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Abstract: This narrative review synthesizes preclinical evidence from 54 studies to outline the distinct, stage-dependent mechanisms 
of manual acupuncture (MA) and electroacupuncture (EA) in inflammatory pain. Following a systematic search, we conducted a 
detailed thematic analysis of studies using CFA-induced rodent models and organized the findings into three pathological phases: acute 
(1–3 days), subacute (4–14 days), and chronic (>14 days). The results demonstrate a temporal evolution of therapeutic mechanisms 
that underscores the necessity of stage-specific intervention strategies for optimizing clinical outcomes. In the acute phase, interven
tions primarily produce rapid analgesia by engaging immediate descending inhibitory pathways and modulating peripheral ion 
channels. During the subacute phase, treatments work to counteract central sensitization through immune microenvironment repro
gramming and the regulation of synaptic plasticity. For the chronic phase, strategies expand beyond pain relief to alleviate 
neuropsychiatric comorbidities and promote systemic tissue repair via limbic circuit remodeling. By integrating these findings, this 
work proposes a time-sensitive mechanistic framework. It underscores the principle of “time-window” optimization for precision 
acupuncture intervention in inflammatory pain, while also pointing to the critical need for future clinical translation and validation. 
Keywords: inflammatory pain, manual acupuncture/electroacupuncture, different pathological stages, mechanisms

Introduction
Inflammation constitutes a fundamental defense mechanism against harmful stimuli, with pain hypersensitivity as one of 
its hallmark manifestations.1 However, resolution of inflammation does not necessarily coincide with the remission of 
pain symptoms. Pain frequently persists beyond resolution, potentially progressing from acute to chronic states.2,3 

Approximately 27.5% of the global population suffers from chronic pain, with incidence rates varying across regions 
and countries.4 The prolonged persistence and recurrent episodes of pain can severely impact the quality of life.

The pathological evolution of pain follows specific temporal patterns. Within hours, peripheral sensitization emerges, 
marked by nociceptor activation and reduced local pain thresholds.5,6 Within days, activation of spinal pro-inflammatory 
cells and pathways disrupts normal signal processing in spinal and supraspinal circuits, amplifying nociceptive transmis
sion and establishing central sensitization.7–10 Notably, 20–30% of inflammatory arthritis patients exhibit central 
sensitization.7–9 Weeks after onset, structural and functional reorganization of limbic circuits—including the prefrontal 
cortex, amygdala, and hippocampus—occurs, forming the neural basis for pain-related affective disturbances.11,12 These 
findings underscore the necessity of implementing treatment strategies specific to the therapeutic objectives at each phase 
of inflammatory pain development.

The World Health Organization recommends manual acupuncture(MA) and electroacupuncture (EA), traditional 
Chinese therapies with proven analgesic effects,13 for 16 inflammation-related conditions among 77 diseases.14 
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Currently, numerous animal studies have investigated the mechanisms of MA/EA in treating inflammatory pain, but 
existing reviews lack a systematic phase-specific mechanistic framework. Most prior syntheses either aggregate findings 
across disease stages or focus on single pathways, without adequately addressing the dynamic shift in therapeutic targets 
as the pathology progresses. This limitation obstructs the translation of basic research into clinical practice, as optimal 
intervention timing and parameters remain undefined.

Complete Freund’s adjuvant (CFA)-induced inflammation is the most widely used preclinical model for studying 
inflammatory pain due to its pathological similarity to human conditions (eg, rheumatoid arthritis), predictable time 
course of pain progression, and reproducible analgesic responses to MA/EA. Its utility lies in mimicking key features of 
clinical inflammatory pain, including peripheral sensitization, central sensitization development, and late-stage affective 
comorbidities, making it ideal for stage-specific mechanistic exploration. However, limitations of the CFA model include 
its focus on peripheral inflammation and limited representation of clinical comorbidities such as metabolic disorders, 
which should be considered when interpreting findings.

This review adheres to the narrative synthesis guidelines for evidence-based reviews, systematically categorizing 
MA/EA interventions based on timing relative to CFA induction. By mapping stage-specific mechanisms, this work aims 
to: (1) clarify how therapeutic targets evolve with pathological progression; (2) provide graded evidence for clinical 
intervention optimization; (3) identify critical gaps for future research. The focus on “time-window optimization”— 
defined as selecting intervention timing, frequency, and duration based on the dominant pathological processes at each 
stage—aims to enhance treatment precision and efficacy in clinical treatment. Based on this, the review will system
atically elucidate the time-dependent mechanisms of MA/EA within three characteristic time windows of the CFA model: 
the acute phase (1–3 days), the subacute phase (4–14 days), and the chronic phase (>14 days).

Methods
This narrative review was conducted to synthesize preclinical evidence on the stage-specific mechanisms of MA and EA 
in inflammatory pain. A systematic search was conducted in the PubMed, Web of Science databases and China National 
Knowledge Infrastructure (CNKI), covering the period from the establishment of the databases until the present day. Key 
search terms included: “acupuncture”, “electroacupuncture”, “inflammatory pain”, “complete Freund’s adjuvant”, 
“CFA”, “stage”, “phase”, “acute”, “subacute”, “chronic”, “mechanism”, “analgesia”, and their combinations.

Study selection followed a two-step screening process. Initially, a total of 72 records were identified through database 
searching. After removing duplicates, titles and abstracts were screened against predefined eligibility criteria. Studies 
were included if they: (1) utilized a CFA-induced inflammatory pain model in rodents; (2) investigated EA or EA 
interventions; (3) reported mechanistic outcomes related to pain modulation; and (4) specified the intervention timing 
relative to CFA induction. Exclusion criteria were: (1) non-CFA pain models; (2) clinical studies without mechanistic 
data; (3) review articles, editorials, or conference abstracts; and (4) publications not in English or Chinese.

Following the initial screening, the full texts of potentially relevant articles were retrieved and thoroughly assessed. 
This rigorous process resulted in the final inclusion of 54 studies that met all criteria. Data from these studies were 
systematically extracted, capturing information on study design, animal characteristics, MA/EA parameters (acupoints, 
frequency, intensity, waveform, duration), precise intervention timeline, outcome measures, and key mechanistic 
findings.

