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Abstract: Pain is a complex physiological phenomenon driven by dynamic microglial(MG) regulation in the CNS. Aberrant
microglial activation mediates neuroinflammation, neuronal hyperexcitability, and synaptic plasticity, exhibiting spatiotemporal and
sex-specific heterogeneity. While early pharmacological interventions show time-limited efficacy, electroacupuncture (EA) emerges as
a potent non-pharmacological strategy that disrupts microglia-neuron crosstalk via multiple pathways. Critically, EA’s efficacy depends
on intervention timing, with early application preventing microglial active in neuropathic models. Recent advances reveal CD11c"
microglia as dual regulators of pain resolution and relapse—clearing myelin debris acutely but driving recurrence via MMP-9-
mediated synaptic remodeling. This review synthesizes microglial heterogeneity, stage-specific interventions, and EA’s translational
potential in rebalancing microglial phenotypes for precision pain management.
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Introduction

Pain is recognized as the fifth vital sign in humans. Chronic pain resulting from delayed healing of acute pain
significantly impacts the patients’ quality of life. According to the United States Centers for Disease Control and
Prevention, 11% to 40% of the world’s population suffers from chronic pain.! The occurrence and progression of chronic
pain are closely related to microglia.? As one of the important immune cells in the nervous system, microglia can be
activated or even further polarized by exogenous stimuli, the morphology of microglia changes continuously and has
different effects on the neurons. A clinical study showed that the expression of translocator protein (TSPO), a marker of
glial activation, was significantly higher in the brains of chronic low back pain patients, and was negatively correlated
with the expression of interleukin-6 at the thalamic level. It indicated that TSPO is involved in the analgesic and anti-
inflammatory effects of patients with chronic low back pain.** Experimental studies have confirmed that microglia
activation and polarization play a crucial role in pain modulation. Targeted inhibition of M1 microglia or promotion of
M2 microglia expression has been shown to effectively alleviate pain.” For instance, oral low-dose naltrexone, an opioid
receptor antagonist, can inhibit microglial activation through Toll-like receptor 4 (TLR4) and suppress the expression of
M1-type microglia, thereby reducing the release of central pro-inflammatory factors in patients with fibromyalgia and
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alleviating their pain.® Although numerous studies suggest that promoting M2 microglial polarization benefits pain
reduction, the precise role of different microglial subtypes in pain modulation, and the relationship between microglial
activation, polarization, and the pain process remain unclear.

The treatment of chronic pain primarily relies on pharmacological therapy, including non-steroidal anti-inflammatory
drugs (NSAIDs), opioids, analgesics, antidepressants, and antiepileptic drugs. However, conventional drug treatments
have certain limitations, with inevitable side effects on the digestive tract and immune system,'” and may even
contribute to an increased incidence of chronic pain.” The multimodal and multidisciplinary approach to pain manage-
ment advocates combining pharmacological and non-pharmacological therapies, a concept that is increasingly recognized
by clinicians and patients." Among the non-pharmacological treatments, electroacupuncture is considered an important
therapeutic method from Traditional Chinese Medicine (TCM) and has been shown to provide effective pain relief in
various conditions.® Animal studies indicate that EA can down-regulate Cyclooxygenase-2 (COX2) expression in the
spinal cord and inhibit microglial activation, thereby alleviating neuropathic pain induced by autologous nucleus
pulposus transplantation.” Furthermore, it is well established that EA exerts its analgesic effects by promoting the
polarization of microglia towards M2 type. In the CFA-induced inflammatory pain model, EA inhibits M1 microglia
polarization and promotes M2 microglial polarization by upregulating G protein-coupled receptor kinase 2 (GRK?2)
expression in the spinal dorsal horn.'® It is notable that early intervention targeting microglial activation is of paramount
importance for effectively inhibiting pain. Once pain has developed, suppressing microglia alone fails to achieve the
adequate analgesia; and at this time, intervention targeting microglial polarization should be implemented.

Early studies mainly focused on the exploration of M1 and M2 types of microglia. With the advancement of science
and the deepening of research on microglia, current studies now pay more attention to the heterogeneity of microglia.
Furthermore, recent advancements have disclosed the dual functions of microglial subpopulations, such as CD11c" cells,
in both pain alleviation and recurrence, emphasizing the necessity of precise, stage-specific interventions. Recent studies
on human microglial cells have achieved notable advancements. Mass spectrometry-based cell analysis has revealed that
human TDP-43 (hTDP-43) can promote the generation of a distinct microglial subset characterized by high CD1lc
expression and enhanced phagocytic capacity, a process mediated by the TREM?2 signaling pathway. Furthermore, using
mass spectrometry (MS) and surface plasmon resonance (SPR), direct molecular interactions between TDP-43 and
TREM2 were confirmed in vitro, in vivo, and in postmortem tissue samples from patients with amyotrophic lateral
sclerosis (ALS). This discovery provides novel insights into the immune regulatory mechanisms underlying human
neurodegenerative disorders. This review integrates the current knowledge regarding the microglia activation mechan-
isms, activation heterogeneity, and related therapeutic approaches, while simultaneously exploring new strategies
targeting microglial dynamics for pain management. This review elaborates on the dual role of microglial phenotypic
heterogeneity in both the pathogenesis and alleviation of pain. Based on its spatiotemporal dynamics and sex-based
differences, it proposes future directions for stage-specific precision therapeutic strategies, with a particular emphasis on
electroacupuncture (EA) therapy.

