergoes
thereby

inhibiting

facilitate ubiquitination

autophagic  degradation, suppressing inflammasome

the

inflammatory cytokines (7, 24, 25) (Figure 1).

activation and ultimately change of pro-

3.2 Microbiota-derived metabolite-
mediated TLR2 signaling axis

Beyond the well-characterized GPR43 pathway, gut microbiota-
derived metabolites can alternatively activate immune cells through

10.3389/fpain.2025.1626515

Toll-like receptor 2 (TLR2) engagement, while also triggering the
cytokines. This
mechanism is exemplified by specific microbial metabolites (e.g.,

release of pro-inflammatory dual-receptor
lipoteichoic acid) that bind TLR2 on macrophages, subsequently
initiating myeloid differentiation primary response 88 (MyD88)-
dependent signaling cascades and nuclear factor-xB (NF-kB)
activation (26). The gut microbiota metabolizes indigestible dietary
fibers

compounds including SCFAs, lipoproteins, and peptidoglycans.

through fermentation, generating diverse bioactive
Notably, specific metabolites derived from Gram-positive bacteria
—particularly lipoproteins and peptidoglycans—serve as ligands
for TLR2 on intestinal immune cells, initiating TLR2-mediated
signaling via MyD88/PI3K pathways. Mechanistically, TLR2 forms
functional heterodimers with either TLR1 or TLR6 to recognize
(PAMPs)

lipopeptides. Upon ligand binding, TLR2 dimerization triggers

pathogen-associated molecular patterns such as
sequential recruitment of Toll/IL-1 receptor domain-containing
adaptor protein (TIRAP) and MyD88. The MyD88 complex
subsequently activates IL-1 receptor-associated kinases (IRAKs),
with IRAK4 and IRAK1 undergoing phosphorylation. Activated
IRAKs bind tumor necrosis factor receptor-associated factor 6
(TRAF6), forming a signaling complex that activates NF-xB and

mitogen-activated protein kinase (MAPK) pathways through

SCFAs )
Gut microbes (Beigae O
propionicacid, () (O
butyric acid )
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GPR43 pathway. The schematic illustrates the molecular mechanism by which gut microbiota-derived short-chain fatty acids (SCFAs), including
acetate, propionate, and butyrate, modulate neuroinflammatory signaling through the GPR43 pathway.
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transforming growth factor B-activated kinase 1 (TAK1). NF-xB
activation involves dissociation from its inhibitor IxB, followed by
nuclear translocation to initiate transcription of pro-inflammatory
genes. This process upregulates key inflammatory mediators
(TNF-0, IL-6, IL-1B) that orchestrate immune cell activation,
particularly in B lymphocytes, macrophages, and dendritic cells
(27-
release of pro-inflammatory cytokines, notably TNF-a, IL-12, and
IFN-y,
autocrine and paracrine signaling loops (

). These activated immune cells subsequently sustain the

thereby amplifying inflammatory cascades

) ( )-

through

3.3 Microbiota-Derived metabolite-
mediated GPR109A (HCAR?2) signaling
pathway

Emerging evidence highlights the role of G-protein coupled
receptor 109A (GPR109A/HCAR?2) as a critical mediator in gut-
brain-pain interactions. This receptor, primarily activated by the
endogenous ketone body B-hydroxybutyrate (BHB) and microbial-
derived butyrate, exerts anti-nociceptive effects through modulation
of neuroinflammation. Upon activation, GPR109A suppresses NF-

10.3389/fpain.2025.1626515

kB signaling and inhibits NLRP3 inflammasome assembly in
microglia and astrocytes, thereby reducing pro-inflammatory
cytokine release (e.g., IL-1B, TNF-a) in the central nervous system
(CNS) (
microbial metabolism—acts as a high-affinity endogenous ligand for
GPR109A. Preclinical studies demonstrate that GPR109A agonism

(e.g., by monomethyl fumarate) significantly alleviates mechanical

). Notably, BHB—produced during ketogenesis or by gut

allodynia and thermal hyperalgesia in neuropathic pain models by
attenuating spinal glial activation and neuronal hyperexcitability
(32, 33).
butyrate production impair GPR109A signaling, exacerbating

Furthermore, gut dysbiosis-induced reductions in
neuroinflammatory cascades and central sensitization (34). Given
its dual regulation by host-derived ketone bodies and microbiota-
derived SCFAs, GPRI09A represents a promising therapeutic
target for pain disorders linked to gut-brain axis dysregulation.

3.4 Pro-inflammatory factors infiltrate the
central nervous system

The BBB, composed of brain capillary endothelial cells,
pericytes, and astrocytes, serves to safeguard the CNS against
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signaling, culminating in immune activation and inflammation.
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TLR2 pathway. This schematic delineates the molecular cascade triggered by enteric pathogens through Toll-like receptor 2 (TLR2)-mediated
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blood-borne toxins and pathogens (35). Under neuroinflammatory
conditions, pro-inflammatory cytokines compromise BBB integrity
through multiple mechanisms, ultimately enhancing permeability.
For instance, TNF-o and IL-1f activate receptors on endothelial
cells to induce redistribution of tight junction proteins, thereby
permeability (10, ). Elevated BBB
permeability facilitates pro-inflammatory cytokine translocation
into the CNS (10). Upon penetration into the CNS, pro-
inflammatory mediators activate glial cells, initiating pathological

increasing  barrier

cascades that modulate nociceptive processing.

3.5 Glial cell activation and sensitization
represent pivotal cellular mechanisms in
neuroinflammatory cascades

CNS-infiltrating pro-inflammatory cytokines bind to glial cell
receptors, triggering glial activation. These activated glial cells
acquire the capacity to release glutamate and other
neurotransmitters, modulating synaptic activity. The released
thereby

evidence

glutamate contributes to

amplifying

demonstrates

postsynaptic  currents,
excitatory
that

glial

signaling.  Experimental

optogenetic modulation of cerebellar

Bergmann cells—employing  archaerhodopsin-T  or

channelrhodopsin-2—enables  bidirectional ~ regulation  of
glutamate release, directly establishing glial control over synaptic
transmission (37). Glial cells exert pivotal regulatory roles in
maintaining synaptic homeostasis through excitatory synapse
modulation. For instance, elevated ammonium levels suppress
activity by
of glial

downregulation of excitatory transmission (38). Following entry

neuronal compromising glial function, while

inhibition glutamine synthetase attenuates the
into the CNS via compromised BBB regions or active transport,
TNF-o triggers microglial activation in the spinal dorsal horn.
The microglia-derived TNF-a binds TNFR1

receptors, activating the p38 MAPK signaling pathway, which

to neuronal

induces phosphorylation of Navl.8 sodium channels, thereby
TNF-o
suppresses Gamma-aminobutyric acid (GABA)ergic interneuron

augmenting neuronal  excitability.  Concurrently,
function, reducing inhibitory synaptic transmission, ultimately
culminating in central sensitization and chronic pain (39). IL-18
enters the CNS via the meningeal lymphatic system and binds to
astrocytic IL-1R1 receptors in the spinal dorsal horn, inducing
ATP The neuronal P2X4

receptors, triggering presynaptic glutamate release and enhancing

release. released ATP activates
postsynaptic responses through phosphorylation of the NMDA
receptor NR2B subunit. This mechanism induces long-term
potentiation (LTP) of C-fiber-evoked potentials in the spinal
dorsal horn, which is critically implicated in neuropathic pain
(40). Interleukin-6 (IL-6) accesses the cerebrospinal fluid (CSF)
via the choroid plexus, activating the IL-6R/gpl130 complex on
the JAK2-STAT3 signaling pathway.
Following nuclear translocation, STAT3 upregulates glial
synthesis of COX-2 and PGE2. The released PGE2 binds to
neuronal EP2 receptors,
cotransporter 2 (KCC2) expression, which induces intracellular

astrocytes to initiate

downregulating potassium-chloride
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ClI” accumulation and loss of GABAergic inhibition. This

mechanism  critically underlies pain hypersensitivity in
chemotherapy-induced peripheral neuropathy models (41, 42).
IFN-y enters the CNS through active transport, activating IFN-y
receptors (IFN-yR) on spinal microglia to induce indoleamine
2,3-dioxygenase (IDO) expression. IDO metabolizes tryptophan
into kynurenine, which suppresses neuronal Kv4.2 potassium
channels via the aryl hydrocarbon receptor (AhR), thereby
enhancing action potential firing frequency. This mechanism not
only exacerbates pain hypersensitivity but also induces pain-
associated anxiety and depressive behaviors through IDO
activation in the anterior cingulate cortex (ACC) (43).

Activated microglia release increased inflammatory mediators,
). The C-C motif

chemokine ligand 2(CCL2) enters the spinal dorsal horn through

thereby amplifying neuroinflammation (11,

compromised BBB, binds to CCR2 receptors on microglia, and
triggers NLRP3 inflammasome activation with subsequent IL-18
release. IL-18 acts on IL-18 receptors (IL-18R) at primary
afferent nerve terminals, enhancing membrane expression and
function of transient receptor potential vanilloid 1 (TRPV1)
channels to promote calcium influx and substance P release.
Concurrently, CCL2 directly activates dorsal root ganglion
(DRG) neurons, augmenting the voltage-gated sodium channel
1.7 (Navl.7) sodium currents via the PKCe pathway, thereby
increasing spontaneous discharges (45). Activated glial cells
additionally generate pro-inflammatory cytokines such as TNF-o,
IL-1B, and chemokines including CXC motif chemokine ligand 1
(CXCL1), amplifying
exacerbation. In glia-derived  mediators

synergistically neuroinflammatory

parallel, induce

imbalanced synaptic transmission—enhanced glutamatergic
signaling and/or diminished GABA-ergic synaptic efficacy—
which collectively promote central sensitization development,
ultimately driving pain hypersensitivity (46) ( ).
Moreover, cerebral endothelial cells, pericytes, microglia,
astrocytes, and infiltrating immune cells receive peripheral signals
originating from the gastrointestinal (GI) tract. Activation of
these cell populations drives neuroinflammatory progression,
while the gut microbiota critically regulates microglial immune

function and maturation (2).

3.6 Crosstalk between receptor signaling
pathways in pain sensitization

Gut flora metabolites mediate nociceptive sensitization through
the activation of multiple receptors (e.g., GPR43, TLR2/4, ASIC3),
and these pathways do not operate independently, but rather form
an interacting network through the following mechanisms:

3.6.1 Receptor synergy and signaling integration

TLR4-P2X3 complex formation:

Secondary bile acids activate the ERK1/2 pathway via TLR4,
upregulate P2X3 receptor expression in DRG neurons and
promote complex assembly, enhancing ATP-induced calcium
inward flow (1Ca®>" inward flow) and synergistically amplifying
neuronal hyperexcitability (55).
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TLR4-TRPV1/TRPAI coactivation:

LPS synergistically induces chronic pain by simultaneously
upregulating  the of TRPV1 (PKCe-mediated
phosphorylation) and TRPA1 (direct binding to intracellular
structural domains) via the TLR4/NF-xB pathway and lowering
the activation threshold of both (67).

GPR43-TLR4 immunoregulation synergizes:

SCFAs inhibit HDAC activity and upregulate Kv1.2 potassium
channel expression (] neuronal excitability) via GPR43; whereas LPS

expression

promotes pro-inflammatory factor release (1 neuroinflammation) via
TLR4, and the two form a bi-directional regulatory network via
epigenetic and inflammatory pathways (56, 95).

3.6.2 Shared downstream signaling nodes

NF-«kB pivotal role:

TLR4 activation activates NF-xB through the MyD88/IRAK/
TRAF6 cascade (26). GPR43 regulates the NLRP3 inflammasome
through the PLC-IP3-Ca’"-NF-kB axis (7). NF-xB integrates
multi-pathway  signaling and collectively upregulates the
expression of nociception-related ion channels such as Navl.7,
TRPV4, and ASIC1/3 (53, 65, 80).