Given the considerable heterogeneity in experimental protocols, stimulation parameters, and molecular endpoints 
across the included studies, a quantitative meta-analysis was not feasible. Therefore, a narrative synthesis with thematic 
analysis was adopted. The extracted findings were categorized and analyzed according to three predefined pathological 
stages based on the timing of intervention post-CFA: acute (1–3 days), subacute (4–14 days), and chronic (>14 days). 
This staged framework allowed for a descriptive synthesis of the predominant neurobiological and immunomodulatory 
mechanisms identified at each phase of inflammatory pain.
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Time-Dependent Efficacy and Mechanisms of MA/EA Analgesia
Acute Phase (1-3 Days): Immediate Neural Regulation and Peripheral Target 
Intervention
In the acute phase of pain (Figure 1 and Table 1), analgesia is the primary goal of MA/EA intervention. Immediate MA/ 
EA after modeling can rapidly regulate nerves and reduce pain, while interventions lasting 24 hours or longer target the 
peripheral nervous system to achieve sustained analgesia.

Immediate Neural Regulation
Immediate neuromodulation primarily involves the rapid engagement of the descending inhibitory system within 
hours after model induction. Nociceptive signals reaching supraspinal regions trigger top-down pain control 
mechanisms from brain areas like the thalamus, hippocampus, amygdala, prefrontal cortex, insular cortex, and 
anterior cingulate cortex.69,70 These pathways predominantly utilize 5-hydroxytryptamine (5-HT), norepinephrine, 
and dopamine as neurotransmitters,71–73 with γ-aminobutyric acid (GABA) and endogenous opioids also contribut
ing substantially.74–76 The key targets regulated by acupuncture include μ-opioid receptor (MOR)-expressing 
neurons in the lumbar spinal cord,15,16 Gi/o proteins,17 and astrocytes within the central nervous system.16,18

Descending inhibitory pathway regulation is a well-validated acute-phase mechanism, with multiple studies conver
ging on key receptor subtypes. Rui-Xin Zhang’s team conducted research to identify the specific subtypes responsible for 
the effects of early EA treatment. Their findings show that intrathecal pretreatment with α2A-AR or 5-HT1A receptor 
antagonists blocks the analgesic effect produced by EA both immediately after the model establishment and 2 hours later, 

Figure 1 Mechanism of Acupuncture/EA treatment within 1–3 days after modeling. The red gradient background indicates an increase, while the green gradient background 
indicates a decrease. Created with Figdraw.
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Table 1 Summary of Research, Intervention Types, Experimental Animals and Key Mechanisms

Pathological Stage Study Reference Intervention Type Animal Key Mechanisms

Acute (1–3 days) Zhang et al (2005)15 EA (10 Hz, 3 mA) Rats Activates spinal MOR-containing neurons to produce analgesia.

Liao et al (2017)16 EA (2 Hz, 1 mA) Mice Suppresses Nav1.8 via S100B, TRPV1, opioid, and adenosine pathways, downregulating 
inflammatory kinases (pPKCε, pERK, pNF-κB) and glial markers in DRG and spinal cord.

Liu et al (2005)17 EA (10 Hz, 3 mA) Rats Depends on spinal PTX-sensitive Gi/o protein-coupled signaling for analgesia.

Sun et al (2006)18 EA (2 Hz/100 Hz, 1–3mA) Rats Enhances analgesia by synergistically inhibiting spinal astrocytes cell function.

Zhang et al (2012)19 EA (10 Hz, 3 mA) Rats Involves spinal α2A adrenergic and 5-HT1A receptors to modulate pain transmission.

Zhang et al (2011)20 EA (10 Hz, 3 mA) Rats Activates spinal 5-HT1A receptors for analgesia.

Zhang et al (2011)21 EA (10 Hz, 100 Hz, 2 mA) Rats Activates μ-opioid receptors in the RVM to disinhibit descending serotonergic analgesia.

Zhang et al (2004)22 EA (10 Hz, 100 Hz, 3 mA) Rats Mediates anti-hyperalgesia via spinal μ and δ, but not κ, opioid receptors; combined with 

sub-threshold morphine enhances analgesia additively (10 Hz) or synergistically (100 Hz).

Zhang et al (2005)23 EA (10 Hz, 100 Hz, 3 mA) Rats Synergizes with NMDA receptor antagonism to prolong opioid-mediated analgesia.

Li et al (2007)24 EA (10 Hz, 3 mA) Rats Activates descending serotonergic and catecholaminergic pathways from the NRM and 

LC.

Yen et al (2019)25 EA (2 Hz, 1 mA) Mice Modulates brain TRPV1 and related kinases (PKA, ERK, CREB) in pain-processing centers.

Liao et al (2017)26 EA (2 Hz, 1 mA) Mice Suppresses Nav1.8 channel in DRG and SCDH via multiple pathways (S100B, TRPV1, 

opioid, adenosine).

Liu et al (2021)27 EA (100 H/2 Hz, 1–2 mA) Rats Inhibits interaction between TRPV1 and P2X3 in DRG neurons in a frequency-dependent 

manner.

Yao et al (2024)28 MA Mice Activates TRPA1 channels in local acupoint cells (mast cells, macrophages, fibroblasts).

Pham et al (2024)29 EA (2 Hz, 2 mA) Mice Utilizes TRPM8 to engage the opioid pathway; shifts to cannabinoid system if TRPM8 is 

blocked.

Zuo et al (2022)30 MA Rats Mobilizes extracellular ATP at acupoints to initiate analgesic signaling.

Shen et al (2021)31 MA Rats Modulates eATP levels in DRG and sciatic nerve via regulating hydrolytic enzymes 

(NTPDases).

Cui et al (2024)32 MA Mice Depends on adenosine A1R activation for analgesia.

Hsu et al (2019)33 EA (2 Hz, 1 mA) Mice Modulates TLR2 signaling in the DRG, spinal cord and thalamus to affect downstream 

kinases (PI3K/Akt/mTOR, MAPK) and sodium channels.

Wang et al (2014)34 EA (100 Hz, 2–3 mA) Rats Recruits opioid peptide-containing macrophages via CXCL10/CXCR3 for peripheral 

analgesia.

