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Abstract: Chronic pain is increasingly recognized not merely as a physiological symptom of tissue damage, but as
a multidimensional pathological state involving sensory, emotional, and cognitive components. Central to its modulation is the gut—
brain axis (GBA), a bidirectional communication network linking the enteric nervous system (ENS), the active intestinal epithelium,
gut microbiota, and central nervous system (CNS) through neural, endocrine, immune, and metabolic pathways. Despite growing
clinical evidence linking microbial dysbiosis to conditions such as irritable bowel syndrome (IBS), migraine, and fibromyalgia (FM),
important gaps remain in understanding the molecular mechanisms that govern gut microenvironmental signaling in pain regulation.
This review comprehensively summarizes the current literature on GBA-mediated pain regulation, with a focus on the molecular
mechanisms by which microbial metabolites, such as short-chain fatty acids (SCFAs), and brain—gut peptides (BGPs) influence
peripheral and central sensitization. Available evidence suggests that microbiota-derived inflammatory mediators, including lipopoly-
saccharide (LPS) and pro-inflammatory cytokines, contribute to neuroinflammation by activating glial cells and increasing blood—brain
barrier (BBB) permeability. In addition, host intestinal epithelial and enteroendocrine cells (EECs), particularly enterochromaffin cells
(ECs), are not merely passive barriers but active signaling interfaces, capable of releasing 5-hydroxytryptamine (5-HT), glutamate
derived from neuropod cells, and multiple endocrine peptides involved in gut-brain communication and nociceptive regulation. The
interplay between the hypothalamic—pituitary—adrenal (HPA) axis and the endogenous cannabinoid system (ECS) may act as an
important regulatory “filter” in descending pain modulation. This review also discusses how reprogramming of the gut microbiota
through probiotics and dietary interventions may influence the pain matrix and help alleviate comorbid affective symptoms. Overall,
this review provides an integrated perspective on chronic pain as a disorder influenced by multi-level gut-brain interactions and
potentially sustained by a bidirectional pathogenic feedback loop, thereby offering a theoretical basis for the development of gut
microenvironment-targeted analgesic strategies.
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Introduction

Chronic pain is a severe global public health crisis, affecting approximately 20% to 45% of the population worldwide and
representing a leading cause of disability." Beyond its profound impact on individual morbidity and quality of life,
chronic pain imposes a staggering socioeconomic burden.” In the United States alone, the annual direct healthcare costs
and lost productivity are estimated to exceed $560 billion, surpassing the combined costs of heart disease, cancer, and
diabetes.” This enormous burden largely stems from the complex and multifactorial nature of the condition. As such,
chronic pain is not merely a physiological signal of tissue damage, but a multidimensional pathological state integrating

sensory, emotional, and cognitive components, and has increasingly been recognized as an independent disease entity.*®
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Due to the therapeutic bottlenecks and side effects of conventional analgesics, exploring broader mechanisms of pain
modulation is urgent. As a bidirectional communication network connecting the central nervous system (CNS) and the
gastrointestinal tract, the gut-brain axis (GBA) is composed of the brain, spinal cord, autonomic nervous system (ANS),
enteric nervous system (ENS), the intestinal epithelium (which functions as a dynamic sensory, neuroimmune, and
endocrine signaling interface rather than solely as a physical barrier), and the gut microbiota.””® Within this cross-talk,
both the epithelial tissue and the microbiota play central modulatory roles in pain perception.”'*!'! Studies have
confirmed that GBA dysfunction is closely associated with irritable bowel syndrome (IBS), migraine, fibromyalgia
(FM), neuropathic pain (NP), and orofacial pain.”'*'* At the peripheral level, signaling molecules produced by the gut
ecosystem (such as microbial metabolites and enteroendocrine cell-derived neurotransmitters) amplify pain signals by
modulating the excitability of primary nociceptive neurons.'* At the central level, gut microenvironmental inflammatory
mediators can cross damaged intestinal and blood-brain barriers, activate glial cells in the spinal cord and brain, induce
sustained neuroinflammation, and drive central sensitization.”'

Scholarly consensus remains elusive concerning the definitive role of short-chain fatty acids (SCFAs) in pain
modulation. While a body of evidence highlights their potent analgesic properties, countervailing research suggests
a paradoxical capacity to exacerbate neural sensitization. These discrepancies underscore that GBA-mediated pain
regulation is governed by profound concentration-dependency and pronounced inter-individual variability.'*'®!”
Although microbiota remodeling has shown initial analgesic value in clinical practice, there is still a lack of consensus
on whether there is a unified feature in different pain subtypes.'? This review is guided by the overarching hypothesis that
chronic pain arises from a bidirectional pathogenic feedback loop within the GBA: peripheral microbial metabolites and
immune mediators promote central neuroinflammation and sensitization. In contrast, central neural dysfunction exacer-
bates gut dysbiosis and barrier permeability. Building on this framework, we review the molecular mechanisms by which
microbial metabolites influence peripheral and central sensitization through immune—nervous system interactions. We
also discuss the potential of microecological agents and dietary interventions to modulate pain matrix networks, offering
theoretical support for precision pain relief strategies.

The Neurobiology of Pain
Pain is not only a physiological signal of tissue damage but also a multi-dimensional perceptual experience that integrates
sensations, emotions, and cognitive evaluations. The International Association for the Study of Pain (IASP) defines pain
as “an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or similar
discomfort”.*® Chronic pain that persists or recurs for more than 3 months is often defined as an independent disease
state in clinical practice, and its high prevalence and disability rate have posed a global public health challenge.' From
a neurobiological perspective, pain processing mainly follows four physiological processes: transduction, transmission,
perception, and regulation. Pain perception begins with peripheral nociceptors (primary afferent nerve endings widely
distributed in the skin, muscles, and internal organs), whose surface transient receptor potentials and acid-sensitive ion
channels convert mechanical, thermal, or chemical stimuli into electrical signals.®