MAPK pathway crossover:

TLR4 of p38 MAPK promotes Navl.8

phosphorylation (39). GPR43 regulates inflammatory factor

activation

Frontiers in Pain Research

release through the Ca®*-MAPK axis (25). Multiple pathways
converge on MAPK to amplify spinal dorsal horn neuronal
sensitization (46).

3.6.3 Metabolite-mediated receptor interactions

Bidirectional regulation of SCFAs:

Propionic acid inhibits HDAC (antinociception) via the TLR4
nonclassical binding site but activates pronociception via TRPV1/
TRPV2 (56, 62).

Homeostatic effects of tryptophan metabolites:

Indole upregulate ASICla (pro-nociceptive
sensitization) via AhR (79), but KYNA (tryptophan metabolite)
inhibits neuronal excitability (anti-nociceptive sensitization) via
GPR35 (98).

derivatives

3.6.4 Functional synergy at the cellular level

Neuro-immune interaction:

TLR4 activation induces CCL2 release—recruits macrophages to
infiltrate DRG—enhances neuronal excitability via TNF-a/IL-6 (52).
GPR43-mediated SCFAs inhibit microglia activation — reduce
IL-1B/TNF-o release — indirectly inhibit central sensitization (20).

Synergistic regulation of synaptic plasticity:

Glial cell-released TNF-o inhibits GABAergic transmission
(inhibitory synapses) while the TLR4 pathway enhances

frontiersin.org
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TABLE 1 Standardized indexing of key receptors in public databases (data
source: KEGG/uniProt version 2025).

[ Target __Function ___KEGG ID__UniProt ID

GPR43 Signs of inflammation map04064 015552
TLR2 immune activation map04620 060603
ASIC3 pain sensitization map04978 P78348

glutamatergic signaling (1 excitatory synapses), which together
promote central sensitization (39, 46).

In summary: Nociceptive sensitization is the result of dynamic
interactions of multiple receptor pathways. the TLR family (TLR2/
4/9) predominantly drives pro-nociceptive signaling, whereas
GPR43/GPR35 and others play a protective role through anti-
inflammatory and ion channel modulation. The spatiotemporal-
specific cross-talk of these pathways (e.g, NF-xB/MAPK node
integration, receptor heterodimerization) provides a theoretical basis
for the development of multi-targeted analgesic strategies (Table 1).

4 Mechanisms underlying gut
microbiota modulation of peripheral
sensitization

Peripheral sensitization refers to heightened hypersensitivity of
nociceptive neurons and sensory receptors at peripheral nerve
terminals, particularly within inflammatory or injured sites,
thereby amplifying nociceptive responses to external stimuli.

4.1 Direct regulation of primary sensory
neuron excitability in the DRG

At the peripheral level, gut microbiota modulates neuronal
excitability in the peripheral nervous system (PNS). Specifically,
microbiota-derived metabolites activate or sensitize pain-associated
receptors and ion channels—including Toll-like receptors (TLRs),
transient receptor potential (TRP) channels, GABA receptors, and
acid-sensing ion channels (ASICs)—thereby directly regulating the
excitability of primary sensory neurons within the DRG (47).

4.1.1 Toll-like receptor 4 (TLR4)

As discussed earlier, the TLR2 pathway of microbiota-derived
metabolites serves as a pivotal upstream pathway for central
sensitization. Emerging evidence indicates that bacteria activate
TLR-expressing sensory neurons; these neurons then utilize TLR4
to detect bacterial components, thereby eliciting nociceptive and
inflammatory responses (48). Studies further demonstrate that
Irinotecan-induced gastrointestinal dysfunction and pain are
mediated through TLR4-dependent mechanisms (49). Emerging
studies indicate that the probiotic DSF ameliorates chemotherapy-
induced neuropathic pain through TLR4 expression modulation
(50).  These
involvement  of

findings collectively ~demonstrate the critical
TLR4 in

immunohistochemical validation reveals TLR4 localization on the

nociception.  Furthermore,

plasma membrane of DRG neurons. Mechanistically, TLR4 may
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modulate DRG neuronal function

regulation of specific molecular factors, ultimately influencing

through transcriptional
axonal regeneration (51). Experimental evidence demonstrates that
TLR4 activation in DRG neurons upregulates CCL2 expression,
inducing macrophage infiltration into DRG and
excitability  (52). TLR4
enhances neuronal excitability by modulating the expression of
Navl.7. NF-xB, a pivotal downstream effector of the TLR4
regulates

transcriptional control of Navl.7 expression (53). Beyond sodium

thereby

modulating neuronal Furthermore,

signaling  pathway, neuronal excitability through
channels, TLR4 may modulate Schwann cell function through
activation of downstream signaling pathways including NF-xB and
MAPK, promotes Schwann cell proliferation and migration,
thereby impacting nerve regeneration processes (54). Secondary
bile acids derived from gut microbiota metabolism, such as
lithocholic acid, directly activate  TLR4 on DRG neurons,
increasing membrane expression of P2X3 receptors via the ERK1/2
signaling pathway. TLR4 forms a complex with P2X3 receptors,
potentiating ATP-induced currents (Ca*" influx), thereby resulting
in neuronal hyperexcitability and visceral hypersensitivity. Co-
administration of the TLR4 inhibitor CLI-095 and the P2X3
antagonist AF-353

nociception (55). SCFAs, exemplified by propionate, bind to the

synergistically alleviates bile acid-induced

extracellular domain of TLR4 on DRG neurons at non-canonical
LPS-binding sites, thereby suppressing histone deacetylase (HDAC)
activity. This HDAC inhibition elevates histone acetylation levels at
the promoter region of the Kvl.2 potassium channel gene,
augmenting its transcriptional expression, which enhances K"
efflux and reduces neuronal excitability (56). Indole and its
derivatives (e.g., indole-3-acetic acid) produced by gut microbiota
activate TLR4 on DRG neurons, triggering NADPH oxidase 2
(NOX2)-dependent reactive oxygen species (ROS) generation.
These ROS oxidatively modify the Cys892 residue of the Navl.8
sodium channel, delaying its inactivation, prolonging action
potential duration, and increasing spontaneous firing frequency
(57). Polyamines (e.g., putrescine) derived from gut microbiota
metabolism directly bind to the intracellular TIR domain of TLR4,
activating mTORCI signaling to promote protein synthesis in
DRG neurons. mTORCI upregulates the expression of the acid-
sensing ion channel 3 (ASIC3) and transient receptor potential
(TRPA1)
excitability induced by acid and oxidative stress. Pharmacological

ankyrin 1 channels, thereby enhancing neuronal
inhibition of TLR4 or mTOR with rapamycin significantly
alleviates polyamine-induced mechanical hypersensitivity (58). Gut
(CpG-ODNs)
activate Toll-like receptor 9 (TLR9) in DRG neurons, inducing
heterodimerization of TLR4 and TLR9. The TLR4/9 heterodimer
activates p38 MAPK via the IRAK1/TRAF6 signaling axis,

enhancing voltage-gated calcium channel Cav3.2 currents, thereby

microbiota-derived CpG  oligodeoxynucleotides

facilitating neurotransmitter release and nociceptive transmission.
Combined administration of TLR4-neutralizing antibodies and the
TLRY antagonist ODN2088 synergistically suppresses CpG-ODN-
induced nociceptive effects (59). Collectively, these findings
demonstrate that TLR signaling directly modulates the excitability
of primary sensory neurons within the DRG, thereby driving
peripheral sensitization.
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4.1.2 TRP channels

TRP channels constitute a class of non-selective cation

channels that are evolutionarily conserved across diverse
organisms, including Homo sapiens, fungi, and green algae such
as Chlamydomonas reinhardtii (60). Emerging evidence indicates
that multi-strain probiotics modulate TRP channel activity
through regulation of gut microbiota metabolites, thereby
alleviating migraine symptoms (61). This finding suggests an
intrinsic association between TRP channels and nociception.
Mechanistic investigations reveal that SCFAs, gut microbiota-
activate TRPV1 and TRPV2 channels.

TRPV1 activation triggers Ca** and Na' influx, inducing

derived metabolites,

neuronal depolarization and high-frequency action potential
firing, which amplifies nociceptive signal transmission and
elevates neuronal excitability (62, 63). Gut microbiota metabolize
tryptophan into indole and its derivatives (e.g., indole acrylic
acid), which directly bind to the N-terminal cysteine residues
(Cys621 and Cys665) of the TRPAl

conformational changes. TRPAI1 activation triggers Ca®" influx,

channel, inducing
enhances excitability of DRG neurons, and promotes neurogenic
inflammation via release of calcitonin gene-related peptide
(CGRP) and substance P (64). Secondary bile acids (e.g.,
deoxycholic acid) activate TLR4 on DRG neurons, upregulating
potential vanilloid 4 (TRPV4) channel
expression via the NF-xB signaling pathway. TRPV4 channels are

transient receptor

directly sensitized by bile acids, exhibiting increased open
probability under hypotonic or mechanical stimulation, which
drives Ca®" influx and neuronal hyperexcitability. In cholestatic
TRPV4 HC-067047
significantly alleviates visceral pain (65). Polyamines (e.g.,
spermine, spermidine) derived from gut microbiota metabolism

liver disease models, the antagonist

directly bind to the voltage-sensing domain (S4 segment) of the
transient receptor potential melastatin 8 (TRPMS8) channel,
inhibiting cold- and menthol-evoked currents. By reducing
TRPMS8 open probability, polyamines diminish Ca** influx and
suppress abnormal discharges in cold-sensing DRG neurons, as
observed in cold allodynia associated with inflammatory bowel
disease (66). Lipopolysaccharide (LPS) derived from Gram-
negative bacteria activates the NF-xB pathway via TLR4 in DRG
neurons, upregulating the expression of TRPAI and TRPVI. LPS
directly binds to the intracellular C-terminal domain of TRPAI,
enhancing its (e.g.
4-hydroxynonenal, 4-HNE), while concurrently phosphorylating
the Ser800 residue of TRPVI via protein kinase C epsilon
(PKCe), thereby lowering its activation threshold. This LPS-
induced co-activation of TRPA1/TRPV1 culminates in neuronal

sensitivity to  endogenous ligands

hyperexcitability and chronic pain (67). Gut microbiota convert
dietary ellagitannins into urolithin A (UroA), which directly
binds to the pore region (Gly652 and Tyr658 residues) of the
(TRPC5) channel,
antagonizing its non-selective cation currents. TRPC5 inhibition

transient receptor potential canonical 5

stabilizes the membrane potential of DRG neurons, thereby
reducing spontaneous discharges and nociceptive transmission
(68). Collectively, these findings demonstrate that TRP channels
directly modulate the excitability of primary sensory neurons in
the DRG, thereby driving peripheral sensitization.