Subacute (4–14 days) Yu et al (2020)35 EA (2/100 Hz, 2 mA) Mice Induces IL-10 production in the hind paws and spinal cord to promote anti-inflammatory 

resolution (Tregs in the spleen, reduced pro-inflammatory factors).

Tanaka et al (2023)36 EA (2/10 Hz, 0.6 mA) Mice Activates peripheral FPR2/ALX to increase IL-10 and antioxidant activity.

Xu et al (2024)37 MA Rats Upregulates adenosine A3R at the acupoint to inhibit NF-κB signaling.

Zhang et al (2020)38 EA (2/100 Hz, 0.5–1.5 mA) Rats Increases adenosine at acupoint to suppress substance P and pro-inflammatory cytokine 

expression in DRG.

Zhang et al (2023)39 EA (2/100 Hz, 0.5–1.5 mA) Rats Suppresses spinal oxidative stress (reduces ROS/MDA, increases SOD/CAT) and related 

signaling (p38, ERK, NF-κB).

Chen et al (2009)40 EA (2Hz, 100Hz, 1 mA) Rats Increases endogenous anandamide to activate peripheral CB2 receptors.

Zhang et al (2010)41 EA (2Hz, 100Hz, 1 mA) Rats Upregulates CB2 receptor expression on skin immune and structural cells.

Su et al (2011)42 EA (2 Hz, 1 mA) Rats Upregulates β-endorphin in inflamed tissue via CB2 receptor-dependent POMC 

expression.

(Continued)
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whereas pretreatment with α2B-AR, 5-HT2BR, 5-HT3R, or 5-HT2CR antagonists does not produce this effect.19,20 

Microinjection of a μ-opioid receptor antagonist into the rostral ventromedial medulla (RVM) and the spinal cord blocks 
the analgesic effects produced by both 10 Hz and 100 Hz EA immediately post-model establishment, unlike a κ-opioid 
receptor antagonist does not.21,22 These findings are mainly the result of the systematic work of the same research team, 

Table 1 (Continued). 

Pathological Stage Study Reference Intervention Type Animal Key Mechanisms

Vieira et al (2021)43 EA (2–10 Hz, 2–3 mA) Mice Engages the pro-resolving ANXA1/FPR2/ALX pathway in skin paw, interacting with the 

opioid system.

Deng et al (2023)44 EA (100 Hz, 1 mA) Rats Activates the immune checkpoint PD-L1/PD-1-SHP-1 pathway to suppress 
neuroinflammation in DRG.

Chen et al (2011)45 EA (2 Hz, 1 mA) Mice Downregulates ASIC3 expression in DRG.

Zhang et al (2022)46 EA (2 Hz, 2 mA) Mice Inhibits the pro-inflammatory RIP3/NLRP3 pathway in the spinal dorsal horn.

Wang et al (2016)47 EA (2/100 Hz, 0.5–1.5 mA) Rats Restores the expression of the apelin/APJ system in the spinal cord.

Lin et al (2020)48 EA (2 Hz, 1 mA) Mice Modulates TRPV1 signaling in limbic brain regions to ameliorate pain-depression 

comorbidity.

Nan et al (2024)49 EA (2–15 Hz, 1 mA) Mice Activates AMPK/SIRT1 to promote microglial M2 polarization in the spinal dorsal horn.

Chen et al (2022)50 EA (2/100 Hz, 1–2 mA) Mice Utilizes spinal neuronal GRK2 to regulate microglial activation and neuroinflammation.

Sun et al (2008)51 EA (2/100 Hz, 1–3 mA) Rats Suppresses activation of spinal astrocytes and microglia.

Wang et al (2024)52 EA (2/60 Hz, 1 mA) Rats Suppresses P2Y12R-dependent microglial activation and M1 polarization in the spinal 

dorsal horn.

Lee et al (2013)53 EA (2 Hz, 1 mA) Rats Modulates spinal AMPA receptor GluR2 subunit phosphorylation and expression.

Han et al (2018)54 EA (2–15 Hz, 1 mA) Mice Mediates analgesia via ICA69, regulating spinal GluR2 phosphorylation through PICK1.

Lan et al (2024)55 EA (2Hz, 1 mA) Mice By activating AMPK through CB2 receptor-dependent manner, the expression of β- 
endorphin in skin macrophages is upregulated, thereby enhancing the analgesic effect of μ- 

opioid receptors.

Chen et al (2024)56 EA (15 Hz) Rats Activates p38 MAPK and Wnt/β-Catenin pathways in DEG and SCDH to modulate 

GABAergic signaling and cytokines.

Zhang et al (2020)57 EA (2 Hz, 3 mA) Rats Causes tolerance by downregulating MKP-1 via Let-7b-5p in the hypothalamus, leading to 

p38 MAPK activation.

Gu et al (2020)58 EA (2–15 Hz, 1 mA) Mice Attenuates pain by inhibiting CaMKII-GluA1 phosphorylation in the ACC.

Wang et al (2006)59 EA (4/16 Hz, 0.5–1.5 V) Rats Modulates NR1 expression in primary sensory neurons.

Chronic (>14 days) Yang et al (2023)60 EA (2/15 Hz, 1 mA) Rats Upregulates hippocampal BDNF/TrkB/CREB signaling to promote synaptic plasticity.

Yang et al (2023)61 EA (2/15 Hz, 1 mA) Mice Activates PI3K/Akt pathway to inhibit hippocampal neuronal apoptosis.

Ma et al (2025)62 MA Mice Improves neuronal morphology and repairs neural coding in the central amygdala.

Wu et al (2019)63 EA (2 Hz, 1–2mA) Rats Regulates protein expression in the amygdala (eg, GAPDH, GLT-1, PAK6) to ameliorate 

pain aversion.

Wu et al (2023)64 EA (100 Hz, 0.5–2 mA) Rats Activates the rACC CaMKII to DRN serotonergic neuron circuit to improve anxiety-like 
behaviors.

Miao et al (2023)65 MA Rats By down-regulating the TGF-β1/Smads signaling pathway and promoting myocardial 
metabolic reprogramming, the myocardial damage caused by rheumatoid arthritis can be 

alleviated.