Meanwhile, inflammatory mediators released by damaged tissues trigger neurogenic inflammation through neural-
immune interactions, such as the axonal reflex mediated by substance P (SP), thereby amplifying the signal.
Subsequently, the pain signal travels along the Ad fibers (fast pain) and C fibers (slow pain) to the dorsal horn of the
spinal cord. Here, the primary afferent neurons release neurotransmitters such as glutamate, SP, and calcitonin gene-
related peptide (CGRP) to complete synaptic transmission. The signal is projected via the spinothalamic tract and dorsal
column pathways to the pain matrix, composed of the somatosensory cortex, anterior cingulate cortex (ACC), insula, and
prefrontal cortex, mediating the perception and emotional-motivational processing of pain (Figure 1A). The body uses
a descending modulation system centered around the periaqueductal gray (PAG) and the rostral ventromedial medulla
(RVM) of the medulla oblongata to intervene in pain sensation in real-time through endogenous opioid peptides and
monoamine neurotransmitters.®’'® Chronic pain originates from changes in neuroplasticity of the peripheral and CNS,
driven by both peripheral and central sensitization, resulting in abnormal enhancement of reactivity.” Among them,
glutamate receptors (especially the NMDA type) located in the peripheral and central regions participate in the abnormal
transmission of visceral sensitivity, which is a key mechanism for promoting the development of visceral hypersensitivity
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Figure | Integrated mechanisms of the gut-brain axis (GBA) in the regulation of chronic pain. The schematic illustrates the bidirectional communication between the
gastrointestinal tract and the central nervous system across three functional levels: (A) Brain Level (Central Sensitization and Pain Matrix): Ascending signals lead to the
hyperactivation of the Pain Matrix, consisting of the anterior cingulate cortex (ACC), insula (INS), and dorsolateral prefrontal cortex (DLPFC). The inset details the
microscopic mechanism of central sensitization: activated microglia and astrocytes enhance synaptic transmission via NMDA receptors. (B) Communication Level (Neural
and Endocrine Pathways): Ascending nociceptive signals are transmitted to the brain via the vagus nerve and spinal afferents. The Cholinergic Anti-inflammatory Pathway
(CAIP) is highlighted, where vagal efferents release acetylcholine (ACh) to act on macrophages, inhibiting inflammatory responses and maintaining barrier integrity.
Additionally, the HPA axis mediates stress feedback through the release of cortisol. (C) Gut Level (Microbiota and Peripheral Signaling): A comparative view of intestinal
homeostasis and microbial dysbiosis. Microbial dysbiosis leads to the translocation of endotoxins (LPS) and pro-inflammatory cytokines (TNF-o, IL-1pB, IL-6) through the
“leaky gut” barrier (impaired tight junctions), which activates mast cells and macrophages to trigger peripheral sensitization. Specialized enteroendocrine cells release brain-
gut peptides, such as Substance P (SP) and CGRP, to enhance nociception. In contrast, healthy microbiota produces SCFAs and GLP-1, which exert analgesic effects. (Red
dashed arrows indicate ascending nociceptive signals).

under pathological conditions (Figure 1A).° They also work together with microglia and astrocytes to activate neuroin-
flammation, leading to an abnormal increase in excitatory synaptic transmission, which is a key pathological basis for
promoting chronic pain.'*'> This process may represent a key biological basis through which the gut microenvironment
regulates pain perception via the GBA.

Gut-Brain Axis

The GBA is a complex bidirectional signaling network that connects the gastrointestinal tract to the CNS. Its core not
only covers central structures such as the cerebral cortex, limbic system, hypothalamic-pituitary-adrenal axis (HPA), and
brainstem, but also includes the autonomic nervous system (ANS) composed of sympathetic and parasympathetic
branches, the enteric nervous system (ENS) known as the “second brain,” the intestinal epithelium and enteroendocrine
system, as well as the vast gut microbiota. The functional implementation of this axis relies on multiple pathways,
including neural, endocrine, and immune systems, which facilitate information exchange between the gut and brain
through sensory and motor pathways.”'®2' The vagus nerve serves as the main bidirectional connection between the
intestine and the brain. Its afferent fibers can sense mechanical, chemical, and microbial signals in the intestine and
transmit them to the solitary tract nucleus of the brainstem, which then projects them to the amygdala, locus coeruleus,
and other higher levels that regulate emotions and pain. The efferent fibers mediate central regulation of gastrointestinal
function. This mechanism is utilized by various probiotics, such as Lactobacillus rhamnosus, which relies on the vagus
nerve pathway and oxytocin signaling to improve social deficits in mice with autism spectrum disorder.®***** More

importantly, the vagus nerve can also release acetylcholine (ACh) through the cholinergic anti-inflammatory pathway
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(CAIP) to regulate intestinal immunity and inhibit the release of pro-inflammatory factors such as TNF-o. This
neuroimmune interaction not only maintains the integrity of the intestinal barrier but also directly blunts pain perception
by regulating autonomic balance (Figure 1B).’

Firstly, endocrine and metabolic pathways are involved in the secretion of brain—gut peptides (BGPs), such as
glucagon-like peptide-1 (GLP-1) and cholecystokinin (CCK), as well as the generation of gut microbiota metabolites,
such as SCFAs, tryptophan metabolites, and secondary bile acids.®’ Functioning as a highly active participant in the gut-
brain axis rather than a mere barrier, the intestinal epithelium actively releases both neurotransmitters and endocrine
signals to mediate this cross-talk.”'*!!" Specifically, microbial metabolites can directly stimulate host enterochromaffin
cells (ECs) to synthesize the vast majority of peripheral 5-hydroxytryptamine (5-HT). This underscores that peripheral 5-
HT signaling is predominantly microbe-regulated rather than solely microbe-derived.”* Subsequently, the released 5-HT
activates vagal afferent fibers, transmitting peripheral signals to the solitary tract nucleus and higher central regions.
Furthermore, these bioactive molecules can also regulate the levels of central neurotransmitters, such as gamma-
aminobutyric acid and dopamine, via blood circulation or vagus nerve pathways, thereby participating in the regulation
of pain and emotions.®*> Secondly, there are immune and anti-inflammatory pathways, and the depth of cross-
communication between the gut and brain depends on the maintenance of immune homeostasis. The immune pathway
mainly mediates the interaction between the peripheral and CNS through the release of cytokines, chemokines, and
activation of central microglia.'” In terms of physiological function, GBA not only maintains peristalsis and intestinal
secretion, and the integrity of the intestinal barrier, but also plays a significant role in regulating emotional states (such as
anxiety and depression), stress responses, cognitive functions, and visceral pain sensitivity. The disruption of its home-
ostasis is often the pathological basis for visceral hypersensitivity and the occurrence of various neurological and

psychiatric diseases.*®?’