Frontiers in
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4.1.3 GABA

GABA serves as the primary inhibitory neurotransmitter in the
CNS. By binding to its receptors, GABA evokes inhibitory
(IPSPs)  that
above, glial

postsynaptic  potentials neuronal
excitability. As
GABAergic tone, thereby contributing to central sensitization.
Additionally, GABA may mediate

through modulation of DRG neuronal activity (

suppress

reviewed cells can modulate

peripheral sensitization
). Tryptophan
metabolites such as indole directly activate chloride channels by
binding to the extracellular domain (non-canonical binding site)
of the GABA-A receptor o5 subunit. The indole-evoked chloride
current induces hyperpolarization of the resting membrane
potential in DRG neurons, thereby reducing the frequency of
action potential firing (70, 71). Secondary bile acids (e.g.,
lithocholic acid) activate TLR4 on the membrane of DRG
neurons, inducing endocytosis of the y2 subunit of GABA-A
receptors and reducing surface receptor density. Concurrently,
bile acids directly bind to the ol subunit of GABA-A receptors,
inhibiting GABA-mediated chloride currents and resulting in
of TLR4 or
pharmacological antagonism of the GABA-A al subunit with

neuronal depolarization. Genetic ablation
bicuculline reverses the pronociceptive effects of bile acids (72).
Polyamines (e.g., putrescine) produced by gut microbiota traverse
the blood-nerve barrier (BNB) to activate GABA-B receptors on
DRG neurons, inhibiting the mTORCI

through GPy subunits. mTORC1 suppression reduces synaptic

signaling pathway

protein synthesis, thereby attenuating LTP and nociceptive
(73). D-lactate L-lactate),
produced by gut microbiota, specifically binds to the § subunit of

sensitization (not a metabolite
GABA-Areceptors, enhancing channel open probability under
low pH conditions (e.g., inflammatory states). The D-lactate-
evoked chloride current suppresses the excitability of nociceptive
DRG neurons expressing TRPV1, independent of the canonical
GABA-binding site (74). Gut microbiota-derived metabolites,
including SCFAs and bile acids, regulate the excitability of
primary sensory neurons in the DRG by activating GABA
receptors. These metabolites modulate GABA receptor expression
thereby altering GABAergic
modifying neuronal excitability. Additionally, they influence

and activity, inhibition and
GABA receptor functionality through phosphorylation state
adjustments (75, 76).

4.1.4 ASICs

ASICs, a class of extracellular proton (H")-activated non-
selective cation channels, are widely distributed throughout the
central and peripheral nervous systems (77). Gut microbiota-
derived SCFAs, such as butyrate and propionate, directly activate
ASIC3 channels (exhibiting the highest pH sensitivity) by
reducing extracellular pH. In DRG neurons, ASIC3 activation
induces increased Na® influx, triggering action potentials and
enhancing  neuronal  excitability.  Experimental  studies
demonstrate that genetic deletion of ASIC3 or pharmacological
blockade with the antagonist APETx2 abolishes the
pronociceptive effects of SCFAs (78). Furthermore, gut
microbiota convert tryptophan into indole derivatives (e.g.,

indole-3-acetic acid), activating the AhR in DRG neurons. AhR
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signaling upregulates the transcriptional expression of ASICla,
increasing channel surface density and amplifying acid-evoked
In diabetic neuropathy models, pharmacological
inhibition of AhR attenuates ASICla-mediated hyperalgesia (79).
LPS released by Gram-negative bacteria activates TLR4 in DRG

currents.

neurons, triggering the NF-kB signaling pathway. NF-xB binds
to the promoter regions of ASIC1/2/3 genes, upregulating their
expression and enhancing acid-induced neuronal excitability.
Elevated ASIC1/3 expression has been observed in DRG neurons
from patients with irritable bowel syndrome (IBS) (80). Gut
dysbiosis elevates histamine release, which activates H1 receptors
in DRG neurons and potentiates ASIC3 activity via the PLC/
PIP2 signaling pathway. ASIC3 co-localizes with H1 receptors on
the neuronal membrane of DRG neurons. Histamine induces
spontaneous firing by lowering the pH activation threshold of
ASIC3 from 6.7 to 6.9 (81). Polyamines (e.g, putrescine,
cadaverine) derived from gut microbiota metabolism directly
bind to the extracellular domain of acid-sensing ion channel la
(ASICla) near its proton-binding site. Through electrostatic
interactions, polyamines stabilize the open conformation of
ASICla,
reductions (pH 7.0—7.2). Cryo-electron microscopy (cryo-EM)

enabling channel activation under minimal pH
structural  analysis reveals hydrogen bonding between
putrescine and the Glu220/Asp346 residues of ASICla (82). In
addition to microbiota-derived metabolites, inflammatory and
neuroinflammatory processes can modulate ASICs to mediate

pain modulation (83).

4.2 Indirect modulation of primary sensory
neuron excitability

On the other hand, gut microbiota metabolites indirectly
modulate the excitability of primary sensory neurons in the DRG
by activating non-neuronal cells (e.g., immune cells) to trigger the
release of pro-inflammatory cytokines (e.g., IL-6, IL-1B, TNF-a),
chemokines (e.g., CCL2), or anti-inflammatory cytokines (e.g., IL-
4, 1L-10) (
SCFAs, regulate the activation of microglia and astrocytes (85, 86),

). Gut microbiota metabolites, including LPS and

Reduced expression of tight junction proteins compromises BBB
integrity, facilitating the entry of pro-inflammatory cytokines
IL-18 and TNF-o into the CNS. This
inflammatory signaling cascades, ultimately shaping the brain’s

such as initiates
neuroinflammatory state and indirectly modulating food reward-
related neurobehavioral signaling. Altered neurobehavioral signals
may further regulate the excitability of primary sensory neurons in
the DRG (
TNF-o, which upregulate the expression of Navl.7 sodium

). Furthermore, activated microglia release IL-6 and

channels in DRG neurons via the TLR4/NF-kB signaling pathway,
ultimately driving neuronal hyperexcitability (88). Gut microbiota-
derived phenylacetylglutamine (PAGIn) induces DNA damage and
mitochondrial dysfunction, driving host cellular senescence via the
adrenergic receptor-AMPK signaling pathway. The senescence
process entails the release of inflammatory factors such as IL-6,
which may indirectly modulate the excitability of primary sensory
neurons in the DRG by activating non-neuronal cells (e.g,
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immune cells) (89). Gut microbiota-derived indole derivatives,
such as indole-3-propionic acid, activate the AhR. AhR activation
promotes the release of IL-6 and TNF-a, which subsequently
activate the JAK-STAT3 signaling pathway in DRG neurons. This
upregulates the expression of voltage-gated calcium channel
Cav3.2, thereby enhancing neuronal excitability (90). Conversely, it
cytokine
interleukin-10 (IL-10), which suppresses hyperexcitability in DRG

promotes the release of the anti-inflammatory

neurons (91). Gut microbiota-derived histamine activates intestinal
mast cells, triggering the release of IL-6 and TNF-o. These
cytokines activate spinal microglia via the vagal-spinal pathway.
Activated microglia release CCL2, recruiting peripheral monocytes
to infiltrate the DRG. Through CCR2 receptor signaling,
monocytes activate the ERK1/2 pathway within neurons,
upregulating the expression of hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels, thereby enhancing spontaneous
neuronal firing (92). All aforementioned mechanisms indirectly
modulate the excitability of primary sensory neurons in the DRG
via the neuro-immune-microbiome axis, culminating in the

development of peripheral sensitization.

4.3 PAMPs

Furthermore, PAMPs derived from the gut microbiota are
recognized as critical contributors to peripheral sensitization
under chronic pain conditions. These PAMPs encompass cell
wall components such as peptidoglycan (PGN), B-glucans, and
LPS. Following localized release into circulation, these molecules
interact with pattern recognition receptors on immune cells and
sensory neurons within the DRG, thereby driving peripheral
sensitization (26). On the one hand, PAMPs act on immune cells
to release pro-inflammatory cytokines and chemokines, which
indirectly activate or sensitize primary sensory neurons within
the DRG. On the other hand, primary sensory neurons in the
DRG can be directly activated or sensitized by PAMPs (5).
Studies demonstrate that P-glucans produced by Candida
albicans bind to dendritic cell-associated C-type lectin-1 (Dectin-
1) in primary sensory neurons of the DRG. This Dectin-
1-mediated phospholipase C-transient receptor potential vanilloid
1 (PLC-TRPV1) axis contributes to the nociceptive effects of B-
glucans, thereby evoking pain responses in mice (93). Therefore,
PAMPs derived from the gut microbiota induce neuronal
hyperexcitability either by directly acting on primary nociceptive
neurons or indirectly via immune cell activation, thereby driving
peripheral sensitization.

5.1 SCFAs

The gut microbiota ferments indigestible dietary fibers into
SCFAs, primarily propionate, butyrate, and acetate. In addition

to their involvement in central sensitization-associated
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pathways as previously described, SCFAs modulate diverse
leukocyte functions by activating free fatty acid receptors 2 and
3 (FFAR2/3), regulating the production of cytokines (IL-2, IL-
6, IL-10, and TNF-a)) and chemokines (e.g., CCL2) (94). TNEF-
o plays a critical role in peripheral sensitization during
neuropathic pain. Butyrate, functioning as an HDAC inhibitor,
reduces TNF-o. production via HDAC suppression, thereby
attenuating pain responses in peripheral nerve injury models.
Therefore, SCFAs modulate pain through both receptor-
and histone

mediated mechanisms acetylation-dependent

epigenetic regulation (95).

5.2 Bile acids (BA)

The gut microbiota serves as a critical determinant in
regulating BA metabolism (96), BAs induce analgesia by
activating the G protein-coupled bile acid receptor (TGRS5) in
peripheral macrophages, mechanistically through the release of
endogenous opioids (8). Accumulating evidence indicates that
the gut microbiota plays a pivotal role in the biosynthesis of
kynurenic acid (KYNA) (97), G protein-coupled receptor 35
(GPR35) is upregulated in DRG neurons. Activation of GPR35
KYNA reduces neuronal excitability in vitro and induces dose-
dependent analgesia in vivo (98).

5.3 KYNA

KYNA, a metabolite of the kynurenine pathway, modulates
neurotransmission and pain perception. KYNA is produced via
tryptophan metabolism, primarily synthesized in astrocytes
through the enzymatic actions of kynurenine 3-monooxygenase
(KMO) (KAT). KYNA
regulates antagonizing o7 nicotinic

and kynurenine aminotransferase
neurotransmission by
acetylcholine receptors (07nAChRs) and N-methyl-D-aspartate
receptors (NMDARs) (99), KYNA exerts antihyperalgesic effects
i the CNS of

neurotransmission (9). KYNA alleviates pain by antagonizing

in through  modulation glutamatergic
NMDARs, thereby reducing excessive glutamatergic activation.
Dysregulated KYNA levels are closely associated with chronic
pain states such as fibromyalgia, while disturbances in its
metabolic pathways may exacerbate neuroinflammation and

amplify pain perception.

10.3389/fpain.2025.1626515

5.4 GABA

The inhibitory neurotransmitter GABA can be synthesized by
and Bifidobacterium
species through enzymatic decarboxylation of glutamate via

Lactobacillus, Bifidobacterium dentium,
glutamate decarboxylase-B (GAD-B). Daily oral administration of
Bifidobacterium species modulates sensory neuronal activity in a
rat model of visceral hypersensitivity with fecal retention (100).
Recent studies have demonstrated that GABA receptors are
expressed in DRG neurons. GABA receptor activation induces
depolarization of most sensory neuronal somata. However, due
to the filtering effect at T-junctions of nociceptive fibers, this
generates a net inhibitory effect on nociceptive transmission,
ultimately alleviating neuropathic and inflammatory pain (101).

5.5 Neuromodulators

Studies have demonstrated that multiple neuromodulators
participate in the neuroplasticity of pain perception during the
transition from acute to chronic pain, thereby inducing plasticity-
related alterations at both molecular and network levels (102).
Endogenous pain dysregulation, a hallmark of chronic pain,
appears to emerge as one of the consequences of neuroplastic
remodeling within the CNS (103). Within the CNS, descending
pain modulatory pathways process nociceptive signals through
(NE)
(5-HT). NE suppresses pain perception, whereas 5-HT exhibits
modulation—both
nociceptive processing (104). The gut microbiota modulates the

the neurotransmitters norepinephrine and serotonin

bidirectional inhibiting and facilitating
availability of circulating tryptophan and influences 5-HT

synthesis in the brain (105) (Tables 2, 3).

6 Therapeutic potential of microbiota-
targeted interventions in pain
management

6.1 Probiotic interventions in postoperative
pain management

Probiotics alleviate postoperative pain by modulating gut

microbiota composition and attenuating neuroinflammation.

TABLE 2 Key Gut Microbiota-derived metabolites and their roles in pain sensitization.

