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Background: Neuropathic pain (NP) caused by a lesion or disease of the somatosensory nervous system is a common chronic pain
condition that has a major impact on quality of life. However, NP pathogenesis remains unclear. The purpose of this study was to
identify differentially expressed genes (DEGs) and specific and meaningful gene targets for the diagnosis and treatment of NP.
Methods: Data from rat spinal nerve ligations and the sham group were downloaded from the Gene Expression Omnibus (GEO)
database. Based on the single-sample gene set enrichment analysis (ssSGSEA) method, 29 immune gene sets were identified in each
sample, and these samples were correlated with the immune infiltration phenotype. LASSO regression modeling was used to screen
key genes to identify diagnostic gene markers. According to GSEA and GSVA, NP is concentrated in a large number of immune-
related pathways and genes. Additionally, we used the DGIdb database and correlation test to construct gene-drug and transcription
factor interaction networks for differentially expressed genes relevant to NP-related ferroptosis. We used WGCNA to identify gene co-
expression modules of NP, and explored the relationship between gene networks and phenotypes. Finally, we crossed core genes with
diagnostic markers and analyzed gene correlation with molecular subtypes and immune cells.

Results: We identified 224 DEGs, including 191 upregulated genes and 33 downregulated genes. APC co-stimulation, CCR, cytolytic
activity, humid-promoting, neutrophils, NK cells, and RGS4, CXCL2, DRD4 and other 7 genes related to ferroptosis were involved in
NP development. Key genes of RGS4 and HIF—1 signaling pathway were screened.

Conclusion: This study contributes to our understanding of the neuroimmune mechanism of neuropathic pain, provides a reference
for NP biomarkers and drug targets. Ferroptosis may be the next research direction to explore NP mechanism.
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Introduction

Neuropathic pain (NP) is one of the most debilitating chronic pain syndromes worldwide. NP is chronic pain caused by
lesions or disorders of the somatosensory nervous system, manifesting as spontaneous pain, hyperalgesia, and abnormal
pain.' This disease is refractory and has a complex pathogenesis that affects the quality of life of many patients.
Currently, there is no effective method for relieving NP.? To develop treatments, it is important to identify targets and
their underlying disease-related mechanisms. However, the specific processes that lead to NP remain unclear.

One such process that can contribute to NP development and persistence is ferroptosis. The modes of cell death are mainly
divided into non-programmed death and programmed death. Non-programmed cell death is caused by the direct action of
physical and chemical factors and cannot be regulated, whereas programmed cell death can be regulated.® As a programmed
death, the most important feature of ferroptosis is the peroxidation of intact cell membrane lipids, which leads to the deposition
of lethal amounts of reactive oxygen species (ROS). This process is iron-dependent and be inhibited by iron chelatorsm.* Iron
is an important cofactor in neurons and other metabolically active cytokines. Mitochondrial function and axonal transport
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require the fine regulation of iron.>® Ferroptosis has a complex regulatory network, and the process of cell death is
accompanied by the accumulation of a large amount of iron ions.” Neuronal ion content is elevated during neuropathy, and
materials containing high iron ion content in the damaged nervous system may increase the risk of ferroptosis.® Previous
studies indicate that ferroptosis contributes to NP development, but therapeutic targets and diagnostic markers are
limited. Further research can identify more reliable therapeutic targets and diagnostic markers.

Recently, transcriptome sequencing technology combined with bioinformatics analysis has been widely used to
identify genetic changes, which helps to define the role of differentially expressed genes (DEGs) and functional pathways
involved in conditions such as NP.? In this study, we used bioinformatics to comprehensively analyze the gene expression
data of neuropathic pain models from the Gene Expression Omnibus (GEO) database. This study aimed to identify new
therapeutic targets and markers for the early diagnosis of NP, and to provide insights into the underlying pathological
mechanisms of neuropathic pain.

Materials and Methods
Data Acquisition

Gene expression profiling data of neurologic pain tissues were obtained from the Gene Expression Omnibus (GEO) database, '’
including GSE24982,"" GSE30691,'*!? and GSE89224."* The GSE24982 (GPL1355 [Rat230 2] Affymetrix Rat Genome 230
2.0 Array) dataset has 40 samples, including 20 spinal nerve ligation (SNL) simples, 20 sham control samples. The GSE30691
(GPL85 [RG _U34A] Affymetrix Rat Genome U34 Array) dataset contained 56 samples, including chronic contractile injury
(CCI), spinal cord nerve ligation (SNL, Ch) and sham controls (SH), There were 11 in the Ch group, 9 in the ChSH group. The
GSEg9224 (GPL6885 Illumina MouseRef-8 v2.0 expression beadchip) dataset included 40 samples. There were 7 samples in
sham group. There were three in groups: 8h, 16h, 24h, 48h, 72h, 5 days, 6 days, 7 days, and 8 days after dorsal root ganglion
injury, and two in dorsal root ganglion injury after 4, 9, and 10 days respectively (Table 1).

Analysis of Differentially Expressed Genes

We first used the ComBat function'® of the R software “sva” package, including data background adjustment, normal-
ization, merging, and further filtering, followed by differentially expressed genes screened by the ‘limma’ package'® for
NP and sham control groups. We set logFC>0.8'" for the upregulated and logFC<-0.8 for downregulated genes.

P value<0.05 was considered statistically significant.

GSEA and GSVA Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was used to assess gene distribution trends from a predefined gene set for
phenotype correlation to determine phenotype contribution.'® We obtained the “c2.kegg.v7.4. symbols” and “c5.go. The
v7.4. symbols” gene set from the MSigDB database.'® These two gene sets were separately used for GSEA in NP and
sham control groups by using the “clusterProfiler” R package,?® P-value <0.05 was considered statistically significant.'’
Gene Set Variation Analysis (GSVA), is a nonparametric unsupervised analysis method that is used to evaluate the
gene set enrichment results of the chip nuclear transcriptome. We mainly assessed whether different metabolic pathways
are enriched among different samples by transforming gene set expression matrices. We respond to the “c2.kegg.v7.4.
symbols” and “c5.go.The v7.4. symbols” gene set was analyzed for GSVA in neural pain and shams and for GSVA
enrichment analysis using the “GSVA” R package.?' This analysis was visualized using the “heatmap” package.

Table | Data Information Data Sheet

Data Control Treat
GSE24982 20 20
GSE30691 9 Il
GSE89224 7 3
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Analysis of Immune Infiltration and Immune Characterized Subtype