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Abstract. Pyroptosis is defined as inflammation‑induced 
programmed cell death. However, gene expression levels 
related to pyroptosis and their role in neuropathic pain (NP) 
remain unclear. The present study aimed to develop and 
validate an NP‑predictive signature based on the genes asso‑
ciated with pyroptosis. Gene expression level profiles were 
downloaded from the Gene Expression Omnibus database. 
Weighted gene co‑expression network analysis was used to 
identify the pyroptotic genes most highly associated with NP. 
NP‑related pyroptosis gene signature was constructed using 
multivariate logistic regression. A rat model of neuropathic 
pain was established through chronic constriction injury to 
analyse the inflammatory infiltration and myelin damage 
around the sciatic nerve, and examine the expression levels 
of macrophage markers S100 calcium‑binding protein β 
(S100β) and ionized calcium‑binding adapter molecule 1 
(Iba‑1). Finally, flow cytometry analysis was used to examine 
the lipopolysaccharide (LPS)‑induced cell death ratio of 
RSC96 cells (Schwann cells), while the expression levels of 
LPS‑induced pyroptosis‑related genes in RSC96 cells were 
measured via reverse transcription‑quantitative PCR. The 
results demonstrated that pyroptosis‑related genes (gasdermin 

D, NLR family pyrin domain containing 3, neuronal apoptosis 
inhibitory protein and NLR family CARD domain containing 
4) were identified to increase the risk of NP. NP‑related pyrop‑
tosis signatures were constructed based on these four genes. 
Moreover, the high‑risk group had a higher level of macrophage 
infiltration compared with the low‑risk group, as determined 
by the CIBERSORT algorithm. H&E staining results showed 
that the myelin structure of the sciatic nerve tissue of chronic 
constriction injury (CCI) rats was destroyed and inflammatory 
cells infiltrated around neurons. The results of immunohisto‑
chemistry showed that compared with in the sham group, the 
expression levels of Iba‑1 and sS100β in the sciatic nerve of the 
CCI group were increased. Furthermore, the expression levels 
of cell death and pyroptosis‑related genes in Schwann cells 
induced by LPS were increased compared with in the control 
group. In conclusion, an NP‑related pyroptosis gene signature 
was constructed based on four pyroptosis‑related genes and 
it was found that the expression of pyroptosis‑related genes 
was upregulated in the early steps of the neuroinflammatory 
process in RSC96 cells.

Introduction

Neuropathic pain (NP) is pain caused by a somatosensory 
nerve system lesion or disease (1). A total of 6.9‑10% of the 
world's population suffers from NP (2). Patients experience 
NP even after the initial stimulus has been removed (3). Since 
there is currently no effective clinical intervention for NP, it 
has become a serious global health challenge (4). Risk factors 
for NP include diabetes, nerve compression, traumatic factors, 
oxidative stress, cancer and inflammation (5). However, to the 
best of our knowledge, the molecular mechanisms associated 
with NP remain unclear; therefore, there is an urgent need to 
better understand these mechanisms. Pyroptosis depends on 
caspase‑1 activation, is a unique mechanism of inflamma‑
tion that regulates cell death and has been associated with 
several chronic inflammatory diseases  (6,7). Gasdermin 
D (GSDMD) initiates the formation of pyroptosomes and 
caspase‑1‑mediated pyroptosis and forms membrane pores in 
the cell membrane to induce the release of pro‑inflammatory 
cytokines and cell death (8). The pathogenesis of NP mainly 
occurs as follows: After a lesion is formed in the peripheral 
nerve, glial cell activation produces several pro‑inflammatory 
mediators, resulting in an inflammatory response in the neural 
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tissue  (9,10). Inflammatory conditions, such as peripheral 
diabetic neuropathy, often cause the development of pyrop‑
tosis. However, to the best of our knowledge, only one study 
has investigated the role of pyroptosis in NP (11).

There are two types of cells in the peripheral nervous 
system, neurons and glial cells. Schwann cells are a type of 
glial cell (12). The role of Schwann cells in the peripheral 
nervous system is manifested in two ways: On the one hand, 
they physically support long axons, while on the other hand 
they release a variety of growth factors to nourish and form 
myelinated axons (13,14). After a lesion occurs in the peripheral 
nerve, Schwann cells undergo a phenotypical transformation 
into repair Schwann cells to promote nerve regeneration (15).

The present study aimed to identify NP‑related pyroptosis 
genes, 50 samples from patients with NP and healthy volun‑
teers were collected from the Gene Expression Omnibus 
(GEO) database and Weighted Gene Co‑expression Network 
Analysis (WGCNA) was used for the identification of 
NP‑related pyroptosis genes. Moreover, multivariate logistic 
regression was used to construct a pyroptosis‑related gene 
signature. The expression levels of pyroptosis‑related genes in 
lipopolysaccharide (LPS)‑induced Schwann cells were exam‑
ined by reverse transcription‑quantitative PCR (RT‑qPCR) and 
the cell death of LPS‑induced Schwann cells was determined 
through flow cytometry.