Metabolite Mechanism of action

Short-Chain Fatty
Acids (SCFAs)

Bile Acids (BAs)
neurons, enhancing P2X3/TRPV4 expression.

Kynurenic Acid
(KYNA)
GABA

neuronal excitability

currents to inhibit action potentials.

Indole Derivatives

Frontiers in Pain Research

Activate GPR43/FFAR2 on immune cells, induce NF-kB/MAPK
signaling; inhibit HDACs to regulate epigenetic modifications.
Activate TGR5 to release endogenous opioids; bind TLR4 on DRG
Antagonize NMDA/a7nAChRs; activate GPR35 to suppress

Bind GABA-A/B receptors on DRG neurons; modulate chloride

Activate AhR/TRPA1; induce ROS generation via TLR4-NOX2 axis.

10

References
(7, 24, 25, 62, 95)

Pain modulation
Pro-/anti-inflammatory effects (context-dependent),
modulate neuronal excitability via TRP channels.
Analgesia (via TGR5) or hyperalgesia (via TLR4). (8, 55, 96)

Central antihyperalgesia, reduces neuroinflammation. (9, 98, 99)

(70, 72, 100)

Suppresses peripheral nociception and neuropathic pain.

Promotes hyperalgesia (ROS) or analgesia (AhR- (57, 64, 79)

dependent).
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TABLE 3 Molecular cascade linking Gut Microbiota-derived metabolites to pain sensitizatio.

Metabolite

Receptor/

Key molecular events

Cellular effect

10.3389/fpain.2025.1626515

Pain modulation

References

SCFAs (e.g.,
hydrocyanic
acid)

Bas (e.g., litho
bile acids)

GPR43 (immune
cells) TLR4 (DRG
neurons) TRPV1/
TRPV2 (DRG
neurons)

TLR4 (DRG
neurons) TGR5
(macrophage)

Gq/11-PLC-1P5/
DAG NF-xB Ca**
instream flow

ERK1/2
Endogenous
opioid release

1 Ca®" release — activation
NF-xB/MAPK — NLRP3
ubiquitination/degradation

HDAC inhibition — 1 histone
acetylation — 1 Kv1.2 expression
Channel activation — Ca**/Na*

endocytosis

1 P2X3 membrane
expression — TLR4/P2X3

complex formation Activation of
TGRS5 — B-endorphin release

of | Inflammasome

activation — inhibits IL-1p/
TNF-o release T K* efflux — |
neuronal excitability
Neuronal depolarization — 1
action potential frequency

1 ATP-induced current (Ca*"
inward flow) — neuronal
hyperexcitability Inhibition of
injurious signaling

Anti-inflammatory/
analgesic (inhibits central
sensitization) Analgesic
(inhibits peripheral
sensitization) Pro-
nociceptive (induces
peripheral sensitization)
Pro-analgesia (visceral
pain sensitization)
Analgesic

(7, 24, 25) (56)
(62, 63)

(55) (8)

KYNA NMDA receptor/ | Glutamatergic Blockade of NMDA | Synaptic plasticity (e.g., Antinociceptive (central | (9, 99) (98)
o7nAChR (CNS) | signaling receptors — | Ca®" inward flow | LTP) — | central sensitization | analgesia) Analgesic
GPR35 (DRG antagonism Activation of GPR35 — | JNeurotransmitter
neurons) G protein coupling | voltage-gated calcium channel release — | neuronal
activity excitability
Indole TLR4 (DRG NOX2-ROS 1 ROS generation — Nav1.8 Delayed Nav1.8 Pain promotion (57) (79)
derivatives (e.g., | neurons) AhR Transcriptional oxidative modification (Cys892) | inactivation — 1 spontaneous | (Mechanical pain
1AA) (DRG neurons) regulation AhR activation - 1ASICla discharge 1 Acid-induced sensitization) Promoting
expression current — 1 neuronal Pain (Diabetic
excitability Neuropathy)
GABA GABA-A/receptor | Cl-channel Cl- inward flow — neuronal | Action potential frequency | Analgesia (inhibits (70, 72, 100)
(DRG neurons) activation hyperpolarization peripheral injury

Surgical procedures and anesthesia disrupt intestinal microbial
homeostasis, resulting in heightened inflammatory responses.
Probiotics restore microbial equilibrium by replenishing beneficial
bacteria such as Bifidobacterium and Lactobacillus species. Through
suppression of pro-inflaimmatory mediators (e.g., IL-6, TNF-a),
probiotics mitigate postoperative neuroinflammatory processes,
thereby reducing nociceptive sensitization (106, 107); Furthermore,
probiotics can be integrated into multimodal analgesia strategies to
reduce dependence on opioid medications (108). Butyrate, SCFAs,
modulates gut microbiota composition and attenuates inflammatory
responses, thereby alleviating postoperative pain. By regulating the
functionality of the enteric nervous system, butyrate suppresses
nociceptive signaling. This mechanistic insight provides a novel
rationale for employing probiotic interventions in postoperative
pain management (6). In two clinical trials of 120 abdominal
surgery and 80 postoperative orthopedic patients, the experimenters
intervened with a probiotic complex (containing Bifidobacterium
and Lactobacillus) and L. GG for 4 weeks,
from 7 days 14 days
postoperatively, and the results of the trial indicated that the

rhamnosus

respectively, preoperatively to
probiotic intervention resulted in a reduction in postoperative
pain scores by 30%-50%, as well as a significant reduction in
pro-inflammatory factors (IL-6,TNF-a) levels (138%-41%) and
reduced opioid dependence (135%) (106, 108). These clinical

trials reinforce the above points.

6.2 Clinical trials of FMT for chronic pain
management

FMT significantly reduced patients’ pain scores on the Numerical
Rating Scale (NRS), improved the Widespread Pain Index (WPI), and

Frontiers in Pain Research 11

transmission)

alleviated Symptom Severity (SS) scores. Post-FMT treatment,
patients exhibited significant increases in serum levels of 5-HT and
GABA, alongside a marked reduction in glutamate concentrations.
The therapeutic effects of FMT demonstrated durability, persisting
for 12 months with an overall response rate of 90.9%, significantly
higher than that observed in the control group (3). FMT alleviates
pain through mechanisms involving modulation of gut microbiota
and neuroinflammation. Specifically, FMT exerts analgesic effects
by promoting the proliferation of anti-inflammatory bacterial
species (e.g., Bifidobacterium and Lactobacillus) while reducing
levels of pro-inflammatory cytokines, including IL-6 and TNF-o
(109); FMT modulates levels of tryptophan metabolites (e.g.,
kynurenic acid and 3-indoxyl sulfate) and neurotransmitters (e.g.,
5-HT and GABA), thereby regulating neuroinflammation and pain
perception (110); FMT attenuates neuroinflammation and pain
hypersensitivity by modulating gut microbiota composition and
suppressing pro-inflaimmatory microglial activation in the CNS
(12). In two clinical trials, the investigators intervened with FMT in
55 patients with fibromyalgia as well as 40 patients with IBS pain,
and the results of the studies demonstrated that FMT significantly
reduced pain scores (140%) and elevated pain thresholds (145%) in
patients with  fibromyalgia and IBS, accompanied by
neurotransmitter improvements (128% for 5-HT, 131% for GABA)
and inflammation suppression (TNF-o. |36%), with efficacy lasting
>12 months (3, 12).

6.3 Dietary modification (high fiber diet)
enhances the antinociceptive effect of SCFA
microbiota

High-fiber dietary modulate

composition to enhance the production of short-chain fatty acids

regimens gut
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(SCFAs, e.g., acetic acid, propionic acid, and butyric acid), which
are critical for maintaining intestinal barrier integrity. This
mechanistic cascade effectively attenuates pro-inflammatory
with
implementation demonstrating significant clinical improvements

mediators and  nociceptive  signaling, long-term
in osteoarthritic knee pain, functional disability, and pain
duration (111). High-fiber dietary interventions promote the
proliferation of beneficial bacterial species (e.g., Bifidobacterium
and Lactobacillus spp.) while suppressing potential pathogens.
The resultant SCFAs attenuate inflammatory responses through
inhibition of NF-kB signaling pathway activation, thereby
reducing the release of pro-inflammatory cytokines including IL-
6 and TNF-o (112
SCFAs exert analgesic effects by modulating neurotransmitter
including 5-HT and GABA, thereby

nociceptive (114). SCFAs

nociceptive signaling through vagus nerve activation and

, 113), reduce systemic inflammatory response.
levels, suppressing
signaling  pathways attenuate
functional modulation of the CN), thereby suppressing pain
perception (115). High-fiber diets attenuate inflammation and
pain by modulating gut microbiota composition and enhancing
SCFA production. In a clinical trial of 214 patients with knee
osteoarthritis and the NHANES cohort study of 1,892 personnel,
the researchers used a high-fiber diet as an entry point for a
related study, which found that a high-fibre diet (>30 g/day)
significantly improved osteoarthritis pain (WOMAC scores
135%), elevated levels of SCFAs (butyric acid 142%), and
reduced systemic inflammation (IL-6/29%, CRP|26%), and long-
term intake reduced chronic pain risk by 33% (116, 117). These
microbial metabolites exert anti-nociceptive effects through dual
mechanisms: inhibiting pro-inflammatory cytokine release (e.g.,
IL-6, TNF-o) and regulating neurotransmitter homeostasis
(5-HT/GABA), thereby offering novel therapeutic strategies for
pain management (Table 4).

Moreover Subgroup analyses suggest that probiotic efficacy
in pain reduction may be more pronounced in females,
possibly linked to estrogen-mediated modulation of gut
barrier integrity and immune cell function (118). Future
should by
personalized interventions.

trials stratify outcomes sex to optimize

TABLE 4 Microbiota-Targeted interventions for pain management.

10.3389/fpain.2025.1626515

7 Limitations and future directions

While this review synthesizes critical advances in gut microbiota-
mediated pain sensitization, several limitations necessitate further
investigation. Building on the future priorities outlined in the
abstract, we propose the following expanded research agenda.

7.1 Causal validation beyond correlation

Current Limitation: Most evidence derives from correlative
studies (e.g., dysbiosis-pain associations), lacking direct causal
links between specific microbial taxa and pain phenotypes.

Future Pathways: Utilize germ-free animal models colonized
with defined bacterial consortia (e.g., Clostridium scindens for
bile acid metabolism) to establish microbial causality. Employ
bacterial genetic engineering (e.g., CRISPR-Cas knockout of
SCFA-producing genes) to dissect metabolite-specific effects on
GPR43/TLR2 pathways.

7.2 Clinical translation of preclinical findings

Current Limitation: Heterogeneity in patient genetics, diet, and
comorbidities limits generalizability of microbiota-targeted
therapies (e.g., FMT/probiotics).

Future Pathways: Conduct large-scale, stratified RCT's focusing on
pain subtypes (e.g., neuropathic vs. inflammatory pain) with multi-
omics profiling (metagenomics, metabolomics) to identify predictive
biomarkers. Develop standardized intervention protocols: Define
optimal probiotic strains (e.g., Bifidobacterium longum for GABA

modulation), FMT donor criteria, and high-fiber diet compositions.

7.3 Spatiotemporal dynamics of microbial
signaling

Current Limitation: The temporal resolution of metabolite-
receptor interactions (e.g, SCFA-GPR43 vs. LPS-TLR4 crosstalk)
and their spatial distribution in neural tissues remain uncharacterized.

