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Purpose: Pyroptosis, a programmed inflammatory cell death mechanism, plays a significant role in neuropathic pain (NP) pathogen
esis. However, the specific pyroptosis-related genes (PRGs) driving NP development remain poorly understood. This study employs 
systematic approaches to identify and validate PRGs, aiming to delineate their mechanistic contributions to NP progression.
Methods: To elucidate pyroptosis-related genes (PRGs) in neuropathic pain pathogenesis, we first performed integrated bioinfor
matics analysis of the GSE236754 dataset, revealing differentially expressed PRGs in the spinal cord dorsal horn of spared nerve 
injury (SNI) rats. Subsequent functional enrichment analyses coupled with protein-protein interaction network construction delineated 
pathway convergences among identified PRGs. Experimental validation utilizing SNI rat model, Western blot and immunofluorescence 
quantification confirmed protein expression patterns, and immunofluorescence mapping determined cellular localization collectively. 
Statistical analyses via ANOVA method.
Results: Bioinformatics screening identified 11 candidate PRGs in the SNI model, particularly highlighting Nlrc4 and Nlrp3 as the 
most upregulated targets. Gene Ontology (GO) analysis demonstrated significant enrichment in three domains, pyroptosis regulation, 
inflammasome complex assembly, and cysteine-type endopeptidase activity associated. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis specifically identified the “NOD-like receptor signaling pathway” as significantly enriched. Gene Set 
Enrichment Analysis (GSEA) further corroborated these findings. Behavioral quantification showed progressive mechanical hyper
sensitivity, with mechanical pain and cold pain reaching maximal sensitivity at day 7 post-injury (p<0.001). Western blot detected 
synchronized elevation of NLRP3 and NLRC4 inflammasome components and downstream effectors across the observation window 
(all p<0.05). Immunofluorescence analysis demonstrated a time-dependent increase in the expression of GSDMD-N, the pyroptotic- 
executing protein, a trend consistent with the findings from behavioral tests and Western blot analysis (p<0.05). And cellular 
localization analysis revealed neuron-predominant accumulation of GSDMD-N.
Conclusion: We identified 11 potential biomarkers for NP. Our data conclusively show that SNI induced NLRP3/NLRC4 inflamma
some activation and neuronal pyroptosis in the rat spinal cord.
Keywords: neuropathic pain, pyroptosis, bioinformatics, causal relationship, inflammasome

Introduction
Neuropathic pain (NP), operationally defined per the International Association for the Study of Pain (IASP) guidelines as 
somatosensory system pathology-induced pain,1 is etiologically stratified into peripheral and central subtypes. The 
condition’s recent inclusion in ICD-11 as a distinct diagnostic category2 reflects its clinical significance, given the 
3–17% population prevalence and characteristic chronic trajectory marked by refractory pain cycles that severely 
compromise quality of life and healthcare resources.3 Over 50% of patients report inadequate pain relief from existing 
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medications underscore the urgent need to decipher NP’s complex pathobiology, now recognized as a premier transla
tional neuroscience challenge.4

The immune-neural axis plays a pivotal role in NP pathophysiology, where dysregulated inflammatory cascades in 
both peripheral and central nervous systems drive pain initiation and chronicity.5–7 A hallmark of NP involves spinal 
dorsal horn nociceptive neuron hyperexcitability (central sensitization), concomitant with cytokine-mediated neuroin
flammatory amplification mechanisms.8 Pyroptosis is a lytic programmed cell death modality that features progressive 
cell swelling culminating in plasma membrane rupture and pro-inflammatory mediator release.9 Canonical pyroptotic 
signaling proceeds through sequential stages: NLR sensor activation, Caspase-1-mediated GSDMD cleavage then plasma 
membrane nanopore formation. These molecular events orchestrate IL-1β/IL-18 secretion cascades that simultaneously 
execute cell death and instigate tissue-level inflammation.10,11 Emerging preclinical evidence substantiates pyroptosis 
inhibition as a viable anti-neuroinflammatory strategy across multiple NP models, with corresponding pain attenuation.12 

These findings collectively position pyroptotic pathway modulation as a promising therapeutic frontier, necessitating 
deeper mechanistic dissection. However, research into the relationship between NP and pyroptosis has predominantly 
focused on the NLRP3 inflammasome and Chronic Constriction Injury (CCI) model. This study aims to identify other 
potential pyroptosis-related genes(PRGs) that may be involved in Spared Nerve Injury (SNI) rat.