The Mechanism of the Gut-Brain Axis and Pain Association

Gut Microbiota and Pain
The gut microbiota, as a core element of GBA, interacts extensively with the CNS through neural, endocrine, and
immune pathways.?® The metabolites produced by it (such as SCFAs and tryptophan metabolites) and neurotransmitter
analogs are key signaling molecules that regulate pain perception.”” Among them, SCFAs (such as butyric acid, acetic
acid, and propionic acid) are the main products of bacterially fermented dietary fiber, and their anti-inflammatory and
anti-immune effects as histone deacetylase inhibitors have been widely confirmed. In terms of immune regulation,
SCFAs can induce the differentiation of regulatory T cells (Tregs) in the colon and maintain peripheral immune tolerance
through the release of anti-inflammatory factors such as IL-10."”** In addition, SCFAs have both barrier protection and
neural regulation functions and can upregulate the expression of tight junction proteins such as zonula occludens-1 (ZO-
1) and occluding to repair the “leaky” intestinal barrier, reduce the production of pro-inflammatory cytokines such as
TNF-a and IL-6, inhibit LPS-induced inflammation, and intervene in the inflammatory state of microglia by crossing the
blood-brain barrier (BBB) (Figure 1B).'”*” Especially butyric acid, which has been proven to have significant anti-
inflammatory and analgesic potential in various visceral pain models, suggests that SCFAs play an important role in GBA
communication and neuroprotection.”® However, it must be pointed out that the current evidence regarding the “SCFA
paradox” and its concentration dependence is almost entirely based on animal models. There is still a severe lack of direct
clinical human data on the actual concentrations of SCFAs in the bodies of patients with chronic pain. Due to the
complexity of in vivo metabolism, epithelial consumption, and cross-barrier transport, accurately quantifying the
absolute concentrations of SCFAs in the peripheral circulation or central target tissues of human pain patients remains
a bottleneck that urgently needs to be addressed in current clinical translational research.'”2%°

In addition, dysbiosis of the microbiota disrupts tryptophan metabolism and microbial regulation of ECs, thereby
altering peripheral and central 5-HT signaling and reshaping pain transmission pathways.?' Increasing evidence suggests
that intestinal flora imbalance, which refers to abnormal changes in the composition and function of the flora, is involved
in the pathogenesis of various chronic pain conditions, such as IBS, NP, migraine, FM, and oral pain.®’'*!3-2 For
example, IBS patients often exhibit a decrease in microbial diversity and abundance of beneficial bacteria, such as
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lactobacilli, and the degree of imbalance is positively correlated with pain scores.* In addition to bacterial communities,
other microbial components of the gut ecosystem, including fungi, viruses, and archaea, may also participate in gut—brain
communication and pain regulation.®** Emerging evidence suggests that the gut mycobiome and virome can influence
host immune responses, intestinal barrier integrity, and microbial metabolic activity, thereby potentially contributing to
neuroinflammation and chronic pain progression.>*® However, the roles of these non-bacterial microorganisms in pain-
related disorders remain largely underexplored.’

Further functional imaging studies have shown that dysbiosis of the gut microbiota significantly alters the activity of
pain-related brain regions such as the ACC and amygdala.® Correspondingly, reshaping the gut microbiota can effectively
reduce the abnormal response of the brain to negative stimuli, objectively confirming the regulation of central pain
encoding by gut intervention.*® The sterile mouse experiments, on the other hand, provided counter-evidence demon-
strating the crucial role of the microbiota in pain perception. These models lacking microbial colonization typically
exhibit abnormal changes in pain threshold and the absence of the development of visceral afferent nerves.'* Clinical
practice has confirmed that FMT can significantly alleviate the clinical symptoms of some patients with chronic pain and
improve their quality of life by reshaping the intestinal microecological structure.®’ In summary, the gut microbiota
significantly influences the perception and persistence of pain through multiple mechanisms, such as driving metabolic
disorders, damaging the barrier, and inducing neuroinflammation. This multidimensional regulation from the distal gut to
the central nervous system makes the gut microbiota not only an active participant in chronic pain but also a potential
diagnostic marker and therapeutic target, especially in driving disease progression.

Intestinal Epithelial and Enteroendocrine Signaling in the Gut—Brain Axis

In exploring the regulation of the gut—brain axis by the gut microbiota, previous studies have often struggled to clarify
how microbial metabolites exert their effects across the physical barrier of the intestine. In fact, the intestinal epithelium
is not merely a passive barrier but a highly active signaling interface.'®'" Intestinal epithelial cells and enteroendocrine
cells (EECs), particularly ECs, function as key “transducers” capable of directly sensing luminal microbial metabolites,
such as short-chain fatty acids and secondary bile acids. For instance, ECs synthesize and release the majority of
peripheral 5-HT under tight microbial regulation.”***° Recent anatomical evidence demonstrates that EECs not only act
through conventional endocrine and paracrine mechanisms but can also establish direct “synapse-like” contacts with
vagal and other peripheral afferent fibers via basolateral axon-like projections (eg., L cell neuropods) or presynaptic
marker expression, transmitting signals in a restricted, point-to-point manner.'®'"-** This provides a clearer mechanistic
explanation for how peripheral luminal signals rapidly activate neural pathways.

Beyond rapid neural transmission, signaling molecules released by intestinal epithelial cells and EECs also serve as
critical mediators linking humoral circulation with local immune responses. On the one hand, gut-derived hormones such
as GLP-1, CCK, and peptide YY can locally modulate nociceptive sensitization of adjacent nerve terminals while also
entering the circulation to exert central regulatory effects.”'®*° On the other hand, molecules such as 5-HT directly
regulate peripheral inflammatory states by binding to specific receptors on immune cells, including mast cells and
macrophages.””>° In turn, cytokines released by immune cells can reciprocally activate EECs to amplify peripheral
signals; for example, IL-13 can regulate EC proliferation and 5-HT synthesis through its receptor, whereas IL-33 can
trigger calcium influx and directly drive 5-HT release, forming a local feedback loop.*” These multidimensional humoral
and immune interactions further reveal the coordinated regulation among the gut microbiota, neural networks, and the
immune system, contributing to the development and maintenance of chronic pain.*’

The Role of Brain-Gut Peptides (BGPs) and Their Related Signaling Systems in Pain

Regulation

As the molecular basis for targeted action within the bidirectional communication network of the gut-brain axis (GBA),
brain-gut peptides (BGPs) exert the dual functions of neurotransmitters and endocrine hormones. They are widely
distributed throughout the CNS, ANS, and ENS, playing a core role in the transmission and sensitization of pain
signals.®® At both the central and peripheral levels, BGPs not only enhance the transmission of pain signals but also serve
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as key molecular bridges linking pain amplification with emotional disorders. Within this framework, SP is particularly
highlighted. As a typical excitatory BGP, SP not only regulates gastrointestinal motility but also serves as a key mediator
driving both peripheral and central sensitization.®® At the peripheral level, under inflammatory or stress-related condi-
tions, the activation of transient receptor potential channels, such as TRPA1, promotes the release of SP. Subsequently,
the released SP exacerbates intestinal immune-inflammatory responses through the activation of neurokinin receptors,
particularly the neurokinin-1 receptor (NK1R). This process is accompanied by the elevated expression of transient
receptor potential vanilloid 1 (TRPVI1), collectively contributing to the induction and maintenance of visceral
hypersensitivity.*' ** At the central level, studies have shown that pathological increases in SP within the cerebrospinal
fluid can induce the internalization and abnormal response of NK1 receptors within the prominent network of the dorsal
anterior cingulate cortex, directly driving central sensitization.?'