‘ Intervention Mechanism Clinical outcomes References

Probiotics

Lactobacillus) Inhibit the release of pro-inflammatory factors

Restore intestinal flora balance (e.g., increase Bifidobacteria,

(IL-6, TNF-a) Regulate enteric nervous system function and

inhibit injurious signaling
Fecal microbiota
transplantation (FMT)

microglia activation

High-fiber diet

pro-inflammatory factors (IL-6, TNF-o.) Regulates
neurotransmitters (5-HT, GABA)
Butyrate Inhibits histone deacetylase (HDAC) and reduces TNF-o,
supplementation

central pain signaling via vagus nerve activity.
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Increases anti-inflammatory flora (e.g., Bifidobacteria) Increases
serum 5-HT and GABA levels Reduces glutamate levels Inhibits

Promotes the production of SCFAs (butyric acid, propionic
acid, acetic acid) Inhibits NF-kB signaling pathway and reduces

production Stabilizes enteric nervous system activity Modulates

12

30%-50% reduction in postoperative pain scores (abdominal/ | (50, 106-
orthopedic surgery patients) Decrease in pro-inflammatory
factor levels 38%-41% (IL-6, TNF-o) Opioid dependence
reduced by 35%

40% reduction in pain scores (fibromyalgia/IBS patients) Pain | (3, 12, 109, 110)
threshold improved by 45 Neurotransmitter improvement
(5-HT 128%, GABA 131%) Inflammation suppression (TNF-o
136%) Duration of efficacy >12 months (overall efficacy rate
90.9%)

Improved osteoarthritis pain (WOMAC score | 35%) Elevated
levels of SCFAs (butyric acid 142%) Reduced systemic
inflammation (IL-6 [29%, CRP |26%) Reduced risk of chronic

pain 33% with long-term intake

(111-117)

Preclinical models show neuropathic pain reduction (6, 95)
(quantitative data pending clinical translation) Potential for

postoperative pain management (mechanism support)

frontiersin.org
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Future Pathways: Apply single-cell spatial transcriptomics to
map microbial metabolite receptors (e.g., GPR43, TLR2) in DRG
neurons and spinal glia. Utilize real-time metabolomic imaging
(e.g., DESI-MSI) to track microbiota-derived molecules (e.g.,
KYNA, indole) across the gut-brain axis during pain progression.

7.4 Personalized microbial therapeutics

Current Limitation: Host-specific factors (e.g., epigenetics,
immune status) influence treatment response, yet precision
frameworks are underdeveloped.

Future Pathways: Integrate multi-omics data (host genomics, gut
metagenomics, serum metabolomics) to build machine-learning
models predicting individual responses to probiotics/FMT. Explore
synbiotic formulations: Combine strain-specific probiotics (e.g.,
Lactobacillus rhamnosus GG) with prebiotics targeting metabolite
production (e.g., resistant starch for butyrate). Integrate sex as a
biological variable in multi-omics models to decipher hormone-
microbiome-neuroimmune interactions underlying pain disparities.

7.5 Long-term safety and mechanistic depth

Current Limitation: Longitudinal effects of microbiota modulation
(e.g, FMT-induced neuroimmune changes) are poorly documented.

Future Pathways: Establish long-term registries for patients receiving
microbiota-based therapies, monitoring neurological/immunological
outcomes (e.g, microglial activation via PET imaging). Decipher
receptor crosstalk mechanisms (e.g, GPR43-TLR4 synergy) using
organoid models or microfluidic gut-brain axis platforms.

8 Summary and perspectives

This
underlying microbiota metabolite-mediated peripheral and central

review systematically consolidates the mechanisms

sensitization,  establishing an integrative framework for

understanding microbiome-pain interactions. Gut microbiota-
derived metabolites, such as SCFAs, bile acids, and kynurenic acid,
modulate sensitization processes in both central and peripheral
nervous systems through diverse signaling pathways, including
GPR43, TLR2, ASICs. Furthermore, gut dysbiosis exacerbates pain
by promoting neuroinflammation and dysregulated immune

References

1. Yang Y, Xu Z, Guo J, Xiong Z, Hu B. Exploring the gut microbiome-postoperative
cognitive dysfunction connection: mechanisms, clinical implications, and future
directions. Brain Behav Immun Health. (2024) 38:100763. doi: 10.1016/j.bbih.2024.100763

2. Abdel-Haq R, Schlachetzki JCM, Glass CK, Mazmanian SK. Microbiome-
microglia connections via the gut-brain axis. ] Exp Med. (2019) 216(1):41-59.
doi: 10.1084/jem.20180794

3. Fang H, Hou Q, Zhang W, Su Z, Zhang J, Li J, et al. Fecal microbiota
transplantation improves clinical symptoms of fibromyalgia: an open-label,
randomized, nonplacebo-controlled study. J Pain. (2024) 25(9):104535. doi: 10.
1016/j.jpain.2024.104535

Frontiers in Pain Research

13

10.3389/fpain.2025.1626515

responses. Microbiome-targeted interventions—including
probiotics, fecal microbiota transplantation, and high-fiber diets—
demonstrate therapeutic potential for pain management, offering

novel strategies for future treatment.

Author contributions

MZ: Writing — original draft. LZ: Writing — review & editing.
ZL: Supervision, Writing — review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This study was
supported by The Science and Technology Program of the Joint
Fund of Scientific Research for the Public Hospitals of Inner
Mongolia Academy of Medical Sciences 2024GLLH0481.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. Mayer EA, Nance K, Chen S. The gut-brain axis. Annu Rev Med. (2022)
73:439-53. doi: 10.1146/annurev-med-042320-014032

5. Liu T, Gao YJ, Ji RR. Emerging role of toll-like receptors in the control of pain and
itch. Neurosci Bull. (2012) 28(2):131-44. doi: 10.1007/s12264-012-1219-5

6. Jiang Y, Huang Z, Sun W, Huang J, Xu Y, Liao Y, et al. Roseburia intestinalis-
derived butyrate alleviates neuropathic pain. Cell Host Microbe. (2025)
33(1):104-18.e7. doi: 10.1016/j.chom.2024.11.013

7. Xu M, Jiang Z, Wang C, Li N, Bo L, Zha Y, et al. Acetate attenuates
inflammasome activation through GPR43-mediated Ca(2+)-dependent NLRP3
ubiquitination. Exp Mol Med. (2019) 51(7):1-13. doi: 10.1038/s12276-019-0276-5

frontiersin.org


https://doi.org/10.1016/j.bbih.2024.100763
https://doi.org/10.1084/jem.20180794
https://doi.org/10.1016/j.jpain.2024.104535
https://doi.org/10.1016/j.jpain.2024.104535
https://doi.org/10.1146/annurev-med-042320-014032
https://doi.org/10.1007/s12264-012-1219-5
https://doi.org/10.1016/j.chom.2024.11.013
https://doi.org/10.1038/s12276-019-0276-5
https://doi.org/10.3389/fpain.2025.1626515
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

Zhao et al.

8. Lieu T, Jayaweera G, Zhao P, Poole DP, Jensen D, Grace M, et al. The bile acid
receptor TGR5 activates the TRPA1 channel to induce itch in mice.
Gastroenterology. (2014) 147(6):1417-28. doi: 10.1053/j.gastro.2014.08.042

9. Maganin AG, Souza GR, Fonseca MD, Lopes AH, Guimardes RM, Dagostin A,
et al. Meningeal dendritic cells drive neuropathic pain through elevation of the
kynurenine metabolic pathway in mice. J Clin Invest. (2022) 132(23):e153805.
doi: 10.1172/JCI153805

10. Gryka-Marton M, Grabowska A, Szukiewicz D. Effect of proinflammatory
cytokines on blood-brain barrier integrity. Eur Cytokine Network. (2024)
35(3):38-47. doi: 10.1684/ecn.2024.0498

11. Sun S, Fan Z, Liu X, Wang L, Ge Z. Microglia TREM1-mediated neuroinflammation
contributes to central sensitization via the NF-kB pathway in a chronic migraine model.
] Headache Pain. (2024) 25(1):3. doi: 10.1186/s10194-023-01707-w

12. Lucarini E, Di Pilato V, Parisio C, Micheli L, Toti A, Pacini A, et al. Visceral
sensitivity modulation by faecal microbiota transplantation: the active role of gut
bacteria in pain persistence. Pain. (2022) 163(5):861-77. doi: 10.1097/j.pain.
0000000000002438

13. Blekhman R, Goodrich JK, Huang K, Sun Q, Bukowski R, Bell JT, et al. Host
genetic variation impacts microbiome composition across human body sites.
Genome Biol. (2015) 16(1):191. doi: 10.1186/s13059-015-0759-1

14. Markle JG, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-
Kampczyk U, et al. Sex differences in the gut microbiome drive hormone-
dependent regulation of autoimmunity. Science (New York, NY). (2013)
339(6123):1084-8. doi: 10.1126/science.1233521

15. Govender P, Ghai M. Population-specific differences in the human microbiome:
factors defining the diversity. Gene. (2025) 933:148923. doi: 10.1016/j.gene.2024.
148923

16. Pihelgas S, Ehala-Aleksejev K, Adamberg S, Kazantseva J, Adamberg K. The gut
microbiota of healthy individuals remains resilient in response to the consumption of
various dietary fibers. Sci Rep. (2024) 14(1):22208. doi: 10.1038/s41598-024-72673-9

17. Dethlefsen L, Huse S, Sogin ML, Relman DA. The pervasive effects of an
antibiotic on the human gut microbiota, as revealed by deep 16S rRNA sequencing.
PLoS Biol. (2008) 6(11):e280. doi: 10.1371/journal.pbio.0060280

18. Ghaisas S, Maher J, Kanthasamy A. Gut microbiome in health and disease:
linking the microbiome-gut-brain axis and environmental factors in the
pathogenesis of systemic and neurodegenerative diseases. Pharmacol Ther. (2016)
158:52-62. doi: 10.1016/j.pharmthera.2015.11.012

19. Vergne-Salle P, Bertin P. Chronic pain and neuroinflammation. Joint Bone Spine.
(2021) 88(6):105222. doi: 10.1016/j.jbspin.2021.105222

20. Amaral FA, Sachs D, Costa VV, Fagundes CT, Cisalpino D, Cunha TM, et al.
Commensal microbiota is fundamental for the development of inflammatory pain.
Proc Natl Acad Sci U S A. (2008) 105(6):2193-7. doi: 10.1073/pnas.0711891105

21. Vieira AT, Macia L, Galvio I, Martins FS, Canesso MC, Amaral FA, et al. A role
for gut Microbiota and the metabolite-sensing receptor GPR43 in a murine model of
gout. Arthritis Rheum (Hoboken, NJ). (2015) 67(6):1646-56. doi: 10.1002/art.39107

22. Schlatterer K, Beck C, Schoppmeier U, Peschel A, Kretschmer D. Acetate sensing
by GPR43 alarms neutrophils and protects from severe sepsis. Commun Biol. (2021)
4(1):928. doi: 10.1038/542003-021-02427-0

23.Li Z, Song Y, Xu W, Chen J, Zhou R, Yang M, et al. Pulsatilla chinensis saponins
improve SCFAs regulating GPR43-NLRP3 signaling pathway in the treatment of
ulcerative colitis. ] Ethnopharmacol. (2023) 308:116215. doi: 10.1016/j.jep.2023.116215

24.QuY, An K, Wang D, Yu H, Li J, Min Z, et al. Short-chain fatty acid aggregates
alpha-synuclein accumulation and neuroinflammation via GPR43-NLRP3 signaling
pathway in a model Parkinson’s disease. Mol Neurobiol. (2025) 62:6612-25. doi: 10.
1007/s12035-025-04726-7

25. Maruta H, Yamashita H. Acetic acid stimulates G-protein-coupled receptor
GPR43 and induces intracellular calcium influx in L6 myotube cells. PLoS One.
(2020) 15(9):€0239428. doi: 10.1371/journal.pone.0239428

26. Miller RE, Ishihara S, Tran PB, Golub SB, Last K, Miller R], et al. An aggrecan
fragment drives osteoarthritis pain through toll-like receptor 2. JCI Insight. (2018)
3(6):€95704. doi: 10.1172/jci.insight.95704