In this study, we aimed to identify PRGs as potential biomarkers by analyzing whole transcriptome RNA-seq data 
from spinal cord samples from SNI and sham groups of Rattus norvegicus. And, Western blot validation of pyroptotic 
effector proteins in SNI model spinal cord lysates and dual immunofluorescence colocalization identification cellular 
specificity of pyroptotic events was mapped.

Materials and Methods
Ethics Statement
All experimental protocols were reviewed and approved by the Experimental Animal Welfare Ethics Committee of 
Fujian Medical University (IACUC FJMU-2024-Y-2455). This study was conducted in strict accordance with the 
recommendations of the NIH’s Health Guide for the Care and Use of Laboratory Animals. All procedures were 
performed under sodium pentobarbital anesthesia, and efforts were made to minimize distress. This study exempt 
from approval based on item 1 and 2 of Article 32 of the Measures for Ethical Review of Life Science and Medical 
Research Involving Human Subjects dated February 18, 2023, China. Following the experimental procedures, euthanasia 
was performed by administering a lethal dose of sodium pentobarbital intraperitoneally.

Data Collection and Processing
Transcriptomic profiles (GSE236754 dataset) were retrieved from NCBI’s Gene Expression Omnibus (GEO),13 generated 
via Illumina HiSeq 4000 sequencing (GPL22396 platform). This study analyzed transcriptomic data from ipsilateral 
spinal cord dorsal horn tissues of male rats collected 7 days post-surgery, comparing SNI and Sham groups, with 4 
biological replicates per group (SNI: n=4; Sham: n=4). Raw sequencing data underwent quality control using fastp 
(version 0.22.0) with default parameters. The reference genome mRatBN7.2, sourced from the National Center for 
Biotechnology Information (NCBI) repository (Accession No. GCF_015227675.2), represents a significant update since 
the Rnor6.0 release by the Rat Genome Sequencing Consortium in 2014, offering improved gene annotation 
completeness.14,15 HISAT2 v2.2.1-indexed genome mappings were converted to BAM format via Samtools v1.17, 
with transcript abundance quantified using featureCounts v2.0.1. PRGs were systematically curated by integrating 
multiple resources: (1) literature mining from peer-reviewed publications,16 (2) Gene Ontology Biological Processes 
Annotation (http://geneontology.org/),17 and (3) the Molecular Signatures Database (MSigDB, v2023.2).18 Species- 
specific gene name conversion (eg, mouse to rat) was achieved using the bioMart tool suite.

Screening of Differentially Expressed PRGs
Bioinformatic analyses were executed in R v4.3.2 and NetworkAnalyst (https://www.networkanalyst.ca/).19 Initial 
dimensionality reduction through principal component analysis (PCA) assessed dataset quality control. Differential 
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expression profiling was subsequently performed with DESeq2 (v1.40.2), p-value <0.05 and absolute log2-transformed 
fold change (|log2FC|) >0.5 as significance thresholds. PRGs candidates were identified through intersection analysis of 
differentially expressed genes (DEGs) with pre-curated PRG libraries. Visualization pipelines implemented in ggplot2 
generated Venn diagrams, clustered heatmaps, and annotated volcano plots.

Functional Enrichment Analysis of Differentially Expressed PRGs
The clusterProfiler package implemented three complementary enrichment strategies: (a) Gene Ontology (GO) functional 
categorization across biological processes (BP), cellular components (CC), and molecular functions (MF) domains; (b) 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway mapping; and (c) Gene Set Enrichment Analysis 
(GSEA).20 Whereas GO and KEGG interrogate individual gene significance, GSEA evaluates coordinated expression 
patterns across predefined gene sets, enhancing detection of subtle but biologically coherent signals.21 All analyses 
employed the org.Rn.eg.db annotation database (v3.16.0) with false discovery rate (FDR) correction (Benjamini- 
Hochberg method).

Protein Interactome Profiling of DEPRGs
The STRING online database (https://string-db.org/)22 was used to construct PPI networks, exploring potential interac
tions among proteins related to the focal process. PPI networks were visualized using Cytoscape (version 3.9.1), and hub 
genes were identified using the MCC method in the CytoHubba plugin. Additionally, correlation analysis was performed 
using the Spearman package in R.