Materials and methods

Data source. A total of two peripheral blood gene expression 
microarray datasets (GSE124272 and GSE150408)  (16,17) 
for NP were obtained from the GEO database (https://www.
ncbi.nlm.nih.gov/geo/). GSE124272 and GSE150408 were 
based on the same platform, GPL211. GSE124272 consisted 
of 8 patients with NP and 8 healthy volunteers. GSE150408 
consisted of 17  patients with NP, 17 healthy volunteers 
and 17 treated patients. The 17 treated patients in the 
GSE150408 dataset were removed and then the GSE124272 
and GSE150408 datasets were merged while the ‘SVA’ 
package (version 3.44.0; http://www.bioconductor.org/pack‑
ages/release/bioc/html/sva.html) was used to remove batch 
effects from the merged datasets. Finally, a dataset containing 
25 healthy volunteers and 25 patients with NP was obtained. 
The relative logarithmic expression boxplots reflect the consis‑
tency of the merged data (Fig. S1. A training (n=31) and a test 
cohort (n=19) were randomly split (6:4 ratio) from the pooled 
dataset. The test cohort was generated to assess the predictive 
power and robustness of prognostic‑related risk models.

WGCNA. A gene co‑expression network was constructed using 
the ‘WGCNA’ R package [version 1.71; https://cran.r‑project.
org/web/packages/WGCNA/index.html)  (18)]. The height 
threshold cut‑off was set to 230 and all samples were included 
in the present analysis (Fig. 1A). To build a scale‑free network, 
β=8 (scale‑free, R2=0.9) was selected as the soft threshold. 
A weighted adjacency matrix was converted to a topological 
overlap matrix (TOM) to estimate network connectivity. The 
clustering tree structure of TOM was constructed using the 
hierarchical clustering method (18). The different colours 
of the cluster branches represent different gene modules. 
Finally, module membership (MM) and genetic significance 

(GS) were calculated to relate the modules to the clinical 
features (18,19).

Identification of pyroptosis‑related genes in NP. Gene 
ontology (GO) enrichment analysis of NP‑related module genes 
from the WGCNA was performed using the ‘clusterProfiler’ 
R package (version 4.4.4; http://www.bioconductor.org/pack‑
ages/release/bioc/html/clusterProfiler.html) and NP‑related 
module genes were overlapped with 49 pyroptosis‑related 
genes (Table SI) (20‑23). Venn diagrams were used to describe 
the details of gene overlap. Subsequently, the ‘ggplot’ R 
package (version 3.3.6; https://cran.r‑project.org/web/pack‑
ages/ggplot2/index.html) (24) was used to plot histograms of 
the differences in the expression levels of pyroptosis‑related 
module genes in healthy volunteers and patients with NP.

Construction and validation of pyroptosis‑related gene 
signature. Pyroptosis‑related module genes were included in 
univariate logistic regression using the ‘foreign’ R package 
(version  0.8‑83; https://cran.r‑project.org/web/packages/
foreign/index.html) and genes with P<0.05 were selected as 
prognosis‑related pyroptosis genes. Subsequently, least abso‑
lute shrinkage and selection operator (LASSO) regression was 
performed using the ‘glmnet’ R package (version 4.1‑4; https://
cran.r‑project.org/web/packages/glmnet/index.html), which 
compressed the regression coefficients to obtain a more 
refined model by including a penalty function (λ) in the regres‑
sion model. A stepwise regression method was then used to 
construct a multiple logistic regression model for genes with 
regression coefficients >0. The risk score of each sample 
was then calculated according to the regression coefficient 
obtained by LASSO regression: . The 
risk score for this model can be obtained from the following 
formula: Risk score=0.0519 x expression level of GSDMD + 
0.0848 x expression level of NAIP + 0.0214 x expression level 
of NLRC4 + 0.2080 x expression level of NLRP3 (25).

Patients were divided into the high‑ and low‑risk groups 
based on the median risk score. The receiver operating 
characteristic (ROC) curve generated using the ‘ROC’ R 
package (version 1.72.0; http://www.bioconductor.org/pack‑
ages/release/bioc/html/ROC.html) was used to evaluate the 
predictive ability of the regression model.

Nomogram construction and verification. Nomograms were 
established based on factors identified by multivariate logistic 
regression analysis using the ‘foreign’ R package and a calibra‑
tion curve was drawn to evaluate the accuracy of the multivariate 
logistic regression model. Multivariate logistic regression was 
evaluated by decision curve (DC) analysis using the ‘rmda’ 
R package (version 1.6; https://cran.r‑project.org/web/pack‑
ages/rmda/index.html), with a threshold probability of 0.1 for 
the DCs based on the incidence of the disease. Furthermore, 
the model was evaluated through the clinical impact curve (26).

Assessment of the level of immune cell infiltration in the 
high‑ and low‑risk groups. Based on the CIBERSORT 
(https://cibersortx.stanford.edu/) algorithm, the infiltration 
levels of immune cells in the high‑ and low‑risk groups were 
estimated. The proportions of 22 immune cells in the high 
and low‑risk groups were obtained using the CIBERSORT 
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algorithm. They were then visualized using the ‘ggplot2’ 
and ‘ggpubr’ packages (version 0.4.0; https://cran.r‑project.
org/web/packages/ggpubr/index.html).