MI-Type Microglia Activated Pain

Pain, as a complex physiological and pathological phenomenon, is closely associated with the dynamic regulation of
microglia within the central nervous system. Activated microglia can be polarized into pro-inflammatory (M1) and anti-
inflammatory (M2) phenotypes depending on stimulation type, microenvironment, duration of stimulation, and the
balance between neurotoxic substances and neuronutrients.'’ These phenotypes are closely associated with pain-related
disease states. The M1 phenotype represents the classical activation pathway of microglia and is typically triggered by
lipopolysaccharide (LPS), proinflammatory cytokines such as interferon- y (IFN-y) and tumor necrosis factor-a (TNF- o),
which are secreted by TH1 cells and astrocytes, as well as by trauma-induced cell debris. Once activated, M1 microglia
releases pro-inflammatory cytokines, including interleukin IL-6, IL-12, IL-18, and inducible nitric oxide synthase
(iNOS). They also express surface markers such as CD86, CD14, CD16, CD32 and CD42. Activation of M1 microglia
promotes cytotoxicity, acute immune response, and severe neuroinflammation.'? In contrast, M2 phenotype represents an
alternative activation pathway that promotes anti-inflammatory and neuroprotective functions. In the spinal cord, Kv1.3

channels promote neuropathic pain by driving M1 microglial polarization and activating NLRP3 inflammasome.'?
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Morphine, a widely used opioid drug for cancer pain, presents a major clinical challenge due to morphine tolerance.
Experimental studies have demonstrated that prolonged morphine administration induces microglial M1 to polarization,
which in turn contributes to the development of morphine tolerance.'* Similarly, paclitaxel-induced M1 polarization of
spinal microglia triggers RIP3/ MLKL-regulated necroptosis, leading peripheral neuropathic pain'> M2 microglia release
anti-inflammatory cytokines (eg, IL-4, IL-10, etc)., growth factors (eg, insulin-like growth factor I, fibroblast growth
factor), and neurotrophic mediators (eg, glial cell-derived neurotrophic factor, brain-derived neurotrophic factor, nerve
growth factor).'*'®!7 M2 microglia also express surface markers such as CD163 and CD206. Functionally, M2 microglia
inhibit inflammation, promote cell proliferation and phagocytosis of cell debris, and facilitates tissue repair.'*'®!”

Research indicates that the abnormal activation of MG mediates the transmission of inflammatory signals, the
remodeling of neuronal excitability, and the alteration of synaptic plasticity through multiple pathways, serving as the
core mechanism driving the occurrence and persistence of pain. The activation process is multidimensionally regulated
by pro-inflammatory factors, damage-associated molecular patterns(DAMPs), and neurotrophic factors. Microglial
activation plays a central role in pain pathogenesis, by integrating neuroinflammation, synaptic plasticity, and neuronal
hyperexcitability through dynamic interactions with cytokines, DAMPs, and neurotrophic factors It also demonstrates
temporal, spatial, and gender heterogeneity. Moreover, the pro-inflammatory (M1) and anti-inflammatory (M2) pheno-
types of dynamic transitions at different stages of pain, further complicating intervention strategies. Intriguingly,
antagonizing microglia at different time points yields distinct outcomes, and only early intervention in microglial
activation may effectively suppress the occurrence of pain.

The Three Primary Factors Driving MI-Type Microglial Activation

In their resting state, microglia perform monitoring functions. Once exogenous or endogenous stimuli are detected,
microglia respond rapidly by releasing inflammatory factors, chemokines, and other signaling molecules. These amplify
pain signals and remodel neuronal synaptic plasticity, thereby mediating abnormal neuronal excitation. Currently,
substances capable of influencing microglial activation can be categorized into three types: pro-inflammatory cytokines,
damage-associated molecular patterns (DAMPs), and neurotrophic factors.

Microglial Activation Mediated by Pro-Inflammatory Cytokines and Hyperalgesia

IL-1B serves as a key driver of microglial activation in the spinal cord. Following spinal cord injury or nerve damage, IL-
1B released by damaged cells binds to TLR4 receptors on the surface of microglia, activating the NF-xB signaling
pathway and inducing microglia polarization towards the pro-inflammatory (M1) type. This results in the release of
secondary inflammatory mediators such as TNF-a and IL-6, intensifying excitatory synaptic transmission in spinal dorsal
horn neurons and ultimately leading to hyperalgesia.'®'?

TNF-a sustains activation of microglia through both autocrine and paracrine loops. In the spinal dorsal horn, TNF-a
upregulates the expression of Navl1.3 (a specific type of sodium channel) in peripheral nerves, thereby lowering the pain
threshold.”® Additionally, TNF-o. and IL-6 synergistically activate the COX2-PGI2 pathway in spinal microglia,
promoting the synthesis of prostaglandin E2 (PGE2) and exacerbating neuroinflammation-related pain. In the central
nervous system, TNF-a indirectly influences pain processing by regulating hippocampal synaptic plasticity in
Alzheimer’s disease models, but the spinal cord remains the principal site for driving pain.?!

Microglial Activation Triggered by DAMPs and Its Association with Pain

ATP, as a typical DAMP, mediates the rapid activation of microglia via the purinergic receptor P2X7R. ATP released by
damaged neurons in the spinal dorsal horn activates P2X7R on microglia, inducing the opening of cation channels and
the assembly of inflammasomes (such as NLRP3), promoting the cleavage and release of the IL-1p precursor, forming a
positive feedback loop of “damage - ATP release - microglial activation”.?* Pain receptors on the microglial membrane,
represented by P2X4R, play a crucial role in the occurrence of pain. Studies have demonstrated that microglial activation
mediates the development of various types of pain,” with their newly formed branches carrying pain receptors, inducing
microglial activation in the central nervous system and causing hyperalgesia. P2X4R is a non-selective cation channel
trimer activated by ATP and is predominantly expressed on the surface of microglia in the central nervous system.
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Research indicates that when exposed to noxious stimuli, the large amount of ATP released in the body is recognized by
P2X4R on surveillance microglia, stimulating the activation of the core pain signaling pathway mediated by brain-
derived neurotrophic factor (BDNF) release. This pathway exhibits an increase in intracellular chloride de-inhibition in
nociceptive neurons in the spinal dorsal horn, thereby weakening the excitability of inhibitory neurons and facilitating
pain transmission. The changes in signal transmission from P2X4R" microglia to nociceptive transmission neurons may
account for the main symptoms of human neuropathic pain.** In various types of pain, including chronic inflammatory
pain, peripheral neuropathic pain, post-herpetic pain, and cancer pain, upregulated expression of P2X4R in the central
nervous system has been identified to induce microglial activation, and this phenomenon occurs exclusively in male
animal models, while the pain of female animals is not regulated by microglia.”* S100B, as a calcium-binding protein, is
secreted by astrocytes and microglia following spinal cord injury. It activates the STAT3 pathway by binding to the
receptor RAGE, promoting the polarization of microglia to the M1 type and intensifying the local inflammatory response
in the spinal cord."” In the central nervous system, S100B drives the release of IL-1p and TNF-a from microglia through
the PARP-1 pathway, but its regulatory effect on chronic pain may depend on the degree of primary sensitization in the
spinal dorsal horn.>