Animal and SNI Model
Male Sprague-Dawley rats (body weight 250–300 g) were sourced from the accredited Animal Center of Fujian Medical 
University. Following ≥7-day acclimatization under specific pathogen-free conditions, SNI modeling was conducted.23 In 
brief, rats received intraperitoneal anesthesia with sodium pentobarbital (50 mg/kg; 1% w/v solution). Through a lateral 
mid-thigh incision, the left sciatic trifurcation was exposed. Both tibial and common peroneal nerves underwent double 
ligation (5–0 silk) followed by 3-mm segment excision, preserving the sural nerve. Surgical closure involved sequential 
muscle layer (4–0 vicryl) and skin (3–0 nylon) suturing. Sham controls underwent identical exposure without neural 
manipulation.

Paw Mechanical Withdrawal Threshold (PMWT)
Mechanical allodynia was assessed using the Dixon up-down paradigm.24 Preoperatively and at postoperative days 3, 7, 
and 14, Von Frey filaments (Stoelting Co., USA; 0.008–300g force range) were applied perpendicularly to the plantar 
surface of ipsilateral hindpaws. Rats underwent 30-min acclimation in standardized plexiglass enclosures (30×30×40 cm) 
prior to testing. Starting with 4.0g filament (5.18 bending force), mechanical stimuli were delivered through the mesh 
floor (4 mm2 contact area) for exactly 3 seconds. Positive nocifensive responses (rapid paw withdrawal, licking, or 
shaking) triggered filament force reduction, whereas negative responses prompted force escalation.

Acetone Test
After the Von Frey test, cold pain behavior was assessed by applying acetone (100 μL) to the plantar surface of the hind 
paw using an insulin needle. Responses to acetone application were observed for 1 minute, and pain scores were graded 
as follows: 0, no response; 1, rapid paw retraction or flicking; 2, prolonged withdrawal or flicking; and 3, repeated 
flicking and licking. Acetone was applied to each hind paw 3 times (every 5 min) and averaged.

Experimental Materials Preparation
Under deep anesthesia (sodium pentobarbital 50 mg/kg i.p.; 1% w/v solution), experimental animals underwent terminal 
procedures. For Western blot analysis, spinal cord tissues (approximately 1.5 cm segments from lumbar segments L4-L6) 
were rapidly isolated via laminectomy. The collected segments were then bisected longitudinally along the anterior 
median fissure. The ipsilateral side of the spinal cord was promptly frozen in liquid nitrogen-cooled isopentane and 
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stored in cryovials (Thermo Scientific) at −80°C. For immunofluorescence, animals were transcardially perfused. The 
perfusion was initiated with ice-cold phosphate-buffered saline (PBS), followed by 500 mL of ice-cold 4% paraformal
dehyde (PFA). Successful perfusion was confirmed by observable rigidity of the limbs and neck, as well as blanching of 
the liver. The spinal column was then dissected, and the lumbar enlargement of the spinal cord was carefully removed. 
The tissue was post-fixed in 4% PFA at 4°C for 24 hours and subsequently cryoprotected in a 30% sucrose solution until 
it sank to the bottom of the container. Upon sucrose infiltration, the tissue was embedded in OCT compound and 
sectioned at a thickness of 15 µm using a cryostat. The resulting sections were stored at −20°C.

Western Blot
Lumbar spinal cord tissues were homogenized in ice-cold RIPA buffer (Servicebio G2002; 50 mM Tris-HCl pH 7.4, 150 
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate) using a Polytron PT 1200E homogenizer (3×10 s pulses at 
15,000 rpm). Lysates were centrifuged at 12,000×g (4°C, 10 min) and supernatants quantified via BCA assay (G2026, 
Servicebio). Protein samples (30 μg) were resolved on 10% Bis-Tris gels (Invitrogen) under reducing conditions and 
transferred to 0.45 μm PVDF membranes (Millipore) using Towbin buffer (25 mM Tris, 192 mM glycine) at 100 V for 
90 min. Following a 2-hour block with 5% skim milk at room temperature, the membranes were incubated overnight at 
4°C with the indicated primary antibodies. Antibodies applied included those against NLRP3 (A5652, Abclonal), NLRC4 
(A24336, Abclonal), ASC (A22046, Abclonal), Cleaved-Caspase-1 (AF4005, Affinity), the pyroptosis-executor 
GSDMD-N (A22523, Abclonal), IL-1β (A1112, Abclonal), IL-18 (10,663-1-AP, Proteintech), and GAPDH (GB11002- 
100, Servicebio) as a loading control, all diluted according to the manufacturers’ specifications. After 3×10 min TBST 
washes, membranes were incubated with HRP-conjugated goat anti-rabbit IgG (ab205718, Abcam) for 2 h at 22°C. 
Chemiluminescent signals were developed with ECL Prime (G2161, Servicebio) and captured using Image Lab 6.1 (Bio- 
Rad). Band intensities were quantified via rolling ball background subtraction (radius 50 pixels) in ImageJ 1.53t (NIH).