27. Colleselli K, Stierschneider A, Wiesner C. An update on toll-like receptor 2, its
function and dimerization in pro- and anti-inflammatory processes. Int J Mol Sci.
(2023) 24(15):12464. doi: 10.3390/ijms241512464

28. Chaudhari A, Axelsson C, Mattsson Hultén L, Rotter Sopasakis V. Toll-like
receptors 1, 3 and 7 activate distinct genetic features of NF-xB signaling and y-
protocadherin expression in human cardiac fibroblasts. Inflammation. (2025).
doi: 10.1007/s10753-025-02238-z

29. Yang M, Liu X, Jiang M, Hu J, Xiao Z. TAX1BP1/A20 Inhibited TLR2-NF-xB
activation to induce tolerant expression of IL-6 in endothelial cells. Int
Immunopharmacol. (2024) 139:112789. doi: 10.1016/j.intimp.2024.112789

30. Mishima Y, Oka A, Liu B, Herzog JW, Eun CS, Fan TJ, et al. Microbiota
maintain colonic homeostasis by activating TLR2/MyD88/PI3K signaling in IL-
10-producing regulatory B cells. J Clin Invest. (2019) 129(9):3702-16. doi: 10.1172/
JCI193820

Frontiers in Pain Research

14

10.3389/fpain.2025.1626515

31. Boccella S, Guida F, De Logu F, De Gregorio D, Mazzitelli M, Belardo C, et al.
Ketones and pain: unexplored role of hydroxyl carboxylic acid receptor type 2 in the
pathophysiology of neuropathic pain. FASEB J. (2019) 33(1):1062-73. doi: 10.1096/fj.
201801033R

32. Viatchenko-Karpinski V, Kong L, Weng HR. Activation of microglial GPR109A
alleviates thermal hyperalgesia in female lupus mice by suppressing IL-18 and
glutamatergic synaptic activity. Glia. (2022) 70(4):634-49. doi: 10.1002/glia.24130

33. Perrone M, Pagano M, Belardo C, Ricciardi F, Ricciardi F, Fusco A, et al.
Potential role of the hydroxyl carboxylic acid receptor type 2 (HCAR2) in microglia
pathophysiology: a possible cross-talk with C-X-C chemokine receptor 1 (CXCR1).
Neuropharmacology. (2023) 228:109456. doi: 10.1016/j.neuropharm.2023.109456

34. Taing K, Chen L, Weng HR. Emerging roles of GPR109A in regulation of
neuroinflammation in neurological diseases and pain. Neural Regen Res. (2023)
18(4):763-8. doi: 10.4103/1673-5374.354514

35. Wu D, Chen Q, Chen X, Han F, Chen Z, Wang Y. The blood-brain barrier:
structure, regulation, and drug delivery. Signal Transduct Target Ther. (2023)
8(1):217. doi: 10.1038/s41392-023-01481-w

36. Yang ], Ran M, Li H, Lin Y, Ma K, Yang Y, et al. New insight into neurological
degeneration: inflammatory cytokines and blood-brain barrier. Front Mol Neurosci.
(2022) 15:1013933. doi: 10.3389/fnmol.2022.1013933

37. Beppu K, Kubo N, Matsui K. Glial amplification of synaptic signals. J Physiol
(Lond). (2021) 599(7):2085-102. doi: 10.1113/JP280857

38. Hosseini S, Thakur P, Cedeno DL, Fereidoni M, Elahdadi Salmani M. Editorial:
glial cells in health and disease: impacts on neural circuits and plasticity. Front Cell
Neurosci. (2025) 19:1569725. doi: 10.3389/fncel.2025.1569725

39. Zhen Y, Huber CD, Davies RW, Lohmueller KE. Greater strength of selection
and higher proportion of beneficial amino acid changing mutations in humans
compared with mice and Drosophila melanogaster. Genome Res. (2021)
31(1):110-20. doi: 10.1101/gr.256636.119

40. Schnedeker AH, Cole LK, Diaz SF, Lorch G, Rajala-Shultz PJ, Jennings RN, et al.
Is low-level laser therapy useful as an adjunctive treatment for canine acral lick
dermatitis? A randomized, double-blinded, sham-controlled study. Vet Dermatol.
(2021) 32(2):148-e35. doi: 10.1111/vde.12921

41. Bhise V, Dhib-Jalbut S. Potential risks and benefits of multiple sclerosis immune
therapies in the COVID-19 era: clinical and immunological perspectives.
Neurotherapeutics. (2021) 18(1):244-51. doi: 10.1007/s13311-021-01008-7

42. Forano M, Schween R, Taylor JA, Hegele M, Franklin DW. Direct and indirect
cues can enable dual adaptation, but through different learning processes.
] Neurophysiol. (2021) 126(5):1490-506. doi: 10.1152/jn.00166.2021

43. Vandeputte D, De Commer L, Tito RY, Kathagen G, Sabino J, Vermeire S, et al.
Temporal variability in quantitative human gut microbiome profiles and implications
for clinical research. Nat Commun. (2021) 12(1):6740. doi: 10.1038/s41467-021-
27098-7

44. Burkhart A, Helgudéttir SS, Mahamed YA, Fruergaard MB, Holm-Jacobsen JN,
Haraldsdéttir H, et al. Activation of glial cells induces proinflammatory properties in
brain capillary endothelial cells in vitro. Sci Rep. (2024) 14(1):26580. doi: 10.1038/
541598-024-78204-w

45. Strieter L, Arena R, Huizar M. Moving more and sitting less in schools: what’s
the next step? Prog Cardiovasc Dis. (2021) 64:22-6. doi: 10.1016/j.pcad.2020.12.002

46. Chen G, Zhang YQ, Qadri YJ, Serhan CN, Ji RR. Microglia in pain: detrimental
and protective roles in pathogenesis and resolution of pain. Neuron. (2018)
100(6):1292-311. doi: 10.1016/j.neuron.2018.11.009

47. Ji RR, Chamessian A, Zhang YQ. Pain regulation by non-neuronal cells and
inflammation. Science (New York, NY). (2016) 354(6312):572-7. doi: 10.1126/
science.aaf8924

48. Chiu IM, Heesters BA, Ghasemlou N, Von Hehn CA, Zhao F, Tran J, et al.
Bacteria activate sensory neurons that modulate pain and inflammation. Nature.
(2013) 501(7465):52-7. doi: 10.1038/nature12479

49. Wardill HR, Gibson RJ, Van Sebille YZ, Secombe KR, Coller JK, White IA, et al.
Irinotecan-Induced gastrointestinal dysfunction and pain are mediated by common
TLR4-dependent mechanisms. Mol Cancer Ther. (2016) 15(6):1376-86. doi: 10.
1158/1535-7163.MCT-15-0990

50. Castelli V, Palumbo P, d’Angelo M, Moorthy NK, Antonosante A, Catanesi M,
et al. Probiotic DSF counteracts chemotherapy induced neuropathic pain. Oncotarget.
(2018) 9(46):27998-8008. doi: 10.18632/oncotarget.25524

51.Xia Y, Yao Y, Feng Y, Zhou Y, Jiang M, Ding Z, et al. Toll-like receptor 4 (TLR4)
promotes DRG regeneration and repair after sciatic nerve injury via the ERK-NF-kB
pathway. Mol Neurobiol. (2025) 62:4172-89. doi: 10.1007/s12035-024-04483-z

52. Araya EI, Barroso AR, Turnes JM, Radulski DR, Jaganaught JA, Zampronio AR,
et al. Toll-like receptor 4 (TLR4) signaling in the trigeminal ganglion mediates facial
mechanical and thermal hyperalgesia in rats. Physiol Behav. (2020) 226:113127.
doi: 10.1016/}.physbeh.2020.113127

53. Han X, Shao J, Ren X, Li Y, Yu W, Lin C, et al. The different mechanisms of
peripheral and central TLR4 on chronic postsurgical pain in rats. J Anat. (2021)
239(1):111-24. doi: 10.1111/j0a.13406

frontiersin.org


https://doi.org/10.1053/j.gastro.2014.08.042
https://doi.org/10.1172/JCI153805
https://doi.org/10.1684/ecn.2024.0498
https://doi.org/10.1186/s10194-023-01707-w
https://doi.org/10.1097/j.pain.0000000000002438
https://doi.org/10.1097/j.pain.0000000000002438
https://doi.org/10.1186/s13059-015-0759-1
https://doi.org/10.1126/science.1233521
https://doi.org/10.1016/j.gene.2024.148923
https://doi.org/10.1016/j.gene.2024.148923
https://doi.org/10.1038/s41598-024-72673-9
https://doi.org/10.1371/journal.pbio.0060280
https://doi.org/10.1016/j.pharmthera.2015.11.012
https://doi.org/10.1016/j.jbspin.2021.105222
https://doi.org/10.1073/pnas.0711891105
https://doi.org/10.1002/art.39107
https://doi.org/10.1038/s42003-021-02427-0
https://doi.org/10.1016/j.jep.2023.116215
https://doi.org/10.1007/s12035-025-04726-7
https://doi.org/10.1007/s12035-025-04726-7
https://doi.org/10.1371/journal.pone.0239428
https://doi.org/10.1172/jci.insight.95704
https://doi.org/10.3390/ijms241512464
https://doi.org/10.1007/s10753-025-02238-z
https://doi.org/10.1016/j.intimp.2024.112789
https://doi.org/10.1172/JCI93820
https://doi.org/10.1172/JCI93820
https://doi.org/10.1096/fj.201801033R
https://doi.org/10.1096/fj.201801033R
https://doi.org/10.1002/glia.24130
https://doi.org/10.1016/j.neuropharm.2023.109456
https://doi.org/10.4103/1673-5374.354514
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.3389/fnmol.2022.1013933
https://doi.org/10.1113/JP280857
https://doi.org/10.3389/fncel.2025.1569725
https://doi.org/10.1101/gr.256636.119
https://doi.org/10.1111/vde.12921
https://doi.org/10.1007/s13311-021-01008-7
https://doi.org/10.1152/jn.00166.2021
https://doi.org/10.1038/s41467-021-27098-7
https://doi.org/10.1038/s41467-021-27098-7
https://doi.org/10.1038/s41598-024-78204-w
https://doi.org/10.1038/s41598-024-78204-w
https://doi.org/10.1016/j.pcad.2020.12.002
https://doi.org/10.1016/j.neuron.2018.11.009
https://doi.org/10.1126/science.aaf8924
https://doi.org/10.1126/science.aaf8924
https://doi.org/10.1038/nature12479
https://doi.org/10.1158/1535-7163.MCT-15-0990
https://doi.org/10.1158/1535-7163.MCT-15-0990
https://doi.org/10.18632/oncotarget.25524
https://doi.org/10.1007/s12035-024-04483-z
https://doi.org/10.1016/j.physbeh.2020.113127
https://doi.org/10.1111/joa.13406
https://doi.org/10.3389/fpain.2025.1626515
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

Zhao et al.