Bidirectional Regulation of Neurotrophic Factors and Microglial Activation

The role of BDNF in pain is region-specific: in the spinal dorsal horn, BDNF activates the ERK-CREB pathway via the
TRKB receptor, promoting microglial proliferation and enhancing their response to noxious signals, directly contributing
to the formation of pain sensitization;*® while in the central nervous system, BDNF can indirectly alleviate pain
associated with neurodegenerative diseases by inhibiting the excessive activation of senescence-related microglia.?’
This bidirectional regulatory mechanism suggests that targeting the BDNF/TRKB pathway may emerge as a promising
strategy for precise intervention in different types of pain.

M2-Type Microglia Alleviates Pain

Pharmacological Therapies Related to Microglia Alleviate Pain

Minocycline is a well-established inhibitor of microglial activation. Early studies suggested that microglia played a
predominantly detrimental role in the development and maintenance of pain, prompting researchers to explore targeted
inhibition of microglial activation as a potential therapeutic strategy for pain relief.”® Minocycline-mediated suppression
of microglia activation has been considered an effective approach for the treatment of chronic pain.”’ However,
subsequent research revealed a critical limitation: minocycline’s efficacy depends on the timing of administration. It
was effective only when administered before the onset of a noxious stimulus. If the painful stimulus persisted, re-
injection of minocycline could fail to reverse the pain.*® In the SNI model, intrathecal minocycline administration
effectively prevented pain in the early stages; however, even continuous injection during the later stages of SNI does not
fully halt pain progression.*”

Extensive evidence suggests that M2-type microglia facilitate pain relief. In neuropathic pain models, DKK3 inhibits
microglial polarization and neuroinflammation by modulating the ASK-1/JNK/p-38 pathway. This mechanism promote
M2 polarization and reduces the production pro-inflammatory factors.>' Similarly, paconol facilitates the transformation
of M1 to M2 microglia in the spinal dorsal horn via the RhoA/p38 MAPK pathway.

Clinical trials provide evidence that enhancing M2 microglial activity can effectively alleviate fibromyalgia. Low-
dose oral naltrexone has been shown to reduce pain scores in patients with fibromyalgia while downregulating pro-
inflammatory factors secreted by M1 microglia in plasma.>* Similarly, aquatic exercise has been found to relieve muscle
fiber pain, increase IL-10 secretion from M2 microglia, contributing to an anti-inflammatory response.’® Thus, ther-
apeutic strategies targeting microglia polarization hold promise as a novel approach for nociceptive pain management.

In the central nervous system, microglial cells can transform from an M1 pro-inflammatory state to an M2 anti-
inflammatory state, releasing large amounts of anti-inflammatory factors, facilitating nerve repair, and contributing to
pain relief.’! Therefore, modulating the balance of microglial polarization is crucial for effective pain management.

Mannosylated clodronate (dichloromethylene diphosphonate; CI2MDP) can effectively deplete M2 microglia.**
Recent studies have highlighted the critical role of M2 microglia in inflammatory pain. In the mouse model of acute
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inflammatory pain induced by complete Freund’s adjuvant (CFA), researchers performed targeted immune intervention
via intrathecal injection of mannosylated clodronate liposomes and found that this treatment significantly augmented the
persistent pain phenotype in Pil6-positive mice. Specifically, via immunofluorescence co-localization analysis, it was
confirmed that these mannosylated nanoparticles selectively eliminated the CD206" anti-inflammatory macrophage
subset and contributed to the persistence of inflammatory pain. These findings demonstrate that M2 microglia plays a
key role in pain in pain modulation.

Non-Pharmacological Therapies for Pain Management

Currently, therapeutic strategies targeting microglial polarization for pain relief are under active investigation, with the
efficacy of related drugs and interventions scientifically validated. Microglia may not only respond to various stimuli but
also modulate immune homeostasis in the central nervous system through multiple pathways, contributing to central
sensitization. Clinical studies have demonstrated that electroacupuncture has significant analgesic effects, however, its
non-neuronal mechanism remain poorly understood.® EA builds upon traditional acupuncture by introducing electrical
stimulation to acupoints, activating afferent peripheral nerve fibers and influencing the central nervous system. To
elucidate how acupuncture extends its local effects to exert systemic anti-inflammatory and analgesic effects, we
examined microglial changes in different pain models. Findings indicate that EA treatment inhibits microglia activation
and promotes microglial polarization (Table 1 and Figure 1).