Gene set enrichment analysis (GSEA). GSEA was performed 
using the expression matrix grouped by risk score on 
GSEA 4.2.1 software (Broad Institute of MIT and Harvard; 

Figure 1. WGCNA results. (A) Cluster dendrogram of clinical characteristics and data from 50 patients with NP and healthy controls. (B) Scale‑free fit 
index for soft‑thresholding powers. The soft‑thresholding power in the WGCNA was determined based on a scale‑free R2 (R2=0.90). The left panel presents 
the relationship between the soft‑threshold and scale‑free R2. The right panel presents the relationship between the soft‑threshold and mean connectivity. 
(C) Dendrogram of the differentially expressed genes clustered based on different metrics. Each branch in the figure represents one gene and each colour 
below represents one co‑expression module. (D) Heatmap of correlations between MEs and clinical characteristics of patients with NP. Each cell contains the 
correlation coefficient and P‑value. (E) GS score and MM scatter plot for genes in the light yellow module. (F) GS score and MM scatter plot for genes in the 
green module. WGCNA, Weighted Gene Co‑expression Network Analysis; MEs, module eigengenes; NP, neuropathic pain; GS, genetic significance; MM, 
module membership.
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http://www.gsea‑msigdb.org/gsea/index.jsp) and the reference 
gene set was selected as h.all.v7.5.1.symbols.gmt [Hallmarks]. 
The pathways were assessed using normalized P‑values 
(P<0.05) and enrichment scores.

Reagents. Evo M‑MLV RT‑PCR Kit, SYBR® Green Pro 
Taq HS Master Mixed qPCR Kit and RNase Free water 
(cat.  nos.  AG11602, AG11701  and AG11012, respectively) 
were acquired from Accureate Biology. LPS ELISA 
kit (cat.  no.  MM‑0647R1) was purchased from Lvye 
Biotechnology Co., Ltd. and LPS (cat.  no.  L2880) was 
purchased from MilliporeSigma. H&E (cat. no. GL1005) and 
toluidine blue (cat. no. GP1052) reagents were acquired from 
Wuhan Servicebio Technology Co., Ltd. The rabbit polyclonal 
S100 calcium‑binding protein β (S100β; cat. no. GB13359) 
(https://www.service‑bio.cn/goodsdetail?id=1185) antibodies 
were obtained from Wuhan Servicebio Technology Co., 
Ltd. and ionized calcium‑binding adapter molecule 1 (Iba‑1; 
cat.  no.  A5595) antibodies were obtained from Bimake 
Biotechnology Co., Ltd. A goat anti‑rabbit secondary antibody 
for immunohistochemistry (cat. no. G1213) was acquired from 
Wuhan Servicebio Technology Co., Ltd.

Animals. A total of 18 male Sprague Dawley rats weighing 
180‑230 g and aged 7‑8 weeks were acquired from Beijing 
Huafukang Biotechnology Co., Ltd. The rats were randomly 
divided into sham‑operated and chronic constriction injury 
(CCI) groups. Rats were housed in standard plastic cages 
at 24±1˚C and 50‑70% humidity. Rats were kept on a 12/12 h 
light‑dark cycle in the animal environment with free access 
to water and food. All animal experiments were conducted 
following the guidelines established by the National Academy 
of Sciences, the National Institutes of Health and the Institute 
of Laboratory Animal Resources (US). All experimental 
protocols were approved by the Animal Ethics Committee 
of Jinan University (Guangzhou, China; approval no. 
IACUC‑20200115‑04).

Sciatic nerve injury model and groups. Based on previous 
studies, CCI of the sciatic nerve was chosen as the disease 
model for NP (27,28). The right sciatic nerve of rats was exposed 
following an intraperitoneal injection of sodium pentobarbital 
(3%; 40 mg/kg) and it was ligated under a microscope using 
4.0 sutures (repeated four times at ~1 mm intervals). The rats 
in the sham group were not subjected to nerve ligation. To 
prevent infection, gentamicin (10 mg/ml) was injected into the 
right biceps femoris muscle. A total of 18 rats were random‑
ized into two groups, the CCI and the sham operation group. 
After 21 days, the rats were sacrificed by exsanguination after 
excessive anaesthesia (200 mg/kg sodium pentobarbital).

H&E and toluidine blue staining. Sciatic nerve tissues were 
fixed in 4% paraformaldehyde for 1 day at room tempera‑
ture, paraffin‑embedded, and sliced at a thickness of 3 µm. 
Sections were deparaffinized with xylene for 15 min at room 
temperature and rehydrated with 100, 90, 80 and 70% ethanol 
for 5 min at room temperature. After washing with PBS for 
5 min, the specimens were stained with H&E or toluidine blue 
for 5 min at room temperature, thereafter these were washed 
with water or incubated with glacial acetic acid, respectively. 

Images were observed by two different pathologists who were 
unaware of the experiment (BX53 fluorescence microscope; 
Olympus Corporation).

Immunohistochemistry and ELISA on the sciatic nerve model. 
The right sciatic nerve was fixed in 4% paraformaldehyde for 
24 h at room temperature, immersed in 20% (w/v) sucrose 
solution for 5 min at room temperature sectioned at a thick‑
ness of 9 µm and then incubated in sodium citrate antigen 
retrieval solution (1 mM EDTA; 1:1,000; pH=6) for 5 min at 
room temperature. Subsequently the tissue was blocked with 
3% BSA (cat. no. G5001; Wuhan Servicebio Technology Co., 
Ltd.) for 30 min at room temperature. The sections were then 
incubated with rabbit Iba1 (1:50) and S100β (1:500) antibodies 
overnight at 4˚C, followed by goat anti‑rabbit secondary anti‑
body (1:200) for 50 min at room temperature. The sections 
were rinsed with DAB developer solution and counterstained 
with hematoxylin for ~3 min. Finally, the sections were dehy‑
drated in an ascending alcohol series, cleared with xylene. and 
sealed. The slices were observed under an OLYMPUS fluores‑
cence microscope (BX53; Olympus Corporation). The mean 
density was calculated using Image‑Pro Plus software (Media 
Cybernetics, Inc.) and statistical analysis was performed.