Next, CGRP acts as a key mediator in pain regulation. It mediates neurogenic inflammation in the periphery and promotes
peripheral sensitization by lowering the threshold of nociceptors.'® It is worth noting that the pathological elevation of CGRP
expression is deeply controlled by epigenetic remodeling, such as DNA methylation and miRNA regulation, which provides
a molecular explanation for the persistence of chronic pain.*> Concurrently, peripheral nociceptive neurons enhance
nociceptive transmission by releasing SP and CGRP, and mediate communication abnormalities in the striatum-thalamus-
frontal lobe pathway by profoundly modulating neuronal activity in core hubs such as the prefrontal cortex and amygdala
(Figure 1C). This high degree of overlap between GBA signals within pain perception and emotion regulation circuits explains
the neurobiological basis for the coexistence of chronic pain and mental disorders such as anxiety.'®'

In addition to the classic peptides discussed above primarily as neuromodulators, a variety of endogenous endocrine
peptides secreted by the gut also play a crucial regulatory role in pain responses. Although exogenous pharmacological
interventions (such as glucagon-like peptide-1 receptor agonists, GLP-1 RAs) have demonstrated unique analgesic
potential—alleviating pain by inhibiting microglial activation and regulating the central dopamine system through both
neuroinflammatory and reward dimensions (Figure 1C)—the endogenous forms of these peptides are equally and
extensively involved in the physiological regulation of nociception.” For example, endogenously secreted GLP-1 not
only possesses intrinsic analgesic properties but can also directly modulate pain signal transmission in the dorsal horn of
the spinal cord. CCK is widely distributed throughout the central and peripheral nervous systems and participates in the
regulation of endogenous pain signaling, while gastrin-releasing peptide mediates the transmission of pain and itch
signals within the spinal cord.’***¢ In addition, certain classical endocrine peptides and gut-derived signaling molecules
can influence visceral sensitivity. For instance, glucagon has been shown to alleviate visceral spasms and pain by relaxing
gastrointestinal smooth muscle and reducing abnormal motility.*” Furthermore, uroguanylin can inhibit nociceptor
activity by stimulating epithelial cells to release cGMP, whereas 5-HT can modulate both local and systemic pain
thresholds through the circulatory system or by activating vagal afferent fibers.**>>-**

Within the overall bidirectional regulatory mechanism of the GBA, these multidimensional peptide signals collectively
serve as key dynamic feedback mediators. In the ascending pathway, intestinal chemical stimulation drives the release of SP
and CGRP, which are transmitted via the vagus nerve to the central nervous system, triggering pain and negative emotions.® In
the descending pathway, the ANS and HPA axis regulate peripheral BGP levels. Furthermore, stress-induced hyperactivity of
the HPA axis can, in turn, aggravate pain, leading to dysregulation of motility, inflammation spread, and barrier damage.**
Concurrently, the endogenous cannabinoid system (ECS), a crucial lipid signaling network within the GBA, plays a central
“filtering” role. Its receptors (such as CB1 and CB2) are widely distributed throughout the GBA pathways. By fine-tuning the
activity of the amygdala centrally and peripheral immune metabolism locally, they achieve negative feedback inhibition of
abnormal peptide signals, thereby maintaining systemic homeostasis. This neuro-immune-endocrine network regulated by the
ECS provides a promising therapeutic target for the management of chronic visceral pain conditions such as IBS.***

The Role of Inflammatory Factors and Neuro-Immune Regulation in Pain

In the complex network of GBA, inflammatory factors act as the core signaling molecules, mediating the cross-talk
between the intestinal immune system and the CNS through neuro-immune communication. The intestinal microbiota
and its metabolites, such as lipopolysaccharide (LPS) and SCFAs, can activate intestinal mucosal immune cells (such as
mast cells and macrophages), inducing the release of pro-inflammatory cytokines (such as TNF-a, IL-1pB, and IL-6) and
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chemokines.*®***>! When the microbiota is imbalanced or the intestinal barrier is damaged, translocated LPS triggers
a local immune cascade reaction, releasing a large number of inflammatory mediators and chemokines, thereby forming
an “inflammatory soup” in the local microenvironment (Figure 1C).'*****32 These mediators activate signaling path-
ways, such as the protein kinase A/mitogen-activated protein kinase (PKA/MAPK) pathways, in dorsal root ganglion
(DRG) and ENS neurons, inducing the phosphorylation of transient receptor potential (TRP) channels and significantly
reducing the threshold of nociceptors. This process drives visceral hypersensitivity and abdominal pain through
peripheral sensitization.®'* For instance, in a stress-induced IBS model, abnormal changes in the phosphorylation levels
of the tight junction protein ZO-1 and IL-1RAP are key factors leading to increased intestinal epithelial permeability and
an imbalance in GBA immune homeostasis.”’>>>* This barrier dysfunction and microbiota dysbiosis are mutually causal,
jointly driving disease progressione.** Furthermore, gut microenvironmental inflammatory factors can cross the damaged
intestinal barrier into the circulatory system and infiltrate the brain via the BBB. Inflammatory factors and dysbiosis can
compromise the integrity of the BBB, allowing peripheral inflammatory mediators to enter the brain more easily, thereby
exacerbating neuroinflammation and pain by activating glial cells.”®***>! This immune-driven imbalance of neurotrans-
mitters and the corresponding changes in synaptic plasticity pathologically amplify pain signals and induce central
sensitization, which is often accompanied by negative emotions such as depression or anxiety.'>” Interventions such as
ginger extract can alleviate pain by inhibiting this neuroinflammatory process, further confirming the crucial role of the
GBA in the chronification of pain.'*>>>*® In summary, through the complex neural input-immune regulation—central glial
cell cascade of this neuro-immune axis, inflammatory factors constitute an important pathological basis for the devel-
opment and maintenance of chronic pain.?®