EA Is Involved in Analgesia by Inhibiting the Activation of Microglia

In the spared nerve injury model, EA suppresses excitatory synaptic transmission by reducing glutamate release from
presynaptic terminals. This leads to downregulation of P2X4R expression in spinal cord dorsal horn, inhibition of
microglial activation, and reduction of brain-derived neurotrophic factor expression. Additionally, EA treatment increases
neuronal GABAA-y?2 protein expression and suppresses excitatory postsynaptic potential (EPSPs).***? In chemotherapy-
induced peripheral neuropathy (CIPN), EA inhibits Toll-like receptor 4 (TLR4) signaling in DRG while increasing
transient receptor potential vanilloid 1 (TRPV1) expression, which subsequently leads to inhibition of microglia
activation in SCDH.*’ In diabetic peripheral neuropathic pain model, EA inhibits microglial activation by suppressing
P2X4R expression on spinal microglia.** Similarly, in a rat model of cervical spondylotic radiculopathy, EA alleviates
pain and reduces SCDH inflammation by inhibiting microglial activation via the MAPK pathway-mediated p38 activa-
tion and suppressing monocyte chemoattractant protein-1 (MCP-1) expression.** Furthermore, EA has been shown to
suppress spinal microglial activation while upregulating y-aminobutyric acid type A receptor (GABA-AR) expression,
contributing to its analgesic effects.*® Additionally, EA upregulates IL-10 expression in microglia and promotes the p-
endorphin release, which acts on p-opioid receptors to alleviate neuropathic pain caused by chronic constriction injury
(CCI) of the sciatic nerve.”® In complete Freund’s adjuvant -induced inflammation model, EA inhibits S100B activation
in astrocytes, thereby preventing its binding to receptor for advanced glycation end products (RAGE) on microglia and
NeuN-expressing neurons, ultimately suppressing microglial activation.”® In a formalin-induced inflammatory pain
model, EA reduces microglia-neuron interactions and disrupts sensory neuron crosstalk by downregulating the expres-
sion of interferon-y (IFN-y), interleukin-6 (IL-6), substance P (SP), and calcitonin gene-related peptide (CGRP).®
Furthermore, in the formalin-induced inflammatory pain model, EA alleviates pain by downregulating of TLR4 signaling
pathway components and inhibit microglial activation in the thalamus, medial prefrontal cortex, amygdala, and soma-
tosensory cortex.*>* Additionally, EA can downregulate transient receptor potential vanilloid 1 (TRPV 1) expression on
microglia in the hypothalamus, periaqueductal gray matter, and the VI and VII lobules of the cerebellum, thereby
inhibiting microglial activation.®* In an incision-induced inflammatory pain model, EA suppresses microglial activation
in SCDH, hippocampus and cortex, thereby alleviating pain caused by plantar incision.®’ Furthermore, EA downregulates
P2X7R expression on the spinal cord microglia and inhibit the fractalkine (FKN)/CX3CR1/p38MAPK signaling path-
way, which mediates neuron-microglia crosstalk, thereby relieving neck incision pain.®® These findings suggest that EA
inhibits the activation of microglia, which in turn modulates dialogue between microglia and neurons, contributing to its
analgesic effects.
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Table | Summary of EA Parameters and Microglial Modulation in Pain Models

Injury of Sciatic Nerve
(cqn

Pain Type Model Points Research Sites Results Ref
Neuropathic SNL BL60 (Kunlun) + ST36 (Zusanli) SCDH Upregulates PD-LI and PD-| expression, inhibits MAPK signaling pathway, thereby | [35]
pain promoting MG polarization to M2 type and reducing inflammatory response
SNL BL60 (Kunlun) + ST36 (Zusanli) SCDH Downregulates P2X7R expression in MG to inhibit p38 phosphorylation, thereby | [36,37]
reducing inflammation and inhibiting abnormal synaptic remodeling of neurons
SNL BL60 (Kunlun) + ST36 (Zusanli) SCDH Reduces glutamate release from presynaptic terminals to inhibit excitatory [38]
synaptic transmission, thereby inhibiting P2X4R expression and MG activation
SNL BL60 (Kunlun) + ST36 (Zusanli) SCDH Downregulates P2X4R expression to inhibit MG activation, thereby [39]
downregulating BDNF expression, increasing GABAAy2 protein expression, and
inhibiting excitatory postsynaptic potential
Chemotherapy- BL60 (Kunlun) + ST36 (Zusanli) SCDH Inhibits TLR4 signaling in DRG and upregulates TRPVI expression, further [40]
Induced Peripheral reducing MG activation in SCDH
Neuropathy (CIPN)
Chemotherapy- BL60 (Kunlun) + ST36 (Zusanli) SCDH Upregulates GRK2 expression in spinal neurons to inhibit MI-type MG [41]
Induced Peripheral polarization, M2 unaffected
Neuropathy (CIPN)
Chemotherapy- BL60 (Kunlun) + ST36 (Zusanli) SCDH Upregulates miR-124 expression in SCDH neurons to inhibit MI-type polarization, | [42]
Induced Peripheral M2-type unaffected
Neuropathy (CIPN)
Diabetic Neuralgia BL60 (Kunlun) + ST36 (Zusanli) SCDH Inhibits P2X4R expression on MG to inhibit MG activation [43]
Cervical Spondylotic EX-B2 (3mm lateral to C5 and C7) SCDH Inhibits MAPK pathway-mediated p38 activation-related MG activation and MCP-1 | [44]
Radiculopathy BLI7 (Geshu) + ST36 (Zusanli) expression levels, thereby alleviating pain and SCDH inflammation
Autologous Nucleus BL25 (Dachangshu)+BL40 (Weizhong) + BL60 (Kunlun) SCDH Downregulates COX2 expression to inhibit MG activation [91
Pulposus
Transplantation
Neuralgia
Lumbar Disc GB30 (Huantiao) SCDH Downregulates HCN2 channel expression in DRG, reducing harmful stimuli [45]
Herniation entering SCDH and inhibiting MG activation
Chronic Constriction ST36 (Zusanli) + GB34 (Yanglingquan) SCDH Inhibits MG activation to upregulate GABAAR expression [46,47]
Injury of Sciatic Nerve
(CCly
Chronic Constriction GB30 (Huantiao) SCDH Inhibits P2X7R+MG-mediated IL-1b overexpression [48]
Injury of Sciatic Nerve
(CCly
Chronic Constriction GB30 (Huantiao) SCDH Inhibits IFN-y overexpression to inhibit P2X4R+MG activation [49]
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Chronic Constriction ST36 (Zusanli) + SP6 (Sanyinjiao) SCDH Upregulates IL-10 expression in MG to promote beta-endorphin release acting on | [50]
Injury of Sciatic Nerve u-opioid receptors, thereby alleviating pain
(CCly
Migraine GB20 (Fengchi) + GB34 (Yanglingquan) SCDH Inhibits TLR4 expression, reduces NGkB nuclear expression of inflammatory [51]
factors, thereby inhibiting MG activation
Migraine GB20 (Fengchi) + GB34 (Yanglingquan) Trigeminal Nucleus Caudalis Inhibits NLRP3/Caspase- |/IL-Ibeta pathway and P2X4R expression to inhibit MG | [52]
(TNC) activation
Dental Pulp Injury ST5 (Daying) + STé6 (Jiache) Ve Trigeminal Subnucleus Inhibits MG and astrocyte activation [53]
ST5 (Daying) + STé6 (Jiache) Caudalis
LI4 (Hegu) + LI I (Quchi)
Spinal Cord Injury GV26 (Renzhong) + GB34 (Yanglingquan) SCDH Inhibits p38 MAPK and ERK activation in L4-5 SCDH, MG, reducing PGE2 release | [54]
(SCIy and ROS production
Inflammatory | Enteritis BL25 (Dachangshu) Medial Prefrontal Cortex Downregulates P2Y12R expression to inhibit MG activation [55]
Pain
Monoarthritis GB30 (Huantiao) + GB34 (Yanglingquan) SCDH Downregulates P2Y12R expression to inhibit MG activation [56]
Knee Osteoarthritis GB34 (Yanglingquan) + EX-LE4 (Neixiyan) Hippocampus CAl, SCDH Upregulates BDNF expression in hippocampus CAl, downregulates MG-mediated | [57]
inflammatory response in SCDH and hippocampus CAl
CFA BL60 (Kunlun) + ST36 (Zusanli) SCDH Upregulates GRK2 expression to inhibit MI-type MG polarization, promote M2- | [10]
type MG polarization
CFA SPé (Sanyinjiao) + ST36 (Zusanli) SCDH Activates AMPK to upregulate SIRT | expression, thereby promoting M2-type MG | [58]
polarization
CFA ST36 (Zusanli) SCDH Inhibits astrocyte activation and SI00B secretion to inhibit its binding to RAGE on | [59]
MG or NeuN, inhibiting MG activation
Formalin BL40 (Weizhong) + ST36 (Zusanli) SCDH Inhibits IFN-y, IL-6, SP, and CGRP expression to reduce MG and NeuN activation, | [60]
blocking MG-sensory neuron crosstalk
Plantar Incision DU20 (Baihui), KIl (Yongquan), DU20 (Baihui) + DU16 | SCDH, Hippocampus, Inhibits MG activation and proliferation [61]
(Fengfu), BL60 (Kunlun) + KII (Yongquan), GB30 Cortex
(Huantiao) + ST36 (Zusanli)
Fibromyalgia ST36 (Zusanli) Thalamus, Medial Prefrontal Reduces TLR4 signaling pathway (MyD88, TRAF6, p-ERK, p-p38, p-JNK, p-NFkB) | [62,63]
Cortex, Amygdala, expression and MG activation
Somatosensory Cortex
Fibromyalgia ST36 (Zusanli) Hypothalamus, Downregulates TRPV| expression on MG to inhibit MG activation [64]
Periaqueductal Gray,
Cerebellar Lobules VI, VII
Other Pain Neck Incision LII8 (Futu), LI4 (Hegu) + PCé (Neiguan), GB34 SCDH Downregulates P2X7R expression on MG to inhibit FKN/CX3CR |/p38MAPK- [65]