Liu et al (2025)66 EA (2/10 Hz, 1 mA) Rats Activates Nrf2 to inhibit hippocampal neuronal ferroptosis.

Jiang et al (2023)67 EA (2 Hz, 6–7 mA) Rats Inhibits synovial angiogenesis by suppressing the Notch1 signaling pathway.

Su et al (2019)68 EA (2 Hz) Rats Induces synovial cell apoptosis by activating the p53 signaling pathway.
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demonstrating that α2A-AR, 5-HT1AR, and μ-opioid receptors are the key mediators of the immediate analgesic effect 
induced by EA stimulation. The co-existence of 5-HT1A receptors and the NMDA receptor NR1 subunit in spinal dorsal 
horn neurons indicates that NMDA receptors may play a role in the regulation of 5-HT-mediated analgesia by EA.23 EA 
stimulation, administered immediately post-modeling and followed by a second session of EA two hours later, activates 
serotonergic and catecholaminergic neurons in the raphe magnus and locus coeruleus of rats that project to the spinal 
cord. This activation enhances descending inhibition, inhibiting the transmission of nociceptive information and 
preventing the development of hyperalgesia.24 Immediate EA stimulation after modeling also reduces the expression 
of Transient receptor potential V1 (TRPV1)-related molecules-including phosphorylated protein kinase A (pPKA), 
phosphorylated extracellular signal-regulated kinase (pERK), and phosphorylated cAMP response element-binding 
protein (pCREB)-in the prefrontal cortex (PFC) and hypothalamus. Interestingly, its expression increases in the 
periventricular gray matter (PAG).25 The PAG is a key hub of the descending pain inhibitory system.77,78 The increased 
expression of TRPV1-related molecule expression here may enhance PAG-mediated suppression of spinal nociceptive 
transmission, contributing to immediate analgesia by strengthening top-down pain control.

Peripheral Nerve Targets
The peripheral nervous system is another key component of acute-phase intervention. Acupuncture-induced analgesia 
within 1–3 days post-model establishment is significantly influenced by the modulation of transient receptor potential 
(TRP) channels. TRP channels are multimodal ion channels that can detect and transduce chemical toxins and physical 
stimuli.79 These channels are widely distributed in various tissues and cell types. The primary receptors in the skin are 
TRPV1/4, TRPA1, and TRPM3/8.79–81 They serve as sensors for diverse painful stimuli including cold, heat, pressure, 
mechanical stimuli, and chemical irritants, and are important drug-development targets for pain relief in clinical 
practice.82 Furthermore, TRP channels interact with other ion channels (such as P2X3, NaV1.8), further intensifying 
the perception of pain.83–86 Moreover, the MAPK and Canonical NF-κB signaling pathways are implicated as well.82

EA significantly lowers TRPV1 expression in the dorsal root ganglion (DRG), subsequently inhibiting Nav1.8.26 

Ultimately, it reduces the excitability of neurons and reverses the mechanical and thermal pain sensitivity induced by 
inflammation. EA at 100Hz and 2Hz frequencies effectively inhibit TRPV1 and P2X3 co-activation and interaction in the 
DRG.27 This phenomenon has been observed in various pain models, suggesting that it may be a relatively common 
regulatory mechanism. In addition, MA activates the TRPA1 ion channel in mast cells, macrophages, and fibroblasts at 
acupoints, transmitting mechanical signals through collagen fibers, and converting them into bioelectrical signals, 
prompting these immune cells to release anti-inflammatory and analgesic-related mediators, thereby exerting analgesic 
effects.28 TRPM8 is crucial for the analgesic effect of EA through opioid-mediated signaling. When TRPM8 is inhibited 
or knocked out, the endocannabinoid system provides a compensatory mechanism in acupuncture-induced analgesia.29

The purinergic pathway is another important component of the peripheral analgesic mechanism of short-term 
acupuncture intervention. In 1996, ATP was first confirmed to initiate nociceptive signaling by activating purinergic 
receptors on sensory nerve endings.87 Specifically, ATP hydrolysis releases energy and generates metabolites such as 
ADP, AMP, and adenosine. ATP and ADP activate P2X ionotropic receptors and P2Y metabotropic receptors,88 while 
adenosine activates G-protein-coupled receptors (A1, A2A, A2B, and A3).89 These processes influence neural transmis
sion, immune regulation, inflammatory responses, cardiovascular regulation, and cell proliferation and apoptosis. When 
the levels of adenosine and its receptors on the cell surface are low, osteoarthritis occurs prematurely.90,91 Conversely, 
G-protein-coupled receptor agonists can effectively prevent spontaneous osteoarthritis in mice.92–95

Regulation of ATP hydrolysis is a key mechanism in short-term acupuncture analgesia, with the modulatory effects 
varying by intervention duration and observation sites. Studies reveal that MA can induce a transient elevation of ATP 
expression locally at acupoints within minutes and that analgesic effect is abolished by ATP inhibitors.30 However, 
prolonged MA over two days reduces ATP expression in the dorsal root ganglia (DRG) and peripheral nerves, while 
reversing disease-induced aberrant expression of NTPDase-2 and NTPDase-3 mRNA.31 These temporal dynamics 
highlight the adaptability of peripheral purinergic signaling to acupuncture stimulation. Furthermore, EA achieves 
analgesic effects by directly activating adenosine A1 receptors in the peripheral nervous system.26,32 In summary, MA 
activates local cells at the acupoints through mechanical force, causing the release of eATP. This eATP is then hydrolyzed 
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by extracellular nucleotidases to produce adenosine, which binds to the A1 receptor to inhibit the transmission of pain 
signals. The depth of acupuncture, the technique used, and the body’s inflammatory state all affect the analgesic effect by 
regulating the release of eATP. And A1R antagonists such as caffeine directly block this pathway.