Central Sensitization and the Gut—Brain Axis

Central sensitization serves as the core pathological mechanism underlying the onset and persistence of chronic pain
(such as IBS, FM, NP, and other nociceptive pain disorders). It is characterized by abnormally enhanced CNS
responsiveness to nociceptive signals, clinically presenting as a reduced pain threshold and pathological expansion of
the pain area.” At the molecular level, this process involves neuronal hyperexcitability and synaptic plasticity
remodeling in the spinal dorsal horn and pain-processing brain regions (such as the ACC cortex and periaqueductal
gray): The activation of glutamate receptors (such as NMDA) triggers downstream signaling cascades, including protein
kinase C (PKC) and calcium/calmodulin-dependent protein kinase II (CaMKII) pathways, which mediate ion channel
phosphorylation and induce long-term potentiation.”® Meanwhile, the function of the descending inhibitory system
(mediated by neurotransmitters such as GABA and glycine) is compromised. This impairment interacts with sustained
injury stimulus-induced activation of microglia and astrocytes, collectively facilitating the release of pro-inflammatory
factors and driving neurons into a hyper-excited state.'>>>® In this pathological cascade, GBA exerts a decisive driving
effect via immune, metabolic, and neuroendocrine pathways. Intestinal flora disruption triggers systemic inflammation by
impairing intestinal barrier integrity. Its metabolites, including tryptophan metabolites, SCFAs, and LPS, can cross or
increase BBB permeability, thereby directly inducing central neuroinflammation.”*” Given the essential role of micro-
biota in regulating microglial maturation and homeostasis, abnormal microbiota can polarize microglia toward an
inflammatory phenotype and promote reactive astrocyte proliferation. The subsequent release of pro-inflammatory factor
cascades forms the core pathological foundation of central sensitization.'>**-*” Furthermore, GBA-associated neuroactive
molecules, as key mediators of neuroendocrine signaling, contribute substantially to central sensitization progression.
Specifically, CGRP enhances glutamatergic transmission in the spinal dorsal horn via presynaptic modulation, thereby
reshaping synaptic plasticity and further facilitating central sensitization.'® Meanwhile, microbiota-regulated neurotrans-
mitters (such as 5-HT) activate vagal afferent fibers, continuously projecting peripheral signals to the brainstem solitary
nucleus and higher centers, disrupting the negative feedback loop of the HPA axis and leading to sustained cortisol
hypersecretion.>> Such chronic neuroendocrine hyperactivity not only lowers peripheral pain thresholds but also further
modulates limbic system function (such as the amygdala and hippocampus), promoting the emotional processing of
pain.”** This GBA-driven neuro-immune-endocrine network crosstalk alters the conduction efficiency of dorsal horn
neurons and remodels pain-related neural circuits, forming a vicious cycle from intestinal dysfunction to central pain
amplification and subsequent emotional comorbidities such as anxiety and depression, which constitutes a critical
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biological basis for the central sensitization of chronic pain. Notably, placebo analgesia, which shares neural circuits with
central sensitization, is primarily driven by cognitive expectations and the reward network, relying on dopaminergic and
endogenous opioid systems to initiate the descending pain modulatory system (DPMS).>”® Given that the microbiota
regulates the central bioavailability of neurotransmitter precursors (tryptophan) and thus participates in brain serotonin
and dopamine synthesis, gut dysbiosis may disrupt the neurochemical foundation required for an effective endogenous
placebo response.’®®® This potential interaction could partially explain the significant inter-individual variability in
placebo effects frequently observed in clinical trials for chronic pain conditions like IBS.®" It also suggests that the GBA
modulates not only pain amplification but also the baseline therapeutic responsiveness to pain interventions.

Sexual Dimorphism of Gut Microbiota and the Regulatory Role of Sex Hormones in
the Gut-Brain Axis

Accumulating evidence has demonstrated robust sexual dimorphism in GBA signaling and chronic pain susceptibility.
Sex hormones, particularly estrogen and testosterone, markedly shape the composition, diversity, and metabolic activity
of intestinal microbiota.*®**° Clinical and preclinical studies confirm that serum sex steroid hormone levels are tightly
correlated with the diversity and compositional profiles of the human intestinal microbiota, and this bidirectional
interplay profoundly modulates systemic immune and neural homeostasis.”> Consistent with this notion, visceral
nociceptive responses to colorectal distension fluctuate across the estrous cycle in female mice, whereas such cyclic
variability is completely ablated in germ-free animals, providing direct evidence for the causal linkage among sex
hormones, intestinal microbiota, and visceral pain.>

Mechanistically, cyclic fluctuations in sex hormone levels directly modulate intestinal barrier integrity. Specifically,
estrogen remodels tight junction proteins and the intestinal mucin layer, thereby altering intestinal permeability.”® In
addition, sex hormone receptors are broadly distributed throughout the gut-brain network and participate in the
bidirectional regulation of peripheral and central pain signaling. At the peripheral level, physiological estrogen concen-
trations downregulate the expression of TRPV1 channels in DRGs and promote their intracellular translocation,
ultimately producing analgesic effects. At the central level, neuroendocrine regulation also exhibits distinct sexual
dimorphism: corticotropin-releasing factor (CRF)-producing neurons in the bed nucleus of the stria terminalis (BNST)
are predominately activated in females, and their neuronal activity is positively modulated by estrogen.**>** Conversely,
impaired central estrogen signaling contributes to the abnormal upregulation of spinal dorsal horn CGRP, which lowers
the threshold for migraine attacks and exacerbates overall central sensitization.>

Such systematic disparities in the “hormone—microbiota—neural” interactive network elucidate the biological basis for
the higher prevalence of GBA-associated chronic pain disorders in females. Epidemiological data verify that IBS and
migraine disproportionately affect women, and FM also exhibits strong female predilection, with a male-to-female
incidence ratio of approximately 1:3. The high comorbidity between FM and IBS is closely attributed to female-specific
sympathetic dysfunction and exaggerated central sensitization.'*?*%® These significant sex differences suggest that in the
future development of precise analgesic technologies targeting the GBA, sex should be regarded as a fundamental
biological variable, and further exploration of sex-specific clinical intervention strategies is needed.