(Yanglingquan) + ST36 (Zusanli)

induced neuron-MG crosstalk
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Figure | EA is involved in the analgesic mechanism through microglia. (a) Electroacupuncture reduces activation of TLR4 signaling pathway in microglia (MyD88, TRAF6,
p-ERK, p-p38, p-JNK, p-NF«kB) by suppressing the expression of pro-inflammatory cytokines such as IL-1B, IL-6, IFN-y, and TNF-a in the brain; Concurrently, it inhibits
microglial activation by downregulating TRPV1 ion channels activity and reducing calcium influx. (b) Electroacupuncture inhibits activation of the JNK signaling pathway (p-
JNK, p38-MAPK, p-ERK /2, NF-kB) by downregulating ATP release from adjacent sensory neurons in the spinal dorsal horn and reducing the expression of P2X7R on the
microglial membrane. Additionally, it upregulates neuronal PD-| release, thereby limiting its interaction with PD-LI on microglia, which collectively promotes microglial
polarization towards the M2 phenotype. (c) Electroacupuncture inhibits the expression of P2X4R receptors on the microglial membrane by downregulating the release of
glutamate from substantia gelatinosa neuron terminals in the spinal dorsal horn his suppression reduces microglial BDNF release and subsequently activates inhibitory
neurons via the TrkB signaling pathway (TrkB, KCC2, and GABAAY2 receptors). (d) Electroacupuncture inhibits the binding of SI00B, released by astrocytes, to RAGE
receptors on the microglial and neuronal membranes, thereby reducing the excitability of microglia and neurons. (e) Electroacupuncture promotes the release of f3-
endorphin by upregulating IL-10 production in microglia, which then acts on the p-opioid receptor on neurons to alleviate pain. (f) Electroacupuncture promotes the
microglial polarization towards the M2 direction by enhancing the neuronal release of GRK2, which acts on TREM2 and DAPI2 receptors on microglia.
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Figure 2 At different stages of pain, microglia undergo distinct morphological changes and assume diverse functional roles. (a) Painless state (healthy state): microglia exhibit
a branched “surveillance type” morphology. Their peripheral processes continuously extend retract, while the cell body remains stationary. These slender branches interact
with surrounding peripheral neurons, blood vessels, and astrocytes, enabling microglia to constantly monitor the state of the central nervous system. (b) Pain onset:
microglia detect acute injury in the central nervous system and migrate to the injured site within 30—60 minutes. In response to an increase in peripheral ATP concentration,
microglia rapidly retract their original branches and extend new ones with specific receptors. The terminal ends of these branches develop a bulb-like structure, allowing
microglia to analyze subtle in ATP fluctuations and generate precise responses. This process leads to neurons activation, facilitating the transmission of pain signals to the
brain and the perception of pain. Pain development: some microglia branch terminals engulf small myelin debris and apoptotic cells, forming a spheroid-chain-like structure.
Meanwhile, other microglia extend additional branches, continuously monitoring changes in the surrounding environment to facilitate timely manner. (c) Pain maintenance:
prolonged pain exposure leads microglia to phagocytosed large amounts of cellular debris, resulting in an enlarged cell body and shortened branches, resembling a jellyfish-
like structure. At this stage, microglia primarily function as scavengers.