Acupuncture also provides peripheral analgesia by modulating key protein pathways, including Toll-like receptor 2 
(TLR2) and CXCL10. TLR2 is a pattern recognition receptor that mediates peripheral inflammatory responses by 
activating NF-κB signaling and pro-inflammatory cytokine release (eg, IL-1β, TNF-α) in acute inflammation.33 EA 
inhibits TLR2 overexpression in inflamed tissues, thereby suppressing downstream inflammatory cascades and reducing 
nociceptor sensitization. CXCL10, a pro-inflammatory chemokine, contributes to acute pain by recruiting immune cells 
and promoting neuronal hyperexcitability. EA downregulates CXCL10 expression in peripheral tissues, which may 
attenuate immune cell infiltration and reduce chemokine-mediated nociceptor activation, enhancing peripheral 
analgesia.34

These immediate mechanisms suggest that MA and EA are effective for rapid pain relief following acute inflamma
tion, primarily by modulating both central pain pathways and peripheral nociceptors. The involvement of neurotrans
mitter systems (eg, 5-HT, norepinephrine) highlights the importance of neuromodulation in acute pain control. The 
regulation of TRP channels and purine signaling indicates that a dual strategy has been adopted in dealing with the 
peripheral components of pain.

Subacute Phase (4-14 Days): Immune Regulation and Synaptic Plasticity Modulation
In this phase, the inflammatory response persists, and central sensitization becomes a core pathological feature (Figure 2 
and Table 1). The primary goals of MA/EA intervention shift to suppressing excessive immune-inflammatory responses, 
reversing central sensitization, and initiating regulation of neural network plasticity. Its effects and mechanisms show 
distinct characteristics from the acute phase, with persistence and cumulative effects benefits becoming apparent.

Immune Regulation
The MA/EA intervention that lasts until the subacute phase demonstrates potent multi-system and multi-target immune 
regulatory effects. These effects extend beyond local tissues, impacting the immune microenvironment of the dorsal root 
ganglion (DRG), spinal cord, and upper central spinal cord. MA/EA modulates anti-inflammatory factors and pathways, 
notably enhancing IL-10 expression in the foot, intervention acupoints, DRG, and spinal cord of experimental animals, 
while decreasing IL-1β, NLRP3, and TNF-α levels.35–39 This immune pathway is both multi-targeted and multi-pathway. 
In the foot, the anti-inflammatory effect involves the CB2 receptors activation,40–42 and interactions between FPR2/ALX 
receptors and opioids.36,43 Regulation at acupoints involves upregulation of adenosine A3 receptors and inhibition of the 
NF-κB pathway, resulting in an anti-inflammatory effect.37 In the DRG, EA primarily decreases substance P secretion by 
upregulating adenosine A1 receptors,38 activating programmed death ligand-1 (PD-L1), its receptor PD-1, and its 
downstream Src homology region two domain-containing phosphatase-1 (SHP-1),44 while downregulating acid-sensing 
ion channel 3 (ASIC3).45 In the spinal cord, mechanisms include oxidative stress,39 receptor-interacting protein 3 (RIP3), 
NOD-like receptor family pyrin domain containing 3 (NLRP3),46 and the apelin/apelin receptor (APJ).47 Additionally, 
EA can reverse the decreased expression of TRPV1 in the medial prefrontal cortex, hippocampus, and periventricular 
gray matter of the midbrain, while down-regulating the excessive expression of TRPV1 in the amygdala and reducing the 
levels of plasma inflammatory mediators.48

Central glial cells, particularly microglia and astrocytes, are core targets of EA immune regulation in this phase.49–51 

During inflammatory pain, the afferent fibers are rapidly activated and exhibit high-frequency discharges, promoting the 
local release of inflammatory mediators, which activate microglia, and accelerate the activation process of astrocytes. 
Activated microglia, in turn, release pro-inflammatory mediators, that sensitize nearby nociceptive neurons and astro
cytes, triggering astrocyte activation and proliferation.96 Activated astrocytes secrete cytokines, chemokines and enzymes 
that promoting microglial activation and further aggravate the pain.97

However, microglia exhibit functional plasticity: beyond the inflammatory M1 type phenotype, they can also trans
form into an anti-inflammatory M2 type phenotype under specific conditions.98 EA exerts key analgesic effects in the 
subacute phase by finely regulating glial cell activation and phenotypic transformation.49,52 EA suppresses CFA-induced 
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P2Y12R overexpression on spinal dorsal horn microglia, a receptor essential for microglial chemotaxis and activation, 
thereby reducing M1 polarization and proinflammatory responses.52 However, regarding the specific upstream signals 
that regulate the phenotypic transformation of microglia cells through acupuncture, the results from different studies are 
not entirely consistent. Another study has shown that EA activates adenosine 5’-adenosine monophosphate (AMP) and 
adenosine monophosphate-activated protein kinase (AMPK) in the dorsal horn of the spinal cord, leading to the 
upregulating the silent expression information regulator 1 (SIRT1).49 This promotes the microglial polarization towards 
the M2 phenotype, enhancing their anti-inflammatory and reparative functions and produce sustained analgesia. 

Figure 2 Mechanism of Acupuncture/EA treatment within 4–14 days after modeling. The red gradient background indicates an increase, while the green gradient 
background indicates a decrease. Created with Figdraw.

https://doi.org/10.2147/JPR.S577362                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Pain Research 2026:19 8

Liu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Nevertheless, the precise pathways by which acupuncture regulates astrocytes remains insufficiently understood and 
require further investigation.

Synaptic Plasticity Modulation
During the subacute phase (4–14 days), as central sensitization is established, synaptic connections between spinal cord 
and supraspinal central neurons undergo adaptive changes in structure and function, known as synaptic plasticity. This 
plasticity is the key cellular mechanism underlying the formation of pain memory, hyperalgesia and pain-related 
emotions.99 MA/EA intervention during this phase has been proven to effectively regulate this abnormal synaptic 
plasticity and reverse central sensitization.