Immunofluorescence
Following antigen retrieval, tissue sections underwent three 5-minute phosphate-buffered saline (PBS) washes. Non- 
specific binding was blocked using 5% bovine serum albumin (BSA; Sigma) for 1 h at room temperature (RT). Primary 
antibodies were then applied and incubated at 4°C overnight, including: GSDMD-N (1:200; Affinity, DF13758), NeuN 
(1:3000; Abcam, ab177487), GFAP (1:2000; Abcam, ab7260), and Iba1 (1:2000; Abcam, ab178846). After PBS 
washing, sections were incubated with Horseradish Peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary anti
body (1:2000; Abcam, ab205718) at RT for 1 h. Tyramide signal amplification was performed using either Try-488 
(1:2000; Runlong Biotechnology, Bry-Try488) or Try-Cy3 (1:2000; Runlong Biotechnology, Bry-TryCy3) under light- 
protected conditions for 30 min at RT. Nuclei were counterstained with DAPI-containing anti-fade mounting medium 
(Beyotime, P0131). Imaging was conducted using a Leica DMi8 fluorescence microscope. Quantitative analysis was 
performed by measuring the mean fluorescence intensity in the ipsilateral dorsal horn of the spinal cord.

Statistical Analyses
Statistical analyses were performed using SPSS 26.0 (IBM Corp.) with visualization created in GraphPad Prism 8.0.2. 
Continuous data are expressed as mean ± SEM. Paw withdrawal mechanical threshold (PWMT) trajectories were evaluated 
via two-way repeated measures ANOVA with Geisser-Greenhouse correction. Intergroup differences were determined using 
Bonferroni-adjusted post hoc tests when significant interaction effects emerged. Protein expression quantifications were 
compared across groups using one-way ANOVA followed by Bonferroni-corrected pairwise comparisons versus sham 
controls. All hypothesis testing maintained a pre-specified family-wise error rate at α = 0.05 (two-tailed).

Results
Identification of Differentially Expressed PRGs in NP
PCA revealed strong inter-replicate consistency across biological replicates (n=4 per group), with clear spatial segrega
tion between the SNI and sham-operated groups. Differential expression analysis of 70 PRGs identified 11 significantly 
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upregulated genes, with NLR family members demonstrating the most substantial transcriptional changes. Notably, Nlrc4 
and Nlrp3 exhibited the highest fold-changes among DEGs, suggesting their potential role in neuroinflammatory 
signaling pathways (Figure 1).

GO, KEGG and GSEA Enrichment Analysis
GO analysis demonstrated significant enrichment in three domains: (a) pyroptosis regulation within BP; (b) inflamma
some complex assembly in CC; and (c) cysteine-type endopeptidase activity associated in MF. KEGG pathway analysis 
specifically identified the “NOD-like receptor signaling pathway” as significantly enriched. GSEA further corroborated 
these findings, showing prominent enrichment in pyroptosis-related NOD-like receptor signaling pathways (Figure 2).

PPI Network Construction and Correlation Analysis
PPI network analysis revealed robust interconnectivity among the identified genes, with Casp1 identified as a central hub 
gene. Furthermore, correlation analysis demonstrated significant positive correlations across all 11 pyroptosis-related 
DEGs (Figure 3).