EA Regulates Microglia Polarization to M2 to Mediate Analgesia
In the spinal nerve ligation (SNL) model, EA stimulation at ST36+BL60 acupoints increases mechanical and thermal
pain threshold while preserving myelin structure integrity. At the spinal cord level, EA may regulate excitability of
primary afferent neurons via programmed death-ligand 1 (PD-L1), thereby inhibiting the mitogen-activated protein
kinase signaling pathway, promoting the transition of activated M1 microglia to M2 microglia, reducing pro-inflamma-
tory factor release, and ultimately achieving analgesia.’®*’ Additionally, EA upregulates the expression of G protein-
coupled receptor kinase 2 (GRK2) expression and miR-124 expression in spinal cord neurons, collectively inhibiting M1
polarization without affecting M2 microglia.** In CFA-induced inflammatory pain model, EA can inhibits M1 microglia
polarization and promotes M2 microglial polarization by upregulating GRK2 expression in the spinal dorsal horn.'® EA
also activates AMP-activated protein kinase (AMPK) and increase sirtuin 1 (SIRT1) expression, further enhancing M2
microglial polarization.”®

Electroacupuncture demonstrates considerable promise in modulating microglia and managing pain; however, its
clinical translation faces several important limitations and unresolved issues. Although preclinical studies consistently
indicate that EA can suppress M1 polarization of microglia, promote an M2 phenotype, and alleviate pain, there remains
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a relative scarcity of high-quality, large-sample randomized controlled trials (RCTs). This is particularly evident in the
lack of long-term efficacy and safety evaluations across different pain types, such as neuropathic and inflammatory pain.
Furthermore, significant gaps exist in the standardization of EA treatment parameters—including optimal stimulation
frequency (eg, 2 Hz vs 100 Hz), waveform, session duration, and treatment course—which hinders both reproducibility
and broad clinical application. More importantly, while mechanistic research on EA has largely been conducted in animal
models, it remains unclear whether the same microglia-neuron interaction pathways operate in humans, underscoring the
need for more direct neuroimmunological evidence.

Compared to pharmacological interventions, EA offers potential advantages such as holistic regulation, fewer side
effects, and non-dependence. Pharmacological agents (eg, minocycline, P2X4R antagonists) typically have well-defined
targets and clear mechanisms of action. However, they also face challenges related to blood-brain barrier penetration,
systemic toxicity, and drug resistance. Notably, many drugs effective in male animal models have failed in clinical trials
due to sex-specific differences or insufficient efficacy. In contrast, as a non-pharmacological intervention, EA modulates
bodily functions through multiple targets and pathways. It not only influences microglial polarization but may also
regulate the local inflammatory milieu, endogenous opioid systems, and autonomic nerve activity, reflecting its systemic
mode of action. That said, pharmacotherapy holds advantages in dose controllability, ease of administration, and
standardization, whereas the efficacy of EA is more dependent on practitioner skill and experience. Additionally, the
accessibility and acceptability of EA are influenced by cultural, regional, and healthcare resource disparities.

Therefore, future research should prioritize rigorously designed clinical trials to validate the efficacy and safety of
EA. Advanced techniques such as radiomics, immunohistochemistry, and molecular biology should be employed to
elucidate its mechanisms of action in humans. Moreover, exploring combination strategies that integrate EA with low-
dose pharmacotherapy may synergistically enhance therapeutic outcomes while reducing drug-related side effects,

offering novel integrated approaches for pain management.

Heterogeneity of Microglia

Spatiotemporal Heterogeneity

Morphological changes serve as key indicators of microglial activation and reflect their functional status. In 1932, Pio del
Rio-Hortega systematically introduced microglia to the scientific community and classified them according to their
morphological characteristics, distinguishing between the resting state and amoeboid degeneration. Notably, the amoe-
boid structure is a hallmark of microglial activation.°® As the resident macrophages of the central nervous system,
microglia exhibit remarkable morphological plasticity, enabling their involvement in range of pathological processes,
including pain (Figure 2).

The activation of microglia in the spinal dorsal horn is characterized by an “immediate response to injury”, relying on
rapid signaling pathways such as ATP-P2X4R and IL-1B-TLR4, which directly participate in the primary processing of
pain signals; while the activation of central microglia (eg, in the brain) is more closely related to chronic neuroin-
flammation, indirectly influencing pain perception by regulating the descending analgesic pathway or emotion-related
brain regions.'®*° Notably, factors such as TNF-a and IL-1p released by spinal microglia can be transported to the brain
via the circulatory system or retrograde axonal transport, activating central immune cells and forming a “spinal cord -
brain” inflammatory loop, amplifying the central processing of pain signals.*°

The role of microglial activation in driving the occurrence and maintenance of pain has been demonstrated in multiple
models. Microglia are present throughout all stages of pain, however, distinct microglial subtypes are expressed at
different stages, highlighting their heterogeneity, which has become a focus of attention in recent years. A 2022 study®’
utilized single-cell RNA sequencing (scRNA-seq) technology to systematically reveal the spatiotemporal heterogeneity
of microglia in the spinal cords of mice after peripheral Spared Nerve Injury (SNI). Notably, this study was the first to
link the ApoE gene to the sex-specific modulation of chronic pain. In the SNI model, during the acute pain phase (3—7
days), microglia rapidly transition from a homeostatic phenotype (Cluster 1-6) to an inflammatory phenotype. The
increase in Cluster 9 in males marks the peak of acute inflammation. Recent evidence has demonstrated that the central
renin-angiotensin system (RAS) participates in oxidative stress and neuroinflammation. The angiotensin-converting
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enzyme/angiotensin Il/angiotensin receptor-1 (ACE/Ang II/AT1R) axis enhances inflammation by inducing excessive
activation of NOX2 in microglia and augmenting the production of reactive oxygen species (ROS).°® By 14 days post-
SNI, the expression of inflammatory genes declines, and metabolic pathways (such as mitochondrial ATP synthesis and
lipid metabolism) predominate. At this juncture, ApoE emerges as the most significantly upregulated gene in microglia of
both male and female mice, and its protein level persistently elevates in microglia of the spinal dorsal horn.
Apolipoprotein E (ApoE) can mediate the transportation of cholesterol and triglycerides, thereby maintaining lipid
homeostasis in the central nervous system. Simultaneously, it plays a vital role in the nervous system by participating in
the formation and repair of synapses and regulating the phenotype of microglia, thereby influencing neuroimmune
responses. In Alzheimer’s disease related studies, it has been unequivocally discovered that ApoE is closely associated
with microglia. The TREM2-APOE pathway constitutes the primary regulatory factor of microglial functional pheno-

types in neurodegenerative diseases and serves as a potential new target for restoring the homeostasis of microglia.®>-”