Regulating the strength of excitatory synaptic transmission at the spinal level is one of the core pathways through 
which EA modulates in synaptic plasticity. In CFA-induced chronic inflammatory pain, ionotropic glutamate receptors α- 
amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) (primarily GluR1 and GluR2 subunits), are activated on 
spinal cord neuronal membranes.100–102 GluR1 aggregation on the postsynaptic membrane intensifies, whereas alterations 
in GluR2 subunit phosphorylation influence its internalization and membrane stability. Together, these changes enhanced 
synaptic transmission efficacy, which is an important manifestation of central sensitization.103–105

EA primarily reduces GluR2 phosphorylation. This altered phosphorylation state directly affects the AMPA receptors 
endocytosis and membrane expression, leading to the reversal of long-term synaptic transmission between primary 
afferent fibers and spinal dorsal horn projection neurons or interneurons.106 Through this mechanism, EA regulates 
central plasticity and achieving analgesia.53,54 In addition to directly targeting ion channels, EA indirectly regulates 
synaptic plasticity by modulating intracellular signal transduction pathways and neuronal metabolic status. Activation of 
AMPK is an important mechanism by which EA regulates synaptic plasticity. This view has been supported by multiple 
studies conducted in different laboratories.49,55,56 As a master regulator of cellular energy metabolism, AMPK activation 
not only promotes M2 polarization of microglia but also inhibits proinflammatory and pro-excitatory signaling in 
neurons, thereby affecting synaptic protein synthesis and receptor trafficking, and ultimately suppressing abnormal 
synaptic strengthening.107–109

p38 mitogen-activated protein kinase (p38 MAPK) plays a crucial role in mediating inflammation and stress 
responses. It is highly activated in spinal cord neurons and glial cells and participates in central sensitization.110,111 

EA inhibits p38 MAPK phosphorylation and activation, reducing pro-inflammatory factor production and neuronal 
hyperexcitability, thereby aiding in the restoration of synaptic homeostasis.57 The role of the p38 MAPK pathway in 
inflammatory pain has been widely confirmed,112 and acupuncture’s inhibition of this pathway is one of the mechanisms 
with more supporting evidence. Calcium/calmodulin-dependent protein kinase II (CaMKII) serves as a crucial receptor 
for calcium signaling in neurons. Activation leads to phosphorylation of the GluA1 subunit of AMPA receptors, 
facilitating their insertion into the postsynaptic membrane and improving synaptic transmission.113 Research indicates 
that EA influences synaptic plasticity by modulating the CaMKII-GluA1 signaling pathway.58 NMDAR, particularly the 
NR1 subunit, is crucial for synaptic plasticity induction.108,114 EA may inhibit NMDAR NR1 expression in DRG small 
neurons, potentially affecting DRG neuron function by modifying stress hormone secretion and the autonomic nervous 
system.59

The immune regulation observed in this phase supports the idea that MA and EA not only alleviate pain but also 
contribute to the reversal of central sensitization and the restoration of normal neural function. The modulation of 
synaptic plasticity suggests that these interventions help “reset” the pain pathways that are maladaptive in the subacute 
phase, providing long-term pain relief and potentially preventing chronic pain development.

Chronic Phase (>14 Days): Comorbidity Treatment and Bodily Function Restoration
When inflammatory pain enters the chronic phase (>14 days), pathological changes are no longer limited to pain itself 
(Figure 3 and Table 1). The adaptive/dysfunctional remodeling of the limbic system that began in the subacute phase has 
further intensified and solidified, leading to severe neuropsychiatric comorbidity symptoms (such as anxiety, depression, 
and cognitive impairment), as well as functional disorders of the affected tissues and organs. The goal of MA/EA 
intervention in this phase shift strategically from focusing solely on analgesia to comprehensively addressing 
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neuropsychiatric comorbidities and promoting systemic restoration of damaged bodily functions. Its mechanisms involve 
neural remodeling in higher brain regions and complex systems biology regulation.

Treatment of Neuropsychiatric Comorbidities
Corresponding to the disease progression, MA and EA interventions are often continued for more than 14 days after the 
model establishment. These interventions can restore and improve neuronal morphology and function in the limbic 
system, reshape abnormal neural circuits, alleviating anxiety, depression and cognitive dysfunction associated with pain, 
and exert broad regulatory effect on neuropsychiatric comorbidities.

Figure 3 Mechanism of Acupuncture/EA treatment after modeling for more than 14 days. The red gradient background indicates an increase, while the green gradient 
background indicates a decrease. Created with Figdraw.
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The hippocampus plays a crucial role in learning, memory, and emotional regulation. In chronic pain, it often exhibits 
neuronal atrophy, synaptic loss and reduced neurogenesis.115 The BDNF/TrkB/CREB pathway is the core pathway of 
neural plasticity.116 EA can stimulate the brain-derived neurotrophic factor (BDNF) and its high-affinity receptor 
tropomyosin receptor kinase B (TrkB), activating the downstream transcription factor cAMP response element-binding 
protein (CREB).60 This signaling cascade promotes neuronal survival, dendritic complexity, and the expression of 
synaptic proteins like postsynaptic density protein-95 (PSD-95) and synaptophysin (Syn), thereby protecting and 
repairing hippocampal synaptic structures, and improving synaptic function. This mechanism is considered central to 
improve chronic pain-related memory disorders and depressive-like behaviors.60 Furthermore, chronic pain can induce 
apoptosis of hippocampal neurons.117 EA intervention increases Bcl-2 expression and decreases Bax expression. 
Activation of the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) pathway significantly decreases apoptosis 
in hippocampal neurons and enhances their survival.61 The amygdala is a core hub for processing negative emotions such 
as fear and anxiety, and its neurons often exhibit hyperexcitability and morphological changes in chronic pain.118 MA/EA 
alleviates pain-related affective disorders by repairing central amygdala neuronal damage, normalizing aberrant neural 
encoding, and modulating key proteins such as GAPDH, GLT-1, and PAK6, likely through regulating glutamate 
excitotoxicity and neurotransmitter imbalances.62,63 More importantly, EA can intervene in the abnormal neural circuits 
connecting different brain regions. In CFA-induced chronic pain model rats, the rACC-CaMKII-DRN-5-HT pathway, 
consisting of CaMKIIα-positive excitatory neurons in the rostral anterior cingulate cortex projecting to serotonin- 
containing neurons in the dorsal raphe nucleus, is dysfunctional.64 This pathway is crucial for anxiety regulation. EA 
treatment specifically activates the damaged neural pathway, enhancing signal transmission from the rACC to the DRN. 
This regulation of 5-HT-containing neuron activity in the DRN ultimately improves anxiety-like behaviors in chronic 
pain model animals.64 This provides a mechanism explanation at the circuit level for how EA improves pain-related 
emotions.