Figure 1 Identification of differentially expressed pyroptosis-related genes in NP. (A) PCA of the GSE236754 dataset; (B) Venn diagrams show 11 potential key PRGs to be 
validated; (C) Volcano plot of the PRGs. The significantly upregulated genes are represented by red dots; (D) Heatmap of the differentially expressed PRGs between the SNI 
and Sham rat. Pyroptosis-related genes (PRGs), differentially expressed genes (DEGs).
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SNI Induces Mechanical Allodynia and NLRP3/NLRC4 Inflammasomes Activation
PMWT was significantly reduced in SNI rats compared to the Sham group, reaching its lowest point on day 7 and 
persisting until day 14. Cold Allodynia also increases with molding time. Given the significant upregulation of Nlrp3 and 
Nlrc4, we quantified protein expression levels of NLRP3, NLRC4, and their downstream components-including ASC, 
caspase-1, GSDMD-N, IL-1β, and IL-18 — in the spinal cord dorsal horn. Immunoblotting demonstrated that NLRP3 
and NLRC4 expression progressively increased post-SNI, peaking at postoperative day (POD) 7 with sustained elevation 
through POD14 (p<0.001 vs sham). Parallel temporal patterns increased were observed for ASC, cleaved caspase-1, 
GSDMD-N, mature IL-1β, and IL-18 (all p<0.05) (Figure 4).

SNI Induces Neuronal Pyroptosis
Immunofluorescence analysis demonstrated a time-dependent increase in the expression of GSDMD-N, the pyroptotic- 
executing protein, a trend consistent with the findings from behavioral tests and Western blot analysis (p<0.05). To 
investigate the cellular mechanisms underlying pyroptosis, immunofluorescence staining was performed to assess the co- 
localization of GSDMD-N with microglia (Iba-1), astrocytes (GFAP), and neurons (NeuN). Results revealed that 
GSDMD-N co-localized exclusively with NeuN in the spinal cord dorsal horn, but not with Iba-1 or GFAP (Figure 5).

Figure 2 GO, KEGG, and GSEA Enrichment Analysis. (A) GO enrichment analysis of the differentially expressed PRGs between the SNI and Sham rat; (B) KEGG pathway 
enrichment analysis; (C) GSEA enrichment analysis. Biological processes (BP), cellular components (CC), and molecular functions (MF).
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Discussion
This study identified PRGs in the spinal dorsal horn of rat models of NP through bioinformatics analysis. We found that 
11 PRGs are associated with an increased risk of NP. Our data conclusively show that SNI induced NLRP3/NLRC4 
inflammasome activation and neuronal pyroptosis in the rat spinal cord.

NP is a prevalent and challenging condition that encompasses PHN, diabetic peripheral neuropathy, and complex 
regional pain syndrome, among others.25,26 This type of pain is typically chronic, substantially affecting patients’ 
physical and mental health,27 resulting in elevated disability rates, poor treatment outcomes, and higher economic 
burdens.28 Current evidence suggests that neuroinflammation plays a critical role in the development and progression 
of NP.8 Pyroptosis, a novel form of inflammatory cell death characterized by cell membrane rupture and the release of 
inflammatory cytokines, has been identified as a potential contributor to NP. Investigating the role of pyroptosis in NP 
pathogenesis may provide novel avenues for the treatment and prevention of NP.

We discovered 11 PRGs (Nlrp3, Pycard, Zbp1, Il18, Il1b, Casp8, Nlrc4, Casp1, Casp4, Naip6, and Trem2) associated 
with NP. The classical pyroptosis pathway is characterized by the activation of caspase-1 by the inflammasome, which 
subsequently cleaves GSDMD, resulting in cell pyroptosis and the subsequent cleavage and release of IL-1β and IL- 

Figure 3 PPI Network Construction and Correlation Analysis. (A) PPI network is established by the STRING website; (B) Relationship network diagram of PRGs from PPI 
network using cytoscape; (C) Spearman correlation analysis of the 11 differentially expressed PRGs. *p < 0.05. Correlation coefficient (cor).
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18.29,30 Each inflammasome complex typically consists of three main components: an upstream sensor molecule NLR 
protein, an adaptor protein ASC with PYD and CARD domains which links to the downstream effector protein caspase 
family. Among these, NLRP3 inflammasome-mediated pyroptosis has been the most extensively studied. Recent studies 
have found that NLRP3 inflammasome-mediated pyroptosis is elevated in the spinal cords of CCI rats, and that inhibiting 
pyroptosis can mitigate CCI-induced mechanical and thermal hyperalgesia.31–33 Sun et al34 found that modulating the 
NLRP3 inflammasome and pyroptosis in the dorsal root ganglion of diabetic rats can alleviate diabetic neuropathic pain. 
Wang et al35 discovered that melatonin can suppress pyroptosis via the NF-κB/NLRP3 inflammasome signaling pathway 
in the SNL model, thereby exerting analgesic and anti-inflammatory effects. NLRC4 is also an NLR protein; Naip 
recognizes the flagellin protein and induces NLRC4 inflammasome activation, leading to pyroptosis.36 However, only 
one study has confirmed that the mRNA expression level of spinal NLRC4 is significantly elevated in both male and 
female CCI rats.37 NLRC4 differs in structure from NLRP3 which interact indirectly with caspase-1 via the PYD motif of 
the adaptor protein ASC, while NLRC4 lack the PYD motif, but contain a CARD motif, and so can interact directly with 
caspase-1, which also contains CARD, without the use of ASC adaptor.37 These two common inflammasomes differ 