Research Progress on Pain Disorders Related to the Gut-Brain Axis
Irritable Bowel Syndrome (IBS) and the Gut—Brain Axis

In recent years, accumulating studies have demonstrated that IBS, as a typical disease of gut-brain interaction (DGBIs),
develops chronic visceral pain driven by the combined effects of peripheral and central sensitization within the
bidirectional GBA network.”?' At the central level, functional magnetic resonance imaging findings have revealed
prominent dysregulation of endogenous pain modulation in IBS patients. Upon exposure to actual or anticipated visceral
stimuli, salience network brain regions (including the anterior insula and middle ACC) exhibit excessive activation,
whereas the prefrontal cortex (PFC), a core region responsible for pain inhibition, shows insufficient activation. In

addition, female patients display enhanced activation and connectivity within the emotional arousal network, along with
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more robust stimulus-induced responses.?’ Meanwhile, persistent overactivation of the HPA axis under acute psycholo-
gical stress further exacerbates abdominal pain symptoms.**

At the peripheral level, central and peripheral CRF-CRF1 receptor signaling systems are critical for mediating stress-
induced visceral hypersensitivity.** Intestinal barrier impairment triggers low-grade intestinal inflammation, which
promotes mast cell infiltration and the subsequent release of immune mediators, including histamine and proteases.
These mediators directly sensitize sensory neurons via the CRF-TLR4 pathway (Figure 2A). Continuous peripheral
nociceptive input further activates central glial cells, ultimately sustaining and consolidating central sensitization.®*
Furthermore, intestinal microecological imbalance, characterized by reduced Bifidobacteria and increased Firmicutes
abundance, modulates 5-HT release from ECs through SCFAs,
(Figure 2A).**+? Clinical studies have indicated that antibiotic intervention for IBS pain exhibits double-edged effects,
with clinical outcomes dependent on the direction of specific bacterial remodeling and corresponding metabolic

Antibiotics (eg., rifaximin) primarily reduce inflammatory mediator production by decreasing intestinal
44,65,66
P72 In

thereby lowering the visceral pain threshold

alterations.**
bacterial load and are commonly combined with probiotics to maintain intestinal microenvironmental stability.
comparison, probiotic supplementation combined with a low-FODMAP diet 68 shows greater potential in restoring
intestinal metabolic homeostasis and suppressing excessive immune activation.®”-®®

To evaluate the animal models of GBA dysfunction (such as restraint stress or maternal-infant separation), induce rats
to exhibit visceral hypersensitivity, abnormal defecation, and behavioral patterns resembling emotional disorders.”*’
Mechanistic studies further validate that the loss of tight junction protein ZO-1 and abnormal phosphorylation of IL-
IRAP constitute the core molecular mechanisms underlying stress-induced intestinal barrier damage. Collectively, the

severity of IBS abdominal pain is determined by the degree of GBA-mediated central sensitization and pain sensitivity,
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which can be quantitatively assessed via colorectal distension (CRD) and abdominal withdrawal reflex (AWR) assays.?’
These findings lay a solid foundation for the development of novel microbiome and GBA-targeted analgesic strategies.

Migraine and the Gut—Brain Axis
Migraine, a chronic disorder characterized by recurrent sensitization of the trigeminovascular system, has been increasingly
recognized to closely interact with the GBA. Intestinal flora dysbiosis serves as a core factor driving migraine chronification.
Migraine patients frequently exhibit reduced microbial diversity, including decreased coliform abundance, and a large
proportion of patients present comorbid IBS or Helicobacter pylori infection.'>*® The core pathological mechanisms are
summarized as follows. First, microbiota imbalance disrupts intestinal barrier integrity, facilitating the entry of LPS and other
metabolites into the circulation and triggering low-grade systemic inflammation. This cascade subsequently induces neuro-
genic inflammation within the trigeminovascular system and promotes the release of key pro-nociceptive peptides such as
CGRP (Figure 2B).** Second, gut microbiota directly modulates the biosynthesis of key neurotransmitters, including
tryptophan-derived 5-HT and GABA, by providing precursors such as tryptophan and glutamine. Such remote microbial
interference disturbs central pain perception and descending inhibitory pathways. This biochemical regulation not only
induces migraine-associated central sensitization but also explains gastrointestinal dysfunctions, including nausea and
vomiting, that accompany migraine attacks (Figure 2B), indicating that bidirectional gut—brain communication coordinately
modulates pain processing and gastrointestinal homeostasis.'* Furthermore, microbial signals can also regulate the pain stress
response by activating the vagus nerve or the HPA axis.*'*° This mechanism has been fully validated in animal models
induced by nitroglycerin (NTG) and CSD. In particular, experiments on germ-free animals and microbiota transplantation
further confirmed that the microbiota waves can directly regulate the expression of pro-inflammatory factors in the trigeminal
ganglion and the degree of central sensitization, thus outlining the complete pathological chain of “microbiota imbalance-
barrier damage-trigeminal nerve sensitization”,'3->%7

In terms of clinical intervention, numerous randomized controlled trials (RCTs) have confirmed that through
intervention strategies such as probiotics/probiotics, eradication of Helicobacter pylori, fecal microbiota transplantation,
or the Mediterranean diet, not only can the intestinal barrier be repaired and comorbidities of mood disorders be
improved, but also the frequency of migraine attacks, pain intensity, and dependence on painkillers can be significantly
reduced."*'® In addition, pharmacological agents, such as 5-HT receptor modulators and CGRP receptor antagonists,
combined with psychological interventions, achieve multi-target modulation of GBA function.'® Future research suggests
that targeting intestinal microecological remodeling may serve as a promising non-pharmacological strategy to reverse
the chronic progression of migraine.

Fibromyalgia (FM) and the Gut—Brain Axis

FM is a pain syndrome driven by central sensitization and injury-related neural plasticity and is characterized by chronic
widespread pain. Accumulating clinical studies have confirmed that its pathogenesis is closely associated with GBA dysregula-
tion and intestinal microecological disorders.'* Clinically, FM patients frequently present with gut—brain interaction disorders,
most notably IBS. Such substantial symptom overlap implies shared GBA-centered pathological mechanisms between the two
disorders. Existing studies have demonstrated that intestinal microecological imbalance in FM patients is mainly manifested as
altered bacterial diversity and increased proportions of pathogenic bacteria, accompanied by intestinal mucosal barrier damage.'
This “intestinal leak” permits the entry of gut microenvironmental metabolites and immune mediators into the bloodstream,
thereby triggering neuroimmune-mediated central neuroinflammation and subsequent widespread central sensitization
(Figure 2C).*' Furthermore, clinical evidence has revealed a high degree of symptomatic similarity between FM and small
intestinal bacterial overgrowth (SIBO), indicating that SIBO may serve as a potential driver of FM pathogenesis. Intestinal SIBO
occurrence and abnormal intestinal hydrogen production are positively correlated with pain severity in FM patients. In addition,
alterations in secondary bile acid profiles also participate in modulating pain intensity.'*> Current mechanistic investigations
primarily focus on the analgesic effects of intestinal interventions. For example, supplementation with SCFAs (eg., butyrate) or
probiotics not only improves intestinal barrier integrity and reduces pro-inflammatory levels but also modulates central 5-HT
synthesis by regulating tryptophan metabolism. Meanwhile, microbiota-regulated GABA and 5-HT modulate central pain
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perception via vagal afferent signaling to the central nervous system.>* Specifically, GABA suppresses nociceptive transmission
more efficiently by binding to surface receptors on DRG neurons and inducing neuronal depolarization.”’!-"

The above pathological cascade has been validated in multiple animal models, including levodopa-induced and
chronic unpredictable mild stress (CUMS) models. In particular, fecal microbiota transplantation from FM patients into
germ-free mice successfully recapitulates hyperalgesic phenotypes, directly verifying the pathogenic role of gut micro-
biota in FM development.'*®* In terms of clinical translation, FMT significantly alleviates pain and fatigue symptoms by
reshaping intestinal microbiota composition and reducing the levels of pro-inflammatory cytokines such as IL-6 and
TNF-a.?” Collectively, FM pathogenesis is comprehensively modulated by the GBA. Targeted intestinal microecological
remodeling has therefore emerged as a promising clinical strategy for intervening in FM progression and achieving
precise pain relief.