Gender Heterogeneity

In addition to spatiotemporal heterogeneity, microglia also possess sex-based heterogeneity. ScCRNA-seq analysis
revealed that microglia in the mouse spinal cord can be divided into 11 distinct subpopulations, among which
Cluster9 characterized by high expresses inflammation-related genes (such as IL-13, TNF-a) and interferon signaling
pathways. This cluster of genes was significantly upregulated in male mice on day 3 after SNI, while no significant
expression differences were observed in female and male mice on day 14 and 5 months. These findings suggest that the
transcriptional profile of this subpopulation of cells supports phenotypic conversion through enhanced protein synthesis
capacity, playing a key role in acute pain sensitization after nerve injury in male mice. At this time, the subtypes of
microglia in female mice were primarily associated with metabolic and endocytic processes. Microglial proliferation is
one hallmark of their activation. Although both male and female mice exhibited microglial proliferation in the spinal cord
after SNI modeling, the proliferation rate of males in the acute phase was significantly higher than that of females (68.8%
for males vs 46.6% for females), However, no differences were found in the total number of microglia between male and
female mice. Concurrently, studies have shown that intrathecal injection of minocycline only reverses neuropathic pain in
male mice and has no therapeutic effect in female mice.”' It is hypothesized that the comparable total number of
microglia in the spinal cord of female mice after SNI may be attributed to the reduced apoptosis of microglia in female
mice.

The Subtype of CDI |Ic As a Heterogeneity Phenotypic Is Involved in Pain Recurrence
Recent studies no longer limit the classification of microglia to the traditional M1 and M2 types but instead detail them
into more distinctive subtypes based on their different expressed factors. These subtypes exhibit varying expressions at
different disease stages and even show opposite effects, highlighting the necessity of precise regulation based on specific
microglial subtypes. CDllc, as a newly discovered subtype, is receiving extensive attention from the field of pain
research. The latest research’” has revealed a spatiotemporal-specific regulatory mechanism of the CD11¢" microglial
cell subset in the resolution and recurrence of neuropathic pain. In the peripheral nerve injury (PNI) model, mechanical
hyperalgesia in the mouse’s foot persisted for at least 27 days, while the number of CD11c¢" microglial cells in the spinal
dorsal horn (SDH) remained continuously elevated for up to35 days post-injury, showing a “lagged activation”
characteristic. This subset gradually expanded after the onset of pain hypersensitivity (approximately 7 days post-PNI)
and remained resident long-term even after the recovery of the pain threshold (28 days after PNI). Temporal clearance
experiments using genetic editing techniques demonstrated that clearing spinal CD11c" microglial cells on day 7 post-
PNI had no significant effect on pain recovery (mechanical withdrawal threshold changed by less than 10%); however,
clearing this subset during the pain resolution period (day 14 post-PNI), prolonged pain hypersensitivity by 1.8 times (p <
0.001). More notably, clearing CD11c" cells after complete pain recovery (day 35 post-PNI) re-induced pain hypersen-
sitivity (recurrence rate >75%), and effect associated with complement C1q/C3 cascade activation and abnormal neuronal
synaptic pruning.

Mechanistic studies have shown that CD11c" microglia clear myelin debris from the axonal terminals of A fibers in
the spinal dorsal horn via the phagolysosomal system (electron microscopy revealed a 3.2-fold increase in the density of
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myelin remnants within phagocytic vesicles). Concurrently, these microglia secrete anti-inflammatory cytokines (such as
IL-10 and TGF-B) and synaptic protective molecules (such as SPARC). However, their dual roles are stage-dependent in
pathology: in the early phase, they promote repair by clearing nerve debris, but prolonged retention may lead to the
release matrix metalloproteinase 9 (MMP-9) to degrade the extracellular matrix, exposing cryptic pain-related antigenic
epitopes (such as NGF-TrkA). Single-cell sequencing further revealed that during the relapse phase, CD11c" cells highly
express genes associated with phagocytosis (Trem2, Ctsd) and pain sensitization factors (Cxcll, Bdnf), and form a
positive feedback loop with the CX3CR1-CX3CL1 axis of C fibers terminals.

Unlike neuropathic pain, in the CFA-induced inflammatory pain model, the CD11c" microglial cells are only
transiently activated, peaking at 3 days after CFA. Eliminating of this subpopulation does not induce pain recurrence,
suggesting that their function is influenced by the local microenvironment. Following nerve injury, the ongoing Wallerian
degeneration releases substantial amounts of myelin lipids, which activates microglia to differentiate into the CD11¢"
phenotype through TLR2/4 signaling. In contrast, the inflammatory pain model lacks such chronic injury signals. This
study was the first to propose the concept of “microglial memory”, that the CD11c" subpopulation retains its dual roles of
promoting both repair and recurrence through epigenetic remodeling. This provides a theoretical basis for precise
intervention in pain recurrence: targeting their spatiotemporal-specific secretome or blocking the myelin fragment-
sensing pathway may offer promising strategies for preventing chronic pain relapse. However, recent studies have
identified the presence of microglia in the peripheral nervous system.”* The aforementioned article only investigated the
involvement of CD11c[] microglia within the central nervous system in pain. Interventions targeting the central nervous
system remain challenging in clinical practice, particularly with respect to monitoring the expression of CD11c-related
genes in the CNS. The key finding that CD11c¢ is involved in pain recurrence suggests its potential as a therapeutic target
for preventing the transition from acute to chronic pain. How to translate this meaningful discovery into clinical research
represents a major challenge for the future.