The serum was centrifuged at 1,500 x g for 10 min at 4˚C 
and 600 µl of the supernatant was aspirated for the analysis 
of LPS levels via ELISA, according to the manufacturer's 
instructions.

Culture and treatment of Schwann cells. RSC96 cells, a spon‑
taneously immortalized rat Schwann cell line derived from the 
long‑term culture of rat primary Schwann cells, were purchased 
from the Shanghai Institute of Cell Biology. The cells were 
cultured in high glucose Dulbecco's modified Eagle's medium 
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal 
bovine serum (Shanghai Baisai Biotechnology Co., Ltd.) and 
antibiotics (penicillin and streptomycin; 1%) at 37˚C in a 5% 
CO2 humidified atmosphere. Cells were seeded in 6‑well 
dishes at a density of 1x106 per well and were then treated with 
LPS (10 µM/ml) in a 37˚C incubator for 24 h, whereas cells in 
the control group were left untreated.

Cell death assay. For the assessment of Schwann cell mortality, 
Annexin V‑Alexa fluor 647 and PI (cat.  no.  AP006‑100; 
Shanghai Yishan Biotechnology Co., Ltd.) staining was 
performed. LPS‑treated cells were harvested with trypsin, 
Briefly, 1x106 cells/ml were centrifuged at 350 x g for 10 min 
at 4˚C, the supernatant was discarded and 1 ml cold PBS was 
added and agitated gently to suspend the cells, prior to further 
centrifugation at 350 x g for 10 min at 4˚C. The supernatant 
was discarded, the cells were resuspended in 200 µl binding 
buffer, and incubated with 10 µl Annexin V‑Alexa fluor 647 
and PI at room temperature for 15 min. Finally, cells were 
analysed using a CytoFLEX flow cytometer and CytExpert 
2.3 (both from Beckman Coulter, Inc.). In the plots, quadrant 
(Q)4 shows surviving cells, Q2 and Q3 show dead cells, and 
Q1 show cell debris; Q2 and Q3 were used to assess apoptosis.

RNA extraction, cDNA synthesis and RT‑qPCR. Total RNA 
was extracted from the treated and untreated RSC96 cells using 
RNAiso Plus (Accureate Biology) and reverse‑transcribed to 
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cDNA using Evo M‑MLV RT‑PCR Kit (Accureate Biology). 
RT was performed at 37˚C for 15 min and 85˚C for 5 sec, 
according to the manufacturer's instructions. The following 
thermocycling conditions were used for qPCR: Initial dena‑
turation at 95˚C for 1 min; 40 cycles of 95˚C for 10 sec and 
60˚C for 30 sec. The mRNA levels were quantified using the 
2‑ΔΔCq method and normalized to the internal reference gene 
β‑actin (29). The primer pairs used for qPCR are listed in 
Table I.

Statistical analysis. Each experiment was repeated success‑
fully at least in triplicate. Statistical data are presented as the 
mean ± SEM. Group differences were analysed using either 
the Mann‑Whitney U test or a two‑tailed unpaired Student's 
t‑test. Odds ratios (ORs) and 95% CIs were calculated using 
logistic regression models. P<0.05 was considered to indi‑
cate a statistically significant difference. R 4.0.2 software 
(https://www.r‑project.org/) was used for data processing and 
statistical analysis.

Results

Construction of a WGCN. Firstly, the samples were clus‑
tered to assess them for significant outliers. Subsequently, 
the ‘WGCNA’ R package was used to construct the gene 
co‑expression network (Fig. 1B). A weighted adjacency matrix 
was converted to a TOM to estimate network connectivity. 
The hierarchical clustering method was used to construct the 
clustering tree structure of TOM. Cluster tree branches repre‑
sent different gene modules in different colours. Ultimately, 
a total of 87 modules were obtained (Fig. 1C). The GS and 
MM were then calculated to identify the association between 
modules and disease. The highest association with the disease 
was found in the light yellow (r=0.46) and green (r=0.44;) 
modules (Fig. 1D). Significant correlations between green and 
light yellow MM and GS are shown in Fig. 1E and F.

Functional enrichment analysis in modules of interest. The 
‘clusterProfiler’ R package was used to perform GO enrich‑
ment analysis for genes in the light yellow (Table SII) and green 
(Table SIII) modules. The genes in the light yellow module were 
not enriched for any molecular function and biological process 
but only enriched for cellular components (Table II), including 
the ‘cytoplasmic side of plasma membrane’, ‘cytoplasmic side 
of membrane’, ‘extrinsic component of membrane’, ‘secre‑
tory granule lumen’, ‘cytoplasmic vesicle lumen’, ‘vesicle 

lumen’ and ‘nuclear membrane’ (Fig. 2A). The results of GO 
enrichment analysis of the genes in the green module showed 
that their main biological functions focused on the immune 
response of neutrophils and the production of cytokines. 
Moreover, pyroptosis‑related genes were significantly enriched 
in ‘neutrophil‑mediated immunity’, ‘neutrophil activation’, 
‘neutrophil degranulation’, ‘neutrophil activation involved in 
immune response’ as well as ‘positive regulation of cytokine 
production’ (Fig. 2B; Table II). Since the enrichment analysis 
results for the genes in the yellow module were not very clear, 
these were not included in the subsequent analyses.