54. Zhang H, Shao Z, Zhu Y, Shi L, Li Z, Hou R, et al. Toll-like receptor 4 (TLR4)
expression affects Schwann cell behavior in vitro. Sci Rep. (2018) 8(1):11179. doi: 10.
1038/s41598-018-28516-5

55. Irwin A, Geschke A, Brooks TM, Siikamaki J, Mair L, Strassburg BBN.
Quantifying and categorising national extinction-risk footprints. Sci Rep. (2022)
12(1):5861. doi: 10.1038/541598-022-09827-0

56. Fujimoto T, Yamanaka S, Tajiri S, Takamura T, Saito Y, Matsumoto N, et al.
Generation of human renal vesicles in mouse organ niche using nephron progenitor
cell replacement system. Cell Rep. (2020) 32(11):108130. doi: 10.1016/j.celrep.2020.108130

57. Papa G, Venditti L, Arnoldi F, Schraner EM, Potgieter C, Borodavka A, et al.
Recombinant rotaviruses rescued by reverse genetics reveal the role of NSP5
hyperphosphorylation in the assembly of viral factories. ] Virol. (2019)
94(1):10-1128. doi: 10.1128/JVI.01110-19

58. Mildren RL, Cullen KE. Vestibular contributions to primate neck postural
muscle activity during natural motion. J Neurosci. (2023) 43(13):2326-37. doi: 10.
1523/JNEUROSCI.1831-22.2023

59. Benis A, Khodos A, Ran S, Levner E, Ashkenazi S. Social media engagement and
influenza vaccination during the COVID-19 pandemic: cross-sectional survey study.
] Med Internet Res. (2021) 23(3):¢25977. doi: 10.2196/25977

60. Himmel NJ, Cox DN. Transient receptor potential channels: current perspectives
on evolution, structure, function and nomenclature. Proc Biol Sci. (2020)
287(1933):20201309. doi: 10.1098/rspb.2020.1309

61. de Roos NM, van Hemert S, Rovers JMP, Smits MG, Witteman BJM. The effects
of a multispecies probiotic on migraine and markers of intestinal permeability-results
of a randomized placebo-controlled study. Eur J Clin Nutr. (2017) 71(12):1455-62.
doi: 10.1038/ejcn.2017.57

62. Liu M, Zhu W, Huo P, Feng L, Song M, Zhang C, et al. Multifunctional
metasurfaces enabled by simultaneous and independent control of phase and
amplitude for orthogonal polarization states. Light Sci Appl. (2021) 10(1):107.
doi: 10.1038/s41377-021-00552-3

63. Chen P, Jiang X, Fu ], Ou C, Li Y, Jia J, et al. The potential mechanism of action
of gut flora and bile acids through the TGR5/TRPV1 signaling pathway in diabetic
peripheral neuropathic pain. Front Endocrinol (Lausanne). (2024) 15:1419160.
doi: 10.3389/fendo.2024.1419160

64. Committee on Infectious Diseases, Maldonado YA, O’Leary ST, Banerjee R,
Barnett ED, Campbell JD, et al. Recommendations for prevention and control of
influenza in children, 2020-2021. Pediatrics. (2020) 146(4):¢2020024588. doi: 10.
1542/peds.2020-024588

65. Canal D, Garamszegi LZ, Rodriguez-Exposito E, Garcia-Gonzalez F.
Experimental evolution reveals differential evolutionary trajectories in male and
female activity levels in response to sexual selection and metapopulation structure.
Evolution. (2022) 76(6):1347-59. doi: 10.1111/evo0.14499

66. White-Dzuro CG, Glassman GE, Patrinely JR, Walker S, Stratton S, Domenico
H]J, et al. Coworker reports about unprofessional behavior in plastic surgery. Plast
Reconstr Surg. (2023) 151(4):901-7. doi: 10.1097/PRS.0000000000010016

67. Travnitek Z, Starha P, Cajan M, Dvoiék Z. A half-sandwich Ta(V) dichlorido
complex containing an O,N,O’-tridentate Schiff base ligand: synthesis, crystal
structure and in vitro cytotoxicity. Acta Crystallogr C Struct Chem. (2019) 75(Pt
3):248-54. doi: 10.1107/52053229619001323

68. Yorston D, Donachie PHJ, Laidlaw DA, Steel DH, Aylward GW, Williamson
TH. Stratifying the risk of re-detachment: variables associated with outcome of
vitrectomy for rhegmatogenous retinal detachment in a large UK cohort study. Eye
(London. England). (2023) 37(8):1527-37. doi: 10.1038/s41433-023-02388-0

69. McArdle CJ, Arnone AA, Heaney CF, Raab-Graham KF. A paradoxical switch:
the implications of excitatory GABAergic signaling in neurological disorders. Front
Psychiatry. (2023) 14:1296527. doi: 10.3389/fpsyt.2023.1296527

70. Qi Q, Zhang H, Jin Z, Wang C, Xia M, Chen B, et al. Hydrogen sulfide produced
by the gut microbiota impairs host metabolism via reducing GLP-1 levels in male
mice. Nat Metabolism. (2024) 6(8):1601-15. doi: 10.1038/s42255-024-01068-x

71. Xia X, Wang Y, Zhou S, Liu W, Wu H. Genome sequence resource for bipolaris
zeicola, the cause of northern corn leaf spot disease. Phytopathology. (2022)
112(5):1192-5. doi: 10.1094/PHYTO-05-21-0196-A

72. Aizawa C, Okabe M, Takahashi D, Sagasaki M, Watanabe M, Fujimoto T, et al.
Possible use of non-purine selective Xanthine oxidoreductase inhibitors for
prevention of exercise-induced acute kidney injury associated with renal
hypouricemia. Intern Med (Tokyo, Japan). (2023) 62(18):2725-30. doi: 10.2169/
internalmedicine.0678-22

73. Cainzos-Achirica M, Mortensen MB, Blaha M]J. Exploring the intersection between
genetic risk scores and coronary artery calcium—mutually exclusive or complementary?
] Cardiovasc Comput Tomogr. (2019) 13(4):172-3. doi: 10.1016/j.,jcct.2019.06.001

74. Lee H. Effect of protein Corona on nanoparticle-lipid membrane binding: the
binding strength and dynamics. Langmuir. (2021) 37(12):3751-60. doi: 10.1021/acs.
langmuir.1c00249

75. Muller PA, Schneeberger M, Matheis F, Wang P, Kerner Z, Ilanges A, et al.
Microbiota modulate sympathetic neurons via a gut-brain circuit. Nature. (2020)
583(7816):441-6. doi: 10.1038/s41586-020-2474-7

Frontiers in Pain Research

15

10.3389/fpain.2025.1626515

76. Giorgi S, Lamberti A, Butrén L, Gross-Amat O, Alarcon-Alarcén D, Rodriguez-
Canas E, et al. Compartmentalized primary cultures of dorsal root ganglion neurons to
model  peripheral  pathophysiological ~— conditions. Mol  Pain.  (2023)
19:17448069231197102. doi: 10.1177/17448069231197102

77. Lai K, Priti$anac I, Liu ZQ, Liu HW, Gong LN, Li MX, et al. Glutamate acts on
acid-sensing ion channels to worsen ischaemic brain injury. Nature. (2024)
631(8022):826-34. doi: 10.1038/s41586-024-07684-7

78. Del Hougne P. Publisher correction: calibration-free speckle matrix imaging.
Light Sci Appl. (2022) 11(1):49. doi: 10.1038/s41377-022-00735-6

79. Allawadhi P, Beyer G, Mahajan UM, Mayerle J. Novel insights into macrophage
diversity during the course of pancreatitis. Gastroenterology. (2021) 161(6):1802-5.
doi: 10.1053/j.gastro.2021.09.049

80. Yuan B, Tang WH, Lu L], Zhou Y, Zhu HY, Zhou YL, et al. TLR4 upregulates
CBS expression through NF-kB activation in a rat model of irritable bowel syndrome
with chronic visceral hypersensitivity. World ] Gastroenterol. (2015) 21(28):8615-28.
doi: 10.3748/wjg.v21.i28.8615

81. Moumen M, Bowers NL, DeSilverio R Jr, Sangueza OP. Persistent MALT
lymphoma with plasmacytic differentiation following treatment with rituximab.
Am ] Dermatopathol. (2023) 45(5):337-8. doi: 10.1097/DAD.0000000000002353

82. Marche B, D’Arrigo S, Annetta MG, Musaro A, Emoli A, Sica S, et al. Midline
catheters for extracorporeal photopheresis in hematological patients. ] Vasc Access.
(2023) 24(4):568-74. doi: 10.1177/11297298211041450

83. Matsuda M, Huh Y, Ji RR. Roles of inflammation, neurogenic inflammation, and
neuroinflammation in pain. J Anesth. (2019) 33(1):131-9. doi: 10.1007/s00540-018-
2579-4

84. Chiu IM. Infection, pain, and itch. Neurosci Bull. (2018) 34(1):109-19. doi: 10.
1007/512264-017-0098-1

85. Keane L, Clarke G, Cryan JF. A role for microglia in mediating the microbiota-
gut-brain axis. Nat Rev Immunol. (2025). doi: 10.1038/s41577-025-01188-9

86. Caetano-Silva ME, Rund L, Hutchinson NT, Woods JA, Steelman A]J, Johnson
RW. Inhibition of inflammatory microglia by dietary fiber and short-chain fatty acids.
Sci Rep. (2023) 13(1):2819. doi: 10.1038/s41598-022-27086-x

87. Smith JA, Das A, Ray SK, Banik NL. Role of pro-inflammatory cytokines
released from microglia in neurodegenerative diseases. Brain Res Bull. (2012) 87
(1):10-20. doi: 10.1016/j.brainresbull.2011.10.004

88. Qin J, Ma Z, Chen X, Shu S. Microglia activation in central nervous system
disorders: a review of recent mechanistic investigations and development efforts.
Front Neurol. (2023) 14:1103416. doi: 10.3389/fneur.2023.1103416

89. Yang H, Zhao C. Uncovering a gut microbiota-derived metabolite that triggers
host cellular senescence. Nature Aging. (2025) 5(3):346-7. doi: 10.1038/s43587-025-
00831-3

90. Tycko J, DelRosso N, Hess GT, Aradhana BA, Mukund A, Van MV, et al. High-
Throughput discovery and characterization of human transcriptional effectors. Cell.
(2020) 183(7):2020-35.¢16. doi: 10.1016/j.cell.2020.11.024

91. Hu DJ, Jasper H. Control of intestinal cell fate by dynamic mitotic spindle
repositioning influences epithelial homeostasis and longevity. Cell Rep. (2019)
28(11):2807-23.e5. doi: 10.1016/j.celrep.2019.08.014

92. Erickson KM, Gray A, White KP. Cluster of pruritic papules refractory to
numerous treatments: challenge. Am J Dermatopathol. (2021) 43(10):e116. doi: 10.
1097/DAD.0000000000001905

93. Maruyama K, Takayama Y, Sugisawa E, Yamanoi Y, Yokawa T, Kondo T, et al.
The ATP transporter VNUT mediates induction of dectin-1-triggered Candida
nociception. iScience. (2018) 6:306-18. doi: 10.1016/j.is¢i.2018.08.007

94. Tang Y, Du J, Wu H, Wang M, Liu S, Tao F. Potential therapeutic effects of
short-chain fatty acids on chronic pain. Curr Neuropharmacol. (2024)
22(2):191-203. doi: 10.2174/1570159X20666220927092016

95. Kukkar A, Singh N, Jaggi AS. Attenuation of neuropathic pain by sodium
butyrate in an experimental model of chronic constriction injury in rats. J Formos
Med Assoc Taiwan yi zhi. (2014) 113(12):921-8. doi: 10.1016/j.jfma.2013.05.013

96. Su X, Gao Y, Yang R. Gut microbiota derived bile acid metabolites maintain the
homeostasis of gut and systemic immunity. Front Immunol. (2023) 14:1127743.
doi: 10.3389/immu.2023.1127743

97. Nagy-Grécz G, Spekker E, Kynurenines VL, Excitotoxicity N. And
mitochondrial oxidative stress: role of the intestinal flora. Int ] Mol Sci. (2024)
25(3):1698. doi: 10.3390/ijms25031698

98. Resta F, Masi A, Sili M, Laurino A, Moroni F, Mannaioni G. Kynurenic acid
and zaprinast induce analgesia by modulating HCN channels through GPR35
activation. Neuropharmacology. (2016) 108:136-43. doi: 10.1016/j.neuropharm.
2016.04.038

99. Pocivavsek A, Erhardt S. Kynurenic acid: translational perspectives of a
therapeutically ~ targetable gliotransmitter.  Neuropsychopharmacology. — (2024)
49(1):307-8. doi: 10.1038/s41386-023-01681-6