Microglial activation plays a central role in pain pathogenesis, by integrating neuroinflammation, synaptic plasticity,
and neuronal hyperexcitability through dynamic interactions with cytokines, DAMPs, and neurotrophic factors. The
spatiotemporal and sex-based heterogeneity of microglia—evidenced by male-biased inflammatory phenotypes in acute
pain and female-dominated metabolic adaptations—highlights the complexity of their functions. Therapeutic strategies
must take this heterogeneity into account. Early interventions effectively suppress activation, while later stages require
approaches that modulate microglial polarization or target specific microenvironmental contexts. Non-pharmacological
therapies such as electroacupuncture have shown broad efficacy by disrupting microglia-neuron crosstalk and promoting
reparative microglial phenotypes.

Conclusion

This review has systematically elucidated the multifaceted role of microglia in pain pathogenesis, highlighting their
central function as both mediators and modulators of pain signaling. As key immune sentinels of the CNS, microglia
undergo dynamic activation in response to pro-inflammatory cytokines, DAMPs, and neurotrophic factors, driving
neuroinflammation, synaptic remodeling, and neuronal hyperexcitability through pathways such as TLR4/NF-«B,
P2X4R/BDNF, and COX2-PGI2. This activation is not uniform but exhibits spatiotemporal and sex-based heterogeneity.

Non-pharmacological interventions, particularly electroacupuncture, demonstrate broad-spectrum efficacy by target-
ing microglia-neuron crosstalk. EA alleviates pain through multiple mechanisms, such as, suppressing spinal P2X4R/
TLR4/MAPK signaling, enhancing GABAergic inhibition, promoting M2 polarization via AMPK/SIRT1, and disrupting
neuroinflammatory loops. However, challenges remain in optimizing EA parameters to prevent the transition from acute
to chronic pain.

A groundbreaking discovery lies in the dual role of the CD11lc" microglial subset. While they contribute to the
resolution of acute neuropathic pain through phagocytic clearance of myelin debris and anti-inflammatory secretion, their
spatiotemporal-specific behavior, persisting long after pain resolution, suggests that therapeutic strategies must balance
their reparative and maladaptive roles. For example, timed blockade of CD11c" secretome or disruption of myelin
fragment sensing could prevent relapses without impairing acute repair.
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The role of microglia in pain regulation exhibits considerable complexity and apparent paradox, precluding a simple
binary classification as either “pro-nociceptive” or “analgesic”. Instead, their functions demonstrate marked context-
dependency and spatiotemporal dynamics. Numerous studies have shown that activated microglia in neuropathic and
inflammatory pain states contribute to the maintenance of hyperalgesia by releasing mediators such as IL-1p, TNF-a, and
brain-derived neurotrophic factor (BDNF), which promote central sensitization. Conversely, evidence also indicates that
specific subpopulations—such as CD206[ 1 M2-type or CD11cl cells—can exert neuroprotective and reparative effects
during pain resolution phases through the secretion of anti-inflammatory factors like IL-10 and TGF-B, as well as via
phagocytosis of apoptotic debris. This functional duality underscores the plasticity of microglial states and reflects their
capacity to play divergent roles across different stages of pain.

Further research has revealed significant species and sex differences, posing important challenges for the translation
of preclinical findings to clinical applications. For instance, microglia-mediated mechanisms—exemplified by the
P2X4R-BDNF-KCC2 signaling axis—are predominant in male mice, whereas pain behaviors in female mice may be
more dependent on T lymphocytes. This discovery has profound implications for the design of clinical trials and patient
stratification. Moreover, the classical M1/M2 polarization paradigm proves overly simplistic in characterizing microglial
phenotypes. Single-cell transcriptomic studies have identified multiple activation states, including proliferative, inter-
feron-responsive, and disease-associated microglia (DAM)-like phenotypes, indicating that their responsive repertoire
extends far beyond traditional dichotomous classifications.

Of particular interest is the dual role of the CD11c[] microglial subset in pain progression and resolution. On one
hand, it contributes to pain relief through the clearance of myelin debris and secretion of anti-inflammatory factors; on
the other hand, its prolonged persistence may lead to aberrant synaptic pruning via the release of matrix metalloprotei-
nase-9, ultimately resulting in pain recurrence. Additionally, the phagocytic function of microglia also exhibits dual
effects: moderate synaptic pruning is essential for maintaining neural circuit function, whereas excessive phagocytosis
may disrupt synaptic integrity, promoting pain chronicity and concomitant cognitive impairment. In summary, microglia
play a dynamic, multifaceted, and highly heterogeneous role in pain. Future research should focus on employing high-
resolution techniques—such as spatiotemporal transcriptomics, single-cell sequencing, and in vivo imaging—to further
decipher functional subpopulations and establish precise phenotype—function relationships across sex, species, and
disease stages. These efforts will provide a transformative perspective for developing microglia-targeted pain therapeutic
strategies with genuine clinical translatability.

Utilizing the heterogeneity of microglia for precise pain management. The spatial, temporal, and gender-specific
heterogeneity of microglia determines the optimal timing and location for intervention in the pain generation mechanism.
Our comprehensive analysis has identified three key therapeutic windows for clinical translation: 1. Activation window
(0—72 hours post-injury): Minocycline becomes ineffective in alleviating pain if intervention is delayed beyond 72
hours.*® In contrast, electroacupuncture can reduce the upregulation of P2X4R by 68% within 48 hours.**® Therefore,
early blockade of the ATP/IL-1p signaling pathway and suppression of microglial activation are recommended during
this phase. 2. Polarization window (3—14 days post-injury): During this stage, activated microglia display an imbalance in
their polarization states. Intervention strategies should focus on restoring microglial phenotypic homeostasis. While
minocycline, as a general microglial inhibitor, fails to alleviate pain during this window, electroacupuncture—functioning
as an alternative therapeutic approach—can modulate microglial polarization and produce analgesic effects. 3. Memory
window (beyond 14 days): CD11c" microglia exhibit dual roles in both tissue repair and pain recurrence. Although
patients may no longer report subjective pain at this stage, CD11c" microglia remain highly prevalent. Therefore,
sustained maintenance therapy should be emphasized in clinical practice to prevent relapse.

In conclusion, microglia represent a double-edged sword in pain biology, capable of orchestrating both resolution and
chronicity. Harnessing the dual nature of microglial plasticity, balancing their protective vigilance and pathological
exuberance, may unlock precise therapies that transform chronic pain from an enduring burden into a reversible chapter
of human resilience.
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