Figure 4 PMWT and NLRP3/NLRC4 inflammasomes activation in the spinal cord of the Sham and SNI group. (A) The PMWT test and Acetone Test (n=10); (B) the levels of 
NLRP3 and NLRC4 inflammasomes and their downstream proteins were significantly elevated in the spinal cord of SNI rats, correlating with the progression of the model 
(n=3); (C) Quantification of NLRC4 Western blotting data; (D) Quantification of NLRP3 Western blotting data; (E) Quantification of ASC Western blotting data; (F) 
Quantification of Cleaved-Caspase-1 Western blotting data; (G) Quantification of GSDMD-N Western blotting data; (H) Quantification of IL-1β Western blotting data; (I) 
Quantification of IL-18 Western blotting data. All data are presented as mean ± SEM. Δp < 0.05, compared with the baseline. δp < 0.05, compared with the Sham group. *p <  
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with the Sham group.
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Figure 5 Cellular localization of pyroptosis in the spinal cord of the Sham and SNI group. (A) Immunofluorescence for GSDMD-N in the spinal cord (scale bar= 100μm); (B) 
Fluorescence intensity for GSDMD-N (n=3); (C) Double immunostaining for GSDMD-N and NeuN, Iba-1, and GFAP in the rat D7 after SNI (scale bar= 100μm). All data are 
presented as mean ± SEM. ****p < 0.0001, compared with the Sham group.
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slightly in their structure and methods of activation, the shared ability of both inflammasomes to activate caspase-1, then 
trigger pyroptosis and release of IL-1β and IL-18 suggests a potential mechanism for their functional synergy.

Triggering receptor expressed on myeloid cells 2 (TREM2) is a cell surface receptor predominantly found on 
microglia within the central nervous system. In the SNI model, TREM2 signaling enhances the pro-inflammatory 
response of microglia and exacerbates neuropathic pain. Resveratrol administration can downregulate TREM2, reduce 
neuroinflammation, and improve hyperalgesia.38,39 Interferon-induced protein Z-DNA binding protein 1 (ZBP1) is 
a crucial innate immune sensor. Upon detection of Z-RNA, ZBP1 recruits RIPK3 and caspase-8 to activate the ZBP1- 
NLRP3 inflammasome, inducing cell panoptosis.40,41 However, the role of ZBP1 in NP remains to be fully elucidated.

GO enrichment analysis results demonstrate a primary association with immune response and inflammasomes. Both 
KEGG and GSEA results revealed that the NOD-like receptor signaling pathway is associated with NP. Recent research 
by Green-Fulgham et al37 investigated changes in four inflammasomes (NLRP3, AIM2, NLRP1, and NLRC4) within the 
spinal cord of the CCI model. They found that CCI upregulated all four inflammasomes in both sexes, but there were sex 
differences in the relative levels of inflammasome expression. NLRP3 and AIM2 exhibit higher expression levels in 
females, while NLRP1 is expressed at higher levels in males. Among various inflammasomes, the NLRP3 inflammasome 
is the most extensively studied in NP research. After sciatic nerve injury in mice, the NLRP3 inflammasome is activated, 
resulting in the upregulation of inflammasome-related components and the release of IL-1β and IL-18. Moreover, NLRP3 
knockout mice display a reduced inflammatory response and an increased sciatic functional index (SFI) following sciatic 
nerve injury.42 In diabetic neuropathy, TXNIP is upregulated and binds to NLRP3, resulting in increased TXNIP-NLRP3 
complex formation that induces IL-1β release and subsequent inflammation.43