Bodily Function Restoration
Chronic inflammatory pain often leads to structural damage and functional loss of affected tissues, accompanied by 
systemic metabolic disorders and oxidative stress. Long-term EA intervention facilitates bodily functional repair by 
targeting multiple pathways, including metabolic reprogramming, antioxidant defense enhancement, inhibition of 
programmed cell death, and vascular homeostasis reconstruction.

EA inhibits the overactivation of the TGF-β1/Smads signaling pathway, crucial in fibrosis, inflammation, and tissue 
remodeling. By modulating this pathway, MA regulates amino acid metabolism, glucose, and fatty acid metabolism, 
thereby optimizing cellular energy utilization and biosynthesis, enhancing cell survival and function in pathological 
conditions, and contributing to the maintenance and repair of damaged tissues.65

Ferroptosis is a newly identified regulated cell death process characterized by iron-dependent lipid peroxidation. In 
chronic inflammatory pain, hippocampal neurons exhibit iron metabolism disorders, and antioxidant defense systems 
such as glutathione peroxidase 4 (GPX4) are impaired, leading to lipid peroxides accumulation and increase suscept
ibility to ferroptosis. This is one of the underlying chronic pain-related cognitive impairment. EA intervention markedly 
enhances the expression of nuclear factor erythroid 2-related factor 2 (Nrf2) within the cell nucleus. Activation of the 
Nrf2 pathway boosts the expression of downstream antioxidant enzymes and iron metabolism-related proteins, thereby 
enhancing the cells’ overall antioxidant capacity. This alleviates intracellular iron overload, reduces free iron with strong 
oxidizing potential and, inhibit lipid peroxidation. Through these combined effects, EA effectively inhibits ferroptosis in 
hippocampal neurons and protects neurons from oxidative damage.66 The research on acupuncture’s ability to inhibit 
ferroptosis in hippocampal neurons through the Nrf2 pathway is currently relatively preliminary, and its specificity and 
core role need to be further confirmed.

Tissue remodeling and vascular regulation provide the material basis for functional recovery. In chronic inflammation, 
pathological angiogenesis is often observed, and the newly formed blood vessels are frequently dysfunctional, leading to 
tissue hypoxia, insufficient nutrient supply, and persistent infiltration, thereby hindering repair.67 Studies have shown that 
EA can effectively inhibit the abnormal activation of the Notch1 signaling pathway, which plays a key regulatory role in 
vascular development and pathological angiogenesis.119 By inhibiting Notch1 signaling, EA reduces the production of 
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pro-angiogenic factors such as vascular endothelial growth factor (VEGF), thereby limiting abnormal blood vessels 
formation, improving microcirculation and oxygenation, and creating favorable conditions for tissue repair.67

In the context of joint inflammation, synovial tissue proliferation and inflammatory infiltration are major contributors 
in joint destruction.120,121 EA can selectively induce apoptosis of excessive proliferating and inflammatory synovial cells 
by upregulating p53 and its downstream pro-apoptotic proteins. This effectively reducing synovial inflammation 
infiltration, alleviating joint swelling and structural damage, and ultimately promoting the recovery of joint function.68

The ability of acupuncture to modulate neuroplasticity pathways such as “BDNF/TrkB/CREB” highlights its potential 
to alleviate the neuropsychiatric comorbidities associated with chronic pain, such as anxiety and depression. Moreover, 
the systemic effects on tissue remodeling suggest that acupuncture might be beneficial not just for pain but for restoring 
function to damaged tissues, offering a holistic approach to managing chronic inflammatory pain.

Discussion
This paper, for the first time, systematically reviewed the time-dependent intervention mechanism of MA/EA for 
inflammatory pain based on the evolution pattern of diseases, and revealed the core principle that the pathological 
process and the intervention mechanism are consistent. The study found that the effects of MA/EA play distinct roles in 
different pathological processes, with mechanisms showing clear characteristics of “from peripheral to central, from low- 
level to high-level”.

In the acute phase (1–3 days), where the focus is on rapid analgesia, immediate pain relief is achieved by activating 
descending inhibitory pathways and regulating peripheral TRP channels and purinergic pathways. During this phase, 
hyperalgesia mainly results from peripheral sensitization. Acupuncture can activate targets such as μ-opioid receptors and 
5-HT1AR to exert rapid inhibition of the nociceptive input, while also inhibiting peripheral pain-causing channels such 
as TRPV1 and P2X3, achieving rapid pain relief. In the subacute phase (4–14 days), therapeutic focus shifts to reversing 
central sensitization, emphasizing immune microenvironment reprogramming and synaptic plasticity modulation. As the 
disease progresses, spinal glial cell activation and synaptic plasticity changes become key factors in maintaining pain. 
Acupuncture counteracts central sensitization through AMPK/SIRT1-mediated M2 microglial polarization and GluR2 
dephosphorylation, reflecting the therapeutic strategy of preventing further progression. In the chronic phase (>14 days), 
treatment expands to address neuropsychiatric comorbidities and systemic repair, achieving multidimensional functional 
recovery by reshaping limbic system neural circuits and regulating metabolic and apoptotic pathways. Since chronic pain 
is often intertwined with neuropsychiatric comorbidities and tissue damage, acupuncture penetrates into the limbic 
system to repair hippocampal synapses and regulate systemic metabolic homeostasis, demonstrating the concept of 
holistic regulation. Acupoints associated with the limbic system include commonly used clinical points such as LI4 
(Hegu), PC6 (Neiguan), ST36 (Zusanli), and auricular acupoints, which have been shown to modulate activity in the 
prefrontal cortex, amygdala, and hippocampus through functional neuroimaging studies.122–124 These acupoints are 
preferred in chronic-phase intervention due to their ability to target both pain and affective comorbidities. The temporal 
and spatial evolution patterns of these mechanisms demonstrate that MA/EA can produce stage-specific therapeutic 
effects, depending on the body’s state. This further validates that acupuncture has multi-system, multi-level, and multi- 
target treatment effects, providing a theoretical foundation and new perspectives for understanding its stage-specific 
adaptability and for optimizing clinical intervention strategies.