Neuropathic Pain (NP) and the Gut—Brain Axis
The occurrence and progression of NP are tightly associated with homeostatic imbalance driven by intestinal immune
activation. Under pathological conditions including nerve injury, chemotherapy exposure, and diabetes, intestinal micro-
ecological imbalance impairs the physical defense of the intestinal epithelial barrier. This process facilitates the translocation
of endotoxins such as LPS into the circulation, thereby activating macrophages and increasing the excitability of primary DRG
neurons (Figure 2D).”'3** Studies have demonstrated that gut microbiota modulates the development and activation of central
microglia via microbial-derived SCFAs. Damaged nerve terminals and inflammatory stimuli induce the polarization of spinal
microglia and the subsequent release of brain-derived neurotrophic factor, which drives the sensitization of spinal nociceptive
neurons (Figure 2D).'® In the chronic NP state, persistent neuroinflammation and accumulated inflammatory mediators within
brain regions including the medial prefrontal cortex and amygdala directly disrupt local neuronal function and circuit
homeostasis. Such microenvironmental disturbances not only exacerbate central pain processing dysfunction but also underlie
the high comorbidity of anxiety and depression in NP patients.”®

His pathological cascade has been extensively validated in classic NP animal models, including chronic constriction
injury (CCI), spinal nerve ligation (SNL), and chemotherapy-induced peripheral neuropathy (CIPN). Preclinical evidence
confirms that preventive microbiota depletion or microbial remodeling via FMT effectively ameliorates hyperalgesia
phenotypes.®* Clinical and mechanistic studies have further identified significant alterations in intestinal microbial
composition in CIPN patients, which are closely correlated with pain sensitivity, indicating that gut microbiota drives
NP progression by modulating neuroinflammatory responses.> In terms of clinical intervention, supplementation with
specific probiotic formulations and natural products such as ginger extracts has been proven to relieve mechanical pain
by preserving intestinal barrier integrity, suppressing neuroinflammation, and restoring mitochondrial homeostasis.'>° In
summary, intestinal microecology profoundly participates in peripheral and central sensitization during NP pathogenesis
through immune, metabolic, and neural pathways. Targeting GBA through microecological interventions is expected to
become a new strategy for the clinical management of chronic neuropathic pain.

Oral Pain and the Gut—Brain Axis

Oral pain progression is uniquely mediated by the trigeminal nervous system, in which the oral-gut axis exerts pivotal
immune and neural modulatory functions. Oral microbiota can alter intestinal homeostasis through saliva-mediated
translocation and gastrointestinal colonization. Conversely, inflammatory mediators derived from intestinal dysbiosis act
as crucial triggers for neurodegeneration in the orofacial region.*>”* Burning mouth syndrome (BMS) is a representative
idiopathic chronic oral pain condition characterized by persistent burning or pricking sensations in the oral mucosa. Its
underlying pathogenesis can be systematically interpreted from three dimensions: peripheral receptors, peripheral nerves,
and central brain circuits. At the receptor level, gastrointestinal signals upregulate TRPV1 expression within the
trigeminal system, thereby facilitating the generation of oral nociception (Figure 2E) **7%. At the neural level, immune
activation-induced intestinal inflammation markedly lowers the discharge threshold of orofacial nerves’>. At the central
circuit level, BMS is defined as injury-sensitized pain, which is primarily driven by enhanced central pain processing
(Figure 2E).>*"* At the neural level, the inflammatory response driven by gut microenvironmental immune activation
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significantly reduces the threshold for neural discharge.”” At the brain circuitry level, BMS is classified as injury
sensitization pain, involving the enhancement of central pain processing.’*’*

Studies have validated that gut microbiota remotely modulates central pain transmission via two primary pathways:
vagus nerve-mediated direct neural signaling and metabolite-mediated indirect humoral signaling across the BBB.”>7°
For example, SCFAs modulate trigeminal sensitization by targeting key brain nuclei, including the nucleus tractus
solitarius (NTS) and parabrachial nucleus (PBN). In addition, chronic psychological stress induces dual dysbiosis of oral
and intestinal microbiota through HPA axis activation. Such oral-gut-brain axis dysfunction not only exacerbates pain in
the temporomandibular joint and masticatory muscles but also provides a biological basis for prevalent comorbidities in
BMS patients, including sleep disturbances, memory impairment, and anxiety (Figure 2E).”*”® Notably, BMS exhibits
a high prevalence among perimenopausal women. Rapid estrogen decline during this period disrupts protective sex
hormone-GBA crosstalk, relieving TRPV1 inhibition and amplifying central pain sensitization. This hormonal alteration

substantially aggravates oral burning sensations and concomitant emotional disorders.**"*

Pain Intervention Strategies for the Brain-Gut Axis

Drug Intervention Targeting the Brain-Gut Axis

Current GBA-targeted pharmacological strategies primarily relieve pain by regulating intestinal microecological home-
ostasis and modulating neural signaling pathways (Figure 3). Microbial preparations, including probiotics and prebiotics,
exert analgesic effects by reshaping intestinal flora composition, enhancing intestinal epithelial barrier integrity, and
elevating the abundance of butyric acid and other SCFAs.'**** By attenuating excessive HPA axis activation, these
interventions prevent chronic stress-associated brain dysfunction and effectively improve visceral hypersensitivity in IBS
and NP. Nevertheless, their clinical limitations remain non-negligible, as therapeutic efficacy is largely constrained by
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Figure 3 Therapeutic interventions targeting the gut-brain axis (GBA) for chronic pain management. The schematic illustrates the transition from healthy homeostasis to
a chronic pain state and the corresponding multi-level therapeutic strategies. In Healthy Homeostasis (left), diverse gut microbiota and a healthy gut epithelium maintain normal
vagus tone. Crucially, the epithelium acts as an active signaling interface, where enterochromaffin cells (ECs) and enteroendocrine cells (EECs) release neurotransmitters and
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bacterial strain specificity and individual heterogeneity, accompanied by occasional adverse reactions.”'* Antibiotics
(such as rifaximin) mainly target the inhibition of pro-inflammatory mediators by regulating the intestinal flora, thereby
alleviating mucosal inflammation. Clinically, a probiotic strategy is often combined to further restore the micro-
ecological barrier and maintain intestinal homeostasis.®>*°® However, clinical studies have shown that antibiotics have
been controversial in pain intervention: although antibiotics are effective for some patients, the induced microbiota
remodeling by them may increase pro-inflammatory metabolites such as LPS, thereby exacerbating pain sensitivity.**%*