IL-1β and IL-18 are released through membrane pores during pyroptosis, thereby amplifying the inflammatory 
response and activating immune reactions.44,45 Conversely, IL-1ra is a natural anti-inflammatory antagonist within the 
pro-inflammatory cytokine interleukin-1 family.46 Previous studies have confirmed that IL-1β levels in the spinal cords of 
rats significantly increase post-CCI, and administration of IL-1ra reduces NP symptoms and enhances the analgesic 
effects of morphine and buprenorphine in these rats.47 He et al48 found that the administration of IL-1ra to block IL-1β 
can reduce hyperalgesia in a nitroglycerin-induced chronic migraine model. A meta-analysis of cytokine levels in the 
bodily fluids of PHN patients showed that IL-1β levels in PHN patients were significantly elevated compared to the 
control group.49 Compelling evidence indicates that IL-18 is upregulated in the development of chronic pain. 
Antagonizing or inhibiting IL-18 expression can mitigate the onset and progression of chronic pain.50 Miyoshi et al51 

found that IL-18 and IL-18r expression in the dorsal horn of the spinal cord significantly increased in the SNL model. IL- 
18 and IL-18r were upregulated in activated microglia and astrocytes, respectively. Inhibiting the function of the IL-18 
signaling pathway can alleviate pathological pain, while intrathecal injection of IL-18 can induce pathological pain.

Emerging evidence highlighting its roles across distinct cell types pyroptosis during NP pathogenesis. While most 
studies have focused on microglial pyroptosis between NP interactions, recent advances reveal broader cellular involve
ment. For example, Wu et al demonstrated that inhibiting the 7A-containing C-type lectin structural domain alleviates NP 
by modulating NLRP3 inflammasome-mediated microglial pyroptosis and attenuating neuroinflammation in both CCI rat 
models and LPS/ATP-treated BV2 microglial cells.31 Similarly, the miR-99b-3p/Mmp13 axis exerts analgesic effects in 
CCI rats through NLRP3 suppression and autophagy promotion.32 Schwann cell pyroptosis has also been implicated: Liu 
et al reported that Nrf2/HO-1 pathway activation in a trigeminal neuralgia model induces demyelination via Schwann cell 
pyroptosis.52 Additionally, Chen et al showed that lysine acetyltransferase 2A-mediated p38 pathway succinylation 
drives chemotherapy-induced neuropathic pain (CINP) by promoting microglial pyroptosis.53 Notably, two SNI model 
studies align with our findings. Chen et al found that botulinum toxin type A inhibits microglial pyroptosis in LPS-treated 
microglia and SNI rats, reducing NP.54 Similarly, Li et al demonstrated that the translocator protein (TSPO) attenuates 
NP in SNI mice and LPS-treated astrocytes by blocking astrocytic pyroptosis via the AMPK-PGC-1α pathway.55 In 
contrast, our immunofluorescence data revealed that GSDMD-N (a pyroptosis executioner protein) predominantly 
colocalizes with neurons-not microglia or astrocytes-in the spinal cord dorsal horn of SNI rats. This discrepancy may 
arise from differences between in vivo SNI pathology and in vitro LPS-stimulated models. Consistent with our results, 
Zhang et al56 also observed pyroptosis exclusively in neurons within the spinal cord of SNI mice. In contrast, Deng 
et al57 reported that GSDMD was co-localized with both neuronal and microglial markers in the spinal cord of SNI mice. 
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However, it is important to note that GSDMD does not acquire its pyroptosis-inducing biological function until it is 
cleaved into its N-terminal fragment (GSDMD-N). Therefore, the observed co-localization in microglia may not 
necessarily indicate the occurrence of pyroptosis in these cells. Collectively, our findings underscore neuronal pyroptosis 
as a critical mechanism in NP development, offering novel cellular insights specific to SNI models.

This study has several limitations. First, due to the variety and inconsistencies in characteristics of NP models, this 
study only used samples from the SNI model, which may be insufficient. Future studies should include clinical trials in 
patient populations to validate the translational potential of these findings. Second, the PRGs were obtained from 
literature or databases, meaning they are genes that have been experimentally verified, although there may still be 
undiscovered PRGs. Therefore, the PRGs identified in this study may be incomplete. Finally, it should be noted that this 
study was primarily based on bioinformatic analyses and preliminary experimental validation. Therefore, it is necessary 
to further investigate the roles of the NLRC4 and NLRP3 inflammasomes in NP and the potential mechanism of 
interaction between them.

Conclusion
In conclusion, We identified 11 potential biomarkers for NP. Our data conclusively show that SNI induced NLRP3/ 
NLRC4 inflammasome activation and neuronal pyroptosis in the rat spinal cord.
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