100. Pokusaeva K, Johnson C, Luk B, Uribe G, Fu Y, Oezguen N, et al. GABA-
producing Bifidobacterium dentium modulates visceral sensitivity in the intestine.
Neurogastroenterol Motil. (2017) 29(1):e12904. doi: 10.1111/nmo.12904

frontiersin.org


https://doi.org/10.1038/s41598-018-28516-5
https://doi.org/10.1038/s41598-018-28516-5
https://doi.org/10.1038/s41598-022-09827-0
https://doi.org/10.1016/j.celrep.2020.108130
https://doi.org/10.1128/JVI.01110-19
https://doi.org/10.1523/JNEUROSCI.1831-22.2023
https://doi.org/10.1523/JNEUROSCI.1831-22.2023
https://doi.org/10.2196/25977
https://doi.org/10.1098/rspb.2020.1309
https://doi.org/10.1038/ejcn.2017.57
https://doi.org/10.1038/s41377-021-00552-3
https://doi.org/10.3389/fendo.2024.1419160
https://doi.org/10.1542/peds.2020-024588
https://doi.org/10.1542/peds.2020-024588
https://doi.org/10.1111/evo.14499
https://doi.org/10.1097/PRS.0000000000010016
https://doi.org/10.1107/S2053229619001323
https://doi.org/10.1038/s41433-023-02388-0
https://doi.org/10.3389/fpsyt.2023.1296527
https://doi.org/10.1038/s42255-024-01068-x
https://doi.org/10.1094/PHYTO-05-21-0196-A
https://doi.org/10.2169/internalmedicine.0678-22
https://doi.org/10.2169/internalmedicine.0678-22
https://doi.org/10.1016/j.jcct.2019.06.001
https://doi.org/10.1021/acs.langmuir.1c00249
https://doi.org/10.1021/acs.langmuir.1c00249
https://doi.org/10.1038/s41586-020-2474-7
https://doi.org/10.1177/17448069231197102
https://doi.org/10.1038/s41586-024-07684-7
https://doi.org/10.1038/s41377-022-00735-6
https://doi.org/10.1053/j.gastro.2021.09.049
https://doi.org/10.3748/wjg.v21.i28.8615
https://doi.org/10.1097/DAD.0000000000002353
https://doi.org/10.1177/11297298211041450
https://doi.org/10.1007/s00540-018-2579-4
https://doi.org/10.1007/s00540-018-2579-4
https://doi.org/10.1007/s12264-017-0098-1
https://doi.org/10.1007/s12264-017-0098-1
https://doi.org/10.1038/s41577-025-01188-9
https://doi.org/10.1038/s41598-022-27086-x
https://doi.org/10.1016/j.brainresbull.2011.10.004
https://doi.org/10.3389/fneur.2023.1103416
https://doi.org/10.1038/s43587-025-00831-3
https://doi.org/10.1038/s43587-025-00831-3
https://doi.org/10.1016/j.cell.2020.11.024
https://doi.org/10.1016/j.celrep.2019.08.014
https://doi.org/10.1097/DAD.0000000000001905
https://doi.org/10.1097/DAD.0000000000001905
https://doi.org/10.1016/j.isci.2018.08.007
https://doi.org/10.2174/1570159X20666220927092016
https://doi.org/10.1016/j.jfma.2013.05.013
https://doi.org/10.3389/fimmu.2023.1127743
https://doi.org/10.3390/ijms25031698
https://doi.org/10.1016/j.neuropharm.2016.04.038
https://doi.org/10.1016/j.neuropharm.2016.04.038
https://doi.org/10.1038/s41386-023-01681-6
https://doi.org/10.1111/nmo.12904
https://doi.org/10.3389/fpain.2025.1626515
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

Zhao et al.

101. Abd-Elsayed A, Vardhan S, Aggarwal A, Vardhan M, Diwan SA. Mechanisms
of action of dorsal root ganglion stimulation. Int ] Mol Sci. (2024) 25(7):3591. doi: 10.
3390/ijms25073591

102. Ultsch A, Kringel D, Kalso E, Mogil JS, Létsch J. A data science approach to
candidate gene selection of pain regarded as a process of learning and neural
plasticity. Pain. (2016) 157(12):2747-57. doi: 10.1097/j.pain.0000000000000694

103. Staud R. Abnormal endogenous pain modulation is a shared characteristic of
many chronic pain conditions. Expert Rev Neurother. (2012) 12(5):577-85. doi: 10.
1586/ern.12.41

104. Brown JP, Boulay LJ. Clinical experience with duloxetine in the management of
chronic musculoskeletal pain. A focus on osteoarthritis of the knee. Ther Adv
Musculoskelet Dis. (2013) 5(6):291-304. doi: 10.1177/1759720X13508508

105. Lattanzio SM. Fibromyalgia syndrome: a metabolic approach grounded in
biochemistry for the remission of symptoms. Front Med (Lausanne). (2017) 4:198.
doi: 10.3389/fmed.2017.00198

106. Almheiri RT, Hajjar B, Alkhaaldi SMI, Rabeh N, Aljoudi S, Abd-Elrahman KS,
et al. Beyond weight loss: exploring the neurological ramifications of altered gut
microbiota post-bariatric surgery. J Transl Med. (2025) 23(1):223. doi: 10.1186/
512967-025-06201-2

107. Flynn CM, Omoluabi T, Janes AM, Rodgers EJ, Torraville SE, Negandhi BL,
et al. Targeting early tau pathology: probiotic diet enhances cognitive function and
reduces inflammation in a preclinical Alzheimer’s model. Alzheimer’s Res Ther.
(2025) 17(1):24. doi: 10.1186/s13195-025-01674-1

108. Fyntanidou B, Amaniti A, Soulioti E, Zagalioti SC, Gkarmiri S, Chorti A, et al.
Probiotics in postoperative pain management. J Pers Med. (2023) 13(12):1645. doi: 10.
3390/jpm13121645

109. Lin B, Wang Y, Zhang P, Yuan Y, Zhang Y, Chen G. Gut microbiota regulates
neuropathic pain: potential mechanisms and therapeutic strategy. ] Headache Pain.
(2020) 21(1):103. doi: 10.1186/510194-020-01170-x

Frontiers in Pain Research

16

10.3389/fpain.2025.1626515

110. Settanni CR, Ianiro G, Bibbo S, Cammarota G, Gasbarrini A. Gut microbiota
alteration and modulation in psychiatric disorders: current evidence on fecal
microbiota transplantation. Prog Neuro-Psychopharmacol Biol Psychiatry. (2021)
109:110258. doi: 10.1016/j.pnpbp.2021.110258

111. Dai Z, Lu N, Niu J, Felson DT, Zhang Y. Dietary fiber intake in relation to knee
pain trajectory. Arthritis Care Res (Hoboken). (2017) 69(9):1331-9. doi: 10.1002/acr.23158

112. Tian S, Chu Q, Ma S, Ma H, Song H. Dietary fiber and its potential role in
obesity: a focus on modulating the gut Microbiota. J Agric Food Chem. (2023)
71(41):14853-69. doi: 10.1021/acs.jafc.3c03923

113. Strath L], Jones CD, Philip George A, Lukens SL, Morrison SA, Soleymani T,
et al. The effect of low-carbohydrate and low-fat diets on pain in individuals with knee
osteoarthritis. Pain Med (Malden, Mass). (2020) 21(1):150-60. doi: 10.1093/pm/
pnz022

114. Lv X, Deng X, Lai R, Liu S, Zou Z, Dai X, et al. Associations between nutrient
intake and osteoarthritis based on NHANES 1999 to 2018 cross sectional study. Sci
Rep. (2025) 15(1):4445. doi: 10.1038/s41598-025-88847-y

115. Wu Y, Li X, Meng H, Wang Y, Sheng P, Dong Y, et al. Dietary fiber may benefit
chondrocyte activity maintenance. Front Cell Infect Microbiol. (2024) 14:1401963.
doi: 10.3389/fcimb.2024.1401963

116. Lv X, Deng X, Lai R, Liu S, Zou Z, Dai X, et al. The association between dietary
fiber intake and osteoarthritis: a cross-sectional study from the 1999-2018 U.S.
National health and nutrition examination survey. J Orthop Surg Res. (2025)
20(1):209. doi: 10.1186/s13018-025-05625-2

117. Dai W, Yan W, Leng X, Chen J, Hu X, Ao Y. Effectiveness of Curcuma longa
extract versus placebo for the treatment of knee osteoarthritis: a systematic review and
meta-analysis of randomized controlled trials. Phytother Res. (2021) 35(11):5921-35.
doi: 10.1002/ptr.7204

118. Pusceddu MM, Gareau MG. Visceral pain: gut microbiota, a new hope?
J Biomed Sci. (2018) 25(1):73. doi: 10.1186/s12929-018-0476-7

frontiersin.org


https://doi.org/10.3390/ijms25073591
https://doi.org/10.3390/ijms25073591
https://doi.org/10.1097/j.pain.0000000000000694
https://doi.org/10.1586/ern.12.41
https://doi.org/10.1586/ern.12.41
https://doi.org/10.1177/1759720X13508508
https://doi.org/10.3389/fmed.2017.00198
https://doi.org/10.1186/s12967-025-06201-2
https://doi.org/10.1186/s12967-025-06201-2
https://doi.org/10.1186/s13195-025-01674-1
https://doi.org/10.3390/jpm13121645
https://doi.org/10.3390/jpm13121645
https://doi.org/10.1186/s10194-020-01170-x
https://doi.org/10.1016/j.pnpbp.2021.110258
https://doi.org/10.1002/acr.23158
https://doi.org/10.1021/acs.jafc.3c03923
https://doi.org/10.1093/pm/pnz022
https://doi.org/10.1093/pm/pnz022
https://doi.org/10.1038/s41598-025-88847-y
https://doi.org/10.3389/fcimb.2024.1401963
https://doi.org/10.1186/s13018-025-05625-2
https://doi.org/10.1002/ptr.7204
https://doi.org/10.1186/s12929-018-0476-7
https://doi.org/10.3389/fpain.2025.1626515
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

	Gut microbiota-mediated pain sensitization: mechanisms and therapeutic implications
	Introduction
	Disclaimer and future perspectives
	Future research should prioritize

	The gut microbiota and the gut-brain axis
	Mechanisms underlying gut microbiota-mediated central sensitization
	Microbiota-derived metabolite-mediated GPR43 signaling pathway
	Microbiota-derived metabolite-mediated TLR2 signaling axis
	Microbiota-Derived metabolite-mediated GPR109A (HCAR2) signaling pathway
	Pro-inflammatory factors infiltrate the central nervous system
	Glial cell activation and sensitization represent pivotal cellular mechanisms in neuroinflammatory cascades
	Crosstalk between receptor signaling pathways in pain sensitization
	Receptor synergy and signaling integration
	Shared downstream signaling nodes
	Metabolite-mediated receptor interactions
	Functional synergy at the cellular level


	Mechanisms underlying gut microbiota modulation of peripheral sensitization
	Direct regulation of primary sensory neuron excitability in the DRG
	Toll-like receptor 4 (TLR4)
	TRP channels
	GABA
	ASICs

	Indirect modulation of primary sensory neuron excitability
	PAMPs

	The role of gut microbiota-derived metabolites in pain modulation
	SCFAs
	Bile acids (BA)
	KYNA
	GABA
	Neuromodulators

	Therapeutic potential of microbiota-targeted interventions in pain management
	Probiotic interventions in postoperative pain management
	Clinical trials of FMT for chronic pain management
	Dietary modification (high fiber diet) enhances the antinociceptive effect of SCFA

	Limitations and future directions
	Causal validation beyond correlation
	Clinical translation of preclinical findings
	Spatiotemporal dynamics of microbial signaling
	Personalized microbial therapeutics
	Long-term safety and mechanistic depth

	Summary and perspectives
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