Apart from the above microbiota-based interventions, conventional treatments for constipation-predominant irritable
bowel syndrome (IBS-C) have also been shown to exert analgesic and neuromodulatory effects through the GBA. For
example, linaclotide, a guanylate cyclase-C receptor agonist, can promote the release of extracellular cGMP from
intestinal epithelial cells, thereby inhibiting nociceptor activity and alleviating visceral hypersensitivity. Similarly,
lubiprostone improves intestinal secretion and barrier function by activating chloride channels, blocking abnormal
immune sensitization along the brain-gut axis.**”” Prucalopride, a 5-HT4 receptor agonist, accelerates colonic motility
and reflexes by inducing acetylcholine release from neurons, providing a solid neuropharmacological basis within the
brain-gut axis for relieving constipation and related abdominal symptoms in patients.*°°

At the neural modulation level, central regulatory drugs (such as antidepressants) exert distal analgesic effects by
strengthening the descending pain inhibition system.’®’® Meanwhile, GLP-1 RAs not only inhibit neuroinflammation but
also alleviate chronic pain by regulating the central dopamine system.’ Furthermore, novel modulators targeting CGRP
and the ECS show great potential for pain relief. The former have achieved breakthroughs in migraine treatment by
blocking signaling cascades, while the latter regulate visceral perception by activating CB1 receptors, providing a new

. . . . . . . . . 13.28.49
approach for precise intervention in oral facial pain and gastrointestinal diseases. "

Non-Pharmacological Intervention and Lifestyle Modification
Non-pharmacological approaches aim to achieve functional optimization of the GBA system through exogenous physical
stimulation or lifestyle adjustments (Figure 3). Dietary intervention is the most direct way to regulate the intestinal
microenvironment. A low FODMAP diet, by restricting colonic fermentation and lowering LPS levels, can restore
intestinal barrier function and alleviate visceral pain. Additionally, functional foods such as ginger root extract have been
proven to have the potential to inhibit neuroinflammation.”-'*>°

Moreover, FMT demonstrates clinical potential in improving visceral pain, FM, and even delaying morphine
tolerance by directly reshaping the gut microbiota structure of the recipients and regulating bile acid metabolism."*
Given the central role of the GBA in stress sensitivity, psychological interventions (such as cognitive behavioral therapy
and meditation) weaken pain perception at the level of the brain’s higher centers by inhibiting the excessive activation of
the HPA axis.”® Furthermore, emerging neuroregulation technologies, such as vagus nerve stimulation (VNS) and
transcutaneous electrical stimulation (TENS), directly regulate the fibers that facilitate communication between the
brain and the intestines through electrical signals, exerting a synergistic effect of anti-inflammation and pain relief.”” This
multi-dimensional and non-invasive management model complements drug therapy and together forms a new framework

for comprehensive treatment of chronic pain in the modern era.

Conclusions and Prospects

The GBA is far more than a background factor in the progression of chronic pain. Increasing evidence has demonstrated
that gut microbial dysbiosis is not only a common clinical feature of IBS, migraine, and NP, but also an important
systemic driver of central neuroinflammation. Within this complex communication network, the origins and mechanisms
of multidimensional signaling molecules must be more precisely defined. On the one hand, microbiota-derived SCFAs
and LPS can regulate the excitability of primary nociceptors and influence the polarization states of peripheral and central
glial cells.®'®** On the other hand, host intestinal epithelial cells and EECs, particularly ECs, are capable of releasing 5-
HT, glutamate derived from neuropod cells, and various classical endogenous endocrine peptides,>**® including CCK,
GLP-1, gastrin-releasing peptide, uroguanylin, and Apelin-13.72%3¥4681 These multi-level signals derived from both the
microbiota and the host intestine not only cooperatively regulate peripheral nociceptors, but also establish a complex
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interactive network through neural, humoral, and immune pathways, thereby further strengthening the functional
coupling between the gut microenvironment and the host neuroimmune system.

This persistent neuroinflammation and aberrant signal transmission further remodel pain transmission pathways and
pathologically amplify physiological signals.'” By integrating multidisciplinary evidence, this review highlights the critical
role of the intestinal microenvironment in chronic pain and suggests that chronic pain is not merely a localized abnormality
within the nervous system, but is closely associated with systemic disruption of neurohomeostasis. Although the mechanisms
by which the GBA regulates pain have gradually become clearer, many key questions remain unresolved. For example, do
different types of chronic pain possess distinct microbial signatures? How does the microbiota influence individual suscept-
ibility to pain and disease progression? More importantly, the key “molecular switches” regulating the bidirectional effects of
metabolites—that is, the mechanisms driving the transition from maintaining physiological homeostasis to promoting
pathological pro-inflammatory responses—still require further clarification. Current evidence suggests that SCFA-related
G protein-coupled receptors (GPR41/43), the LPS-mediated microglial activation pathway TLR4, P2X7R involved in
maintaining neuroinflammation, and lipid metabolite-associated signaling receptors such as FPR2 may all represent important
candidate therapeutic targets.>”**%? As the roles of intestinal epithelial cells, EECs, and neuropod structures in gut-brain
communication continue to be uncovered, future studies should further elucidate how different gut-derived signals collectively
participate in pain regulation through neural, immune, and endocrine pathways, as well as clarify their disease-specific
mechanisms across different pain disorders.

Given the high comorbidity between chronic pain and emotional disorders such as anxiety and depression, interventions
aimed at simultaneously improving emotional status and pain perception through microbial therapeutics, dietary modulation,
or fecal microbiota transplantation may become highly promising future strategies.'**”** Meanwhile, recent advances in
dietary interventions, GBA-targeted pharmacological therapies, and microbiota-targeted strategies have further demonstrated
substantial potential in analgesia, anti-inflammatory regulation, and neuroprotection.®***> Research on the GBA not only
provides novel therapeutic targets for refractory chronic pain, but also suggests a future transition in pain management from

“local symptom control” toward a precision medicine framework centered on “systemic ecological regulation”.*®
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