Notably, MA and EA exhibit distinct mechanistic preferences across different pain stages. Our analysis reveals 
complementary roles are based on their differing physical stimuli. MA primarily functions as a peripheral initiator, 
converting mechanical force into local biological signals to trigger analgesic cascades. In contrast, EA acts as a more 
potent central and systemic modulator. It directly regulates spinal and supraspinal neurotransmission in the acute phase 
and exerts broad anti-inflammatory/immunomodulatory effects in the subacute phase. Regarding chronic pain, EA’s 
mechanisms extend to higher-order neural plasticity and limbic circuit remodeling, whereas supporting evidence for MA 
at this stage is limited. Therefore, MA and EA form a functional complement in the mechanism of pain relief: MA 
focuses on peripheral initiation, while EA excels in central regulation and systemic integration. This advantage in central 
regulation is particularly evident in acute rapid pain relief: high-frequency, short-duration EA can most effectively match 
the explosive transmission of pain signals by rapidly enhancing spinal opioid release, inhibiting key ion channels, and 
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quickly activating the descending inhibitory pathways in the brainstem, achieving immediate blocking of pain signals. 
This is in stark contrast to slower-acting, more accumulation-dependent low-frequency stimulation or chronic-phase 
treatments that target long-term plasticity.

Based on the aforementioned preclinical mechanism evidence, we propose a clinically feasible and stage-appropriate 
strategy framework that can be verified in the future. This study provides key insights for clinical practice: theoretically, 
intervention time windows must be individualized. In the acute phase, high-frequency short-term EA should be used to 
achieve rapid pain relief. In the subacute phase, the treatment duration must be sufficient to accumulate the immune 
regulatory effect. In the chronic phase, treatment duration should be extended to repair the neuropsychiatric comorbid
ities. Additionally, precision in target selection is essential: intervention targets should correspond to predominant 
symptoms at each stage. In the acute phase, acupoints should focus on the nerve trunks distribution, whereas in the 
chronic phase, the priority should be given to acupoints associated with the limbic system. However, the effectiveness of 
these specific strategies, the optimal parameters, and their feasibility in real clinical settings still need to be verified 
through well-designed randomized controlled trials. It is particularly important to note that the “stage-dependent 
mechanism framework” proposed in this paper, as well as the concepts of “precise acupuncture” and “time window 
optimization”, are mainly the result of integrating existing preclinical research data and theoretical deductions. Although 
animal models provide a valuable window for exploring mechanisms under controlled conditions, their findings cannot 
be directly translated to human disease situations. Currently, there remains a lack of clinical studies that rigorously 
validate whether these stage-specific intervention strategies are effective in patients and how to implement them 
optimally. Therefore, the core contribution of this paper lies in systematically reviewing the evidence and proposing a 
testable hypothesis framework. Future translational research should aim to fill this gap by conducting clinical trials to test 
these mechanism-based hypotheses and explore specific methods for linking disease staging with acupuncture treatment 
plans.

Despite constructing a stage-dependent mechanism framework, this study still has limitations. First, inherent evidence 
heterogeneity—this mainly stems from differences in MA/EA stimulation parameters; inconsistencies in animal strains, 
CFA injection details, and behavioral assessment methods; and diversity in molecular detection time points and 
indicators. Therefore, the relative contributions of specific pathways, their causal relationships, and the generalizability 
of the findings all need further consolidation through standardized, large-scale preclinical studies. Second, this review is 
confined to CFA-induced models, which carry inherent limitations. The CFA model focuses on peripheral inflammation, 
inadequately capturing clinical complexities like mixed pain or affective comorbidities. For meaningful clinical transla
tion, the proposed framework requires validation across other pain models and, ultimately, in human studies. Third, the 
widespread lack of standardized reporting in the included literature hinders a quantitative synthesis of the strength of 
evidence. Future reviews should, where feasible, employ systematic review and meta-analytic methods to address this 
gap. Fourth, contextual factors such as placebo and nocebo effects are discussed but not integrated into the mechanistic 
framework due to limited preclinical data, highlighting the need for more studies combining behavioral pharmacology 
and neuroimaging to dissect these effects.125–128

Future research should prioritize several directions: (1) identifying optimal acupuncture parameters for each stage 
through factorial design studies; (2) carrying out clinical trials to validate stage-specific intervention strategies, particu
larly comparing acupuncture with conventional analgesics and exploring synergistic effects; (3) applying multi-omics 
technologies to uncover novel stage-specific targets and molecular memory mechanisms of cumulative acupuncture 
effects; (4) examining contextual effects and their interaction with biological mechanisms to develop comprehensive 
intervention approaches; (5) promoting standardized reporting guidelines and encouraging independent replication 
studies to address evidence heterogeneity.

Our research aims to provide a clear framework for guiding future mechanistic studies. Researchers can select disease 
stages for intervention based on objectives, focusing on specific targets and pathways. Clinicians, in turn, should tailor 
treatment courses based on the patient’s disease stage and main symptoms to maximize therapeutic effects.
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Conclusion
In summary, building on the principle of disease stage progression, this study systematically elucidates the time- 
dependent intervention mechanisms of MA/EA on inflammatory pain. It demonstrates that MA/EA exerts different 
effects across distinct pathological stages, with mechanisms characterized by a progression “from peripheral to central, 
from low-level to high-level”, as well as consistency between pathological progression and intervention mechanisms. 
This mechanistic framework, which is derived from preclinical research, not only offers crucial insights for future clinical 
practice, such as the potential significance of individualized determination of intervention time windows and precise 
target selection. These help to refine intervention strategies and improve therapeutic effects, but also identifies urgent 
directions for future research, including cross-stage mechanism interaction networks, clinical validation, and multi-omics 
integration. However, to translate it into routine clinical practice, it is necessary to overcome the gap in transformation 
from animal models to human patients. As these issues are gradually addressed, the theoretical system of acupuncture for 
inflammatory pain treatment will be further improved, laying a solid foundation for its wider application and precise 
implementation in clinical practice.
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