Overlapping NP‑related genes with pyroptosis‑related genes. 
WGCNA‑derived NP‑related module genes were overlapped 
with 51 pyroptosis‑related genes and six overlapping genes 
were obtained, namely pyroptosis‑related module genes, as 
shown in the Venn diagram (Fig. 2C). These genes included 
GSDMD, IL‑1β, neuronal apoptosis inhibitory protein 
(NAIP), NLR family CARD domain containing 4 (NLRC4), 
NLR family pyrin domain containing 3 (NLRP3) and Tet 
methylcytosine dioxygenase 2. The expression differences 
of these genes were examined between healthy controls 
and patients with NP and it was found that only GSDMD, 
NLRP3, NAIP and NLRC4 were upregulated in patients with 
NP (Fig. 2D).

Identification of genes in the pyroptosis‑related module and 
construction of risk scoring models. Based on the univariate 
logistic regression analysis of six module genes associated with 
pyroptosis, four genes closely associated with NP were identi‑
fied, namely GSDMD (P=0.034), NAIP (P=0.026), NLRC4 
(P=0.025) and NLRP3 (P=0.010). The OR for these four genes 
was >1 (Fig. 3A), suggesting that these genes were associated 
with an increased risk of disease. The LASSO algorithm was 
then used to compress the regression coefficients to eliminate 
multicollinearity among the four variables and prevent model 
overfitting. The optimal penalty parameter (λ=0.06013478) for 
the LASSO model was determined by 10‑fold cross‑validation 
(Fig. 3B and C). These four genes were then integrated into 
a multivariate logistic regression to construct a diagnostic 
pyroptosis‑related gene signature. Subsequently, patients with 
NP were divided into two distinct risk groups based on the 
median risk score: High risk (n=13) and low risk (n=12).

Validation of prognostic models. Predictive effects of 
pyroptosis‑related gene signatures were assessed using ROC 

Table I. Primer sequences used for reverse transcription‑quantitative PCR.

Gene	 Forward primer 	 Reverse primer

β‑actin	 5'‑CCTAGACTTCGAGCAAGAGA‑3'	 5'‑GGAAGGAAGGCTGGAAGA‑3'
Gasdermin D	 5'‑AGACATCGGGAGGATTTTAC‑3'	 5'‑GAGCACCAGACACTCAAGG‑3'
NLR family pyrin domain	 5'‑CTGTCTCACATCTGCGTGTT‑3'	 5'‑GTCTCCCAAGGCATTTTCT‑3'
containing 3
Caspase‑1	 5'‑TGAAAGACAAGCCCAAGGT‑3'	 5'‑GAAGAGCAGAAAGCAATAAAA‑3'
IL‑18	 5'‑CTGGCTGTGACCCTATCTG‑3'	 5'‑AAGCATCATCTTCCTTTTGG‑3'
IL‑1β	 5'‑AGGAGAGACAAGCAACGACA‑3'	 5'‑CTTTTCCATCTTCTTCTTTGGGTAT‑3'
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curves. The samples from patients with NP were randomly 
divided into the training and validation sets at a ratio of 6:43 
and then the ROC curves of the training set, validation set 
and of all samples were plotted. The results showed that the 
area under the curve of the training, validation and all sample 
sets was 0.755, 0.821 and 0.746, respectively (Fig. 3D‑F), 
which showed that the model had a satisfactory prediction 
performance.

Construction of nomogram model. To facilitate the use of 
selected pyroptosis‑related module genes (GSDMD, NLRP3, 

NAIP and NLRC4) by clinicians for the diagnosis of NP, 
OR values of pyroptosis‑related module genes are shown in 
Fig. 4A. a nomogram model was constructed (Fig. 4B). The 
calibration curve showed that the positive rate of the nomo‑
gram model in diagnosing NP was consistent with the actual 
positive rate (Fig. 4C). Although the DC showed that there was 
not much difference in the net benefit of the model constructed 
by a single gene and the model constructed by the overall four 
genes (Fig. 4D), the clinical impact curve analysis showed that 
the diagnostic ability of the model constructed by the overall 
four genes was relatively high (Fig. 4E).

Table II. Gene Ontology enrichment analysis of light yellow and green module genes.

Module	 Term	 ID	 Description	 P‑value

Light yellow	 CC	 GO:0009898	 Cytoplasmic side of plasma membrane	 1.03x10‑5

Light yellow	 CC	 GO:0098562	 Cytoplasmic side of the membrane	 2.51x10‑5

Light yellow	 CC	 GO:0031234	 Extrinsic component of cytoplasmic side of plasma membrane	 1.43x10‑4

Light yellow	 CC	 GO:0019897	 Extrinsic component of plasma membrane	 1.22x10‑3

Light yellow	 CC	 GO:0019898	 Extrinsic component of membrane	 1.39x10‑3

Light yellow	 CC	 GO:0005834	 Heterotrimeric G‑protein complex	 1.39x10‑3

Light yellow	 CC	 GO:1905360	 GTPase complex	 1.39x10‑3

Green	 BP	 GO:0002446	 Neutrophil‑mediated immunity	 6.46x10‑33

Green	 BP	 GO:0042119	 Neutrophil activation	 6.46x10‑33

Green	 BP	 GO:0043312	 Neutrophil degranulation	 1.38x10‑32

Green	 BP	 GO:0002283	 Neutrophil activation involved in immune response	 1.71x10‑32

Green	 BP	 GO:0001819	 Positive regulation of cytokine production	 1.83x10‑8

Green	 BP	 GO:0032675	 Regulation of interleukin‑6 production	 6.71x10‑6

Green	 BP	 GO:0032635	 Interleukin‑6 production	 9.51x10‑6

Green	 BP	 GO:0032680	 Regulation of tumour necrosis factor production	 2.94x10‑5

Green	 BP	 GO:0032640	 Tumour necrosis factor production	 3.30x10‑5

Green	 BP	 GO:1903555	 Regulation of tumour necrosis factor superfamily cytokine production	 3.74x10‑5

Green	 BP	 GO:0071706	 Tumour necrosis factor superfamily cytokine production	 4.77x10‑5

Green	 BP	 GO:1901653	 Cellular response to peptide	 6.55x10‑5

Green	 BP	 GO:0042326	 Negative regulation of phosphorylation	 1.63x10‑4

Green	 BP	 GO:0002755	 Myd88‑dependent toll‑like receptor signalling pathway	 1.63x10‑4

Green	 MF	 GO:0051213	 Dioxygenase activity	 1.49x10‑3

Green	 MF	 GO:0038187	 Pattern recognition receptor activity	 3.30x10‑3

Green	 MF	 GO:0003953	 NAD+ nucleosidase activity	 3.30x10‑3

Green	 MF	 GO:0050135	 NAD(P)+ nucleosidase activity	 3.30x10‑3

Green	 MF	 GO:0061809	 NAD+ nucleosidase, cyclic ADP‑ribose generating	 3.30x10‑3

Green	 MF	 GO:0140375	 Immune receptor activity	 3.36x10‑3

Green	 CC	 GO:0030667	 Secretory granule membrane	 3.88x10‑16

Green	 CC	 GO:0070820	 Tertiary granule	 3.58x10‑15

Green	 CC	 GO:0042581	 Specific granule	 5.43x10‑14

Green	 CC	 GO:0101002	 Ficolin‑1‑rich granule	 1.05x10‑13

Green	 CC	 GO:0070821	 Tertiary granule membrane	 2.25x10‑08

Green	 CC	 GO:0035579	 Specific granule membrane	 1.26x10‑07

Green	 CC	 GO:0034774	 Secretory granule lumen	 2.63x10‑07

Green	 CC	 GO:0060205	 Cytoplasmic vesicle lumen	 3.23x10‑07

Green	 CC	 GO:0031983	 Vesicle lumen	 3.38x10‑07

Green	 CC	 GO:0101003	 Ficolin‑1‑rich granule membrane	 3.66x10‑07

CC, cellular component; BP, biological process; MF, molecular function.
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Immune cell infiltration levels and GSEA in the high‑ and 
low‑risk groups. The differences in the level of immune cell 
infiltration between the high‑ and low‑risk groups were further 
studied and it was found that there were higher infiltration 
levels of macrophages, central memory CD8 T cells, and acti‑
vated dendritic cells in the high‑risk group compared with in 
the low‑risk group (Fig. 5A and B). The GSEA results (Fig. 5C) 
showed that ‘IL‑6_JAK_STAT3 signaling’, ‘inflammatory 
response’, ‘interferon‑α response’, ‘interferon‑γ response’, 
‘mitotic spindle’, ‘Notch signaling’, ‘TGF‑β signaling’ and 
other signaling pathways were upregulated in the high‑risk 
group, and these signaling pathways were associated with 
inflammation and non‑specific immune response.

H&E staining, toluidine blue staining, immunohistochemical 
analysis and ELISA on the sciatic nerve injury model. To 
further explore the role of pyroptosis in NP, a CCI model was 
generated. On day 21, sciatic nerve tissue was visualized both 
through H&E and toluidine blue staining. Infiltration of inflam‑
matory cells in the CCI model group was observed following 
H&E staining (Fig. 6A). Following toluidine blue staining, a 
normal neurological outcome could be observed in the sham 
group, while destruction of the normal neurological outcome 
and the disappearance of myelin sheath could be observed in 
the CCI model group (Fig. 6B). S100β is a Ca2+ binding protein 
present in glial cells, mainly in Schwann cells and satellite 
glial cells in peripheral nerves (30). Immunohistochemical 

Figure 2. Identification and analysis of key module and pyroptosis‑related module genes. (A) GO analysis of light yellow module. (B) GO analysis of green 
module (biological processes marked in red are the most enriched in pyroptosis signatures). (C) Venn diagram of the intersection of 51 pyroptotic genes with 
genes in the green module. (D) Differences in the expression levels of pyroptosis‑related module genes and genes of the classical pyroptosis pathway between 
healthy individuals and patients with neuropathic pain. *P<0.05 and **P<0.01. GO, gene ontology; GSDMD, gasdermin D; NAIP, neuronal apoptosis inhibitory 
protein; NLRC4, NLR family CARD domain containing 4; NLRP3, NLR family pyrin domain containing 3; CASP1, caspase‑1; TET2, Tet methylcytosine 
dioxygenase 2.
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analysis showed that in normal sciatic nerves, S100β was 
mainly distributed in the myelin sheath, while the level of 
S100β in the CCI model group was significantly lower than 
that in the sham operation group (Fig. 6C). Iba‑1 is expressed 
by cells of the microglia/macrophage lineage and Iba‑1 expres‑
sion is increased in activated microglia (31). The results of the 
CIBERSORT analysis showed that macrophages had higher 
infiltration levels in the high‑risk group, while the immunohis‑
tochemical analysis showed that the level of Iba‑1 in the CCI 
model group was significantly higher than that in the control 
group (Fig. 6D).

LPS‑induced pyroptosis in Schwann cells. Toluidine blue 
staining showed that the sciatic nerve in the CCI model group 
was demyelinated, the integrity of its myelin sheath was 
destroyed and decreased expression of S100β was observed 
in the CCI model, suggesting that the role of pyroptosis in NP 
may be related to Schwann cell pyroptosis. Therefore, further 
cell experiments were performed to examine the pyroptosis 
of RSC96 Schwann cells. Flow cytometry showed that LPS 
induced RSC96 cell death (Fig. 7A). The expression levels 
of pyroptosis‑related genes in RSC96 cells induced by LPS 
were detected using RT‑qPCR and it was found that GSDMD, 
NLRP3, caspase‑1, IL‑1 and IL‑18 has a higher mRNA expres‑
sion level in LPS‑induced RSC96 cells compared with in the 
control group (Fig. 7B). Consistently, the serum levels of LPS, 

an inflammatory factor, were significantly increased in the 
CCI group compared with the Sham group (Fig. 7C).

Discussion

The present study identified NP‑related pyroptosis genes 
through bioinformatic analysis and found that Schwann cell 
pyroptosis occurs during neuroinflammation. The major 
findings were as follows: i) A total of four pyroptosis‑related 
genes (GSDMD, NLRP3, NAIP and NLRC4) increase the 
risk of NP; ii)  a four‑gene risk signature was developed; 
iii) macrophages exhibit higher infiltration levels in high‑risk 
patients with NP compared with low‑risk patients; and 
iv) Schwann cells undergo pyroptosis in a neuroinflamma‑
tory environment.

Inflammation due to intracellular or extracellular stimuli, 
such as viruses, toxins and bacteria, can lead to the develop‑
ment of pyroptosis. Pyroptosis is a type of programmed cell 
death during which GSDMD forms membranous pores in the 
cell membrane (32). When the body is stimulated by external 
factors causing damage, the inflammasome assembles and 
activates caspase‑1 which cleaves and thereafter activates 
GSDMD. Activated GSDMD is then translocated to the 
membrane to form a pore, releasing mature IL‑1β and IL‑18 
and causing cell swelling and cytoplasmic efflux, eventu‑
ally leading to cell membrane rupture and pyroptosis (33). 

Figure 3. Construction of a diagnostic pyroptosis‑related gene signature. (A) Forest plot of univariate logistic regression analysis of NPs for each pyrop‑
tosis‑related module gene. (B) Distribution of LASSO coefficients of four pyroptosis‑related module genes. (C) The 10‑fold cross‑validation for variable 
selection in LASSO models. Receiver operating characteristic curves of the (D) entire, (E) training and (F) test cohorts. NP, neuropathic pain; LASSO, least 
absolute shrinkage and selection operator; AUC, area under the curve; GSDMD, gasdermin D; NAIP, neuronal apoptosis inhibitory protein; NLRC4, NLR 
family CARD domain containing 4; NLRP3, NLR family pyrin domain containing 3; TET2, Tet methylcytosine dioxygenase 2; OR, odds ratio.
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Numerous studies have demonstrated that NLRPs, including 
NLRC4, NLRP1, NLRP3, NLRP7 and NLRP12 and other 
inflammasomes, are involved in the onset and development of 
NP (34,35). Earlier studies have shown that the activation of the 
NLRP3 inflammasome contributes to mechanical allodynia in 
lumbar disc hernia, painful neuropathy caused by bortezomib 
and type 2 diabetic neuropathy (36‑38), demonstrating that 
pyroptosis is essential to the development of NP.

The four genes (GSDMD, NLRP3, NAIP and NLRC4) 
were included in a nomogram model. The NLRP3 inflamma‑
some consists of three parts, caspase‑1, the adaptor protein 
apoptosis‑associated speck‑like protein with caspase activa‑
tion and recruitment domain, as well as the receptor protein 
NLRP3 (39). The activation of the NLRP3 inflammasome is 
different from that of other inflammasomes. In addition to its 
activation by toxins, adenosine 5'‑triphosphate or LPS (40), 

Figure 4. Construction of nomogram. (A) Forest plot of multivariate logistic regression analysis of four pyroptosis‑related module genes. (B) Construction of 
nomogram based on selected pyroptosis‑related module genes (GSDMD, NAIP, NLRC4 and NLRP3). (C) Calibration curve showing the diagnostic capability 
of the nomogram model. (D) Decision curves of the logistic regression model composed of a single or four pyroptosis‑related module genes. (E) Clinical impact 
curve shows that the difference between the predicted positive rate and the true positive rate of nomogram mode was very small, indicating that nomogram 
mode can effectively predict the occurrence of neuropathic pain.
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the activation of NLRP3 requires several molecular and 
cellular events as triggers, including reactive oxygen species, 
release of mitochondrial function barriers, K+ efflux and Ca2+ 
signaling (41‑45). Following peripheral nerve injury, inflam‑
matory mediators are released from infiltrating immune 
cells and exert their influence on receptors and ion channels 
present in nociceptors through multiple second messenger 
pathways. Inflammation‑induced peripheral nerve sensiti‑
zation (46) results in post‑translational modification of ion 
channels, leading to changes in their kinetics and activation 
thresholds (47). This results in the increased sensitivity and 
excitability of nociceptor terminals (48) ultimately mediating 
Ca2+ influx, which leads to the activation of the NLRP3 
inflammasome (45,49). Moreover, NAIP proteins recognize 

microbial pathogens and then recruit NLRC4 proteins to the 
inflammasome (50). Several studies have shown that, in the 
development of sterile neuroinflammation, the expression 
level of NLRC4 is increased in astrocytes and microglia 
and that NLRC4 and NLRP3 act synergistically to induce 
neuronal cell death  (48). As a key protein in mediating 
pyroptosis, GSDMD can be cleaved by activated caspase‑1 
to form two fragments, one consisting an active N‑terminal 
kinase (GSDMD‑NT) and the other a C‑terminal kinase (51). 
In addition, GSDMD‑NT causes cell membrane perfora‑
tion and programmed cell death, prompting cells to release 
a series of inflammatory factors  (52). GSDMD‑NT binds 
to cell membrane components, such as phosphatidylserine, 
phosphatidylinositol and phosphatidic acid, and oligomerizes 

Figure 5. GSEA and immune infiltration analysis in the high‑ and low‑risk groups. (A) Heatmap of ssGSEA scores for 42 immune cell types in high‑ and 
low‑risk groups. (B) Boxplot of ssGSEA scores between high‑risk and low‑risk groups, the results of which show that activated dendritic cells, central memory 
CD8 T cells and macrophages exhibited higher ssGSEA scores in the high‑risk group. *P<0.05 and **P<0.01. (C) GSEA results of the high‑risk and low‑risk 
groups. GSEA, gene set enrichment analysis; ssGSEA, single‑sample GSEA.
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to form a pore with a diameter of 10‑15  nm in the cell 
membrane.

Peripheral nerve damage triggers the degradation of 
axons, leading to Wallerian degeneration (53), which leads to 
the dedifferentiation of Schwann cells and their separation 
from axons. Schwann cells can then respond to peripheral 
nerve injury through adaptive intracellular reprogramming, 
resulting in cells specialized in neural repair  (54). These 
repairing Schwann cells produce neurotrophic factors to help 

neurons repair, and subsequently proliferate and migrate 
to form ‘Büngner bands’ that promote axonal growth (55). 
In response to nerve injury, cytokines, such as TNF‑α, IL‑1 
and IL‑6D, are produced and released by activated Schwann 
cells to recruit immune cells, contributing to axonal injury 
and enhancing nociceptor activity (56). In addition, activated 
Schwann cells secrete chemokines to induce macrophages to 
infiltrate the lesion and induce allodynia by activating transient 
receptor potential cation channel subfamily A member 1 on 

Figure 6. H&E, toluidine blue staining and immunohistochemistry. (A) H&E staining of the sham‑operated (left image) (blue arrows indicate intact nerve 
myelin structures) and CCI (right image) groups (red arrows indicate inflammatory cells). (B) Toluidine blue staining of the sham‑operated (left image) and 
CCI (right image) groups. Immunohistochemistry for (C) S100β and (D) Iba‑1. Iba‑1, ionized calcium‑binding adapter molecule 1; CCI, chronic contraction 
injury; S100β, S100 calcium‑binding protein β. *P<0.05 and **P<0.01.
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nociceptors (57). The present ELISA results showed that the 
serum LPS level in the CCI model was increased compared 
with that in the sham group, so it was speculated that in the 
inflammatory environment, the pyroptosis of Schwann cells 
could inhibit the repair of neurons. Finally, it was found 
that LPS‑induced RSC96 cells had higher expression levels 
of pyroptosis‑related genes and higher rates of pyroptosis 
compared with those in the control group.

The present study aimed to classify patients with NP, 
discover NP‑related genes, develop predictive models and 
establish a link between pyroptosis and patient outcomes. 
In conclusion, an NP‑related pyroptosis gene signature was 
constructed based on four pyroptosis‑related genes and it was 
determined that the expression of pyroptosis‑related genes was 
upregulated during the beginning of the neuroinflammatory 
process in RSC96 cells.

There are certain shortcomings in the present study. The 
pyroptosis signature that was constructed in the present study 
would require external validation. However, to the best of our 
knowledge, there are few data on NP and there are no suit‑
able datasets for external validation. In addition, the small 
number of rat samples was insufficient to measure the expres‑
sion levels of these pyroptosis‑related genes. Moreover, the 
present study did not investigate the LPS‑induced secretion 

levels of neurotrophic factors in Schwann cells, such as nerve 
growth factor, brain‑derived neurotrophic factor, neurotrophin 
(NT)‑3, NT‑4/5 and glial cell line‑derived neurotrophic factor, 
therefore the relationship between pyroptosis and neurotrophic 
factor secretion cannot be fully explained. Furthermore, only 
RSC96 Schwann cells were used for validation and blood 
samples from clinical patients were not obtained. In the future, 
blood samples from clinical patients may be collected for 
further validation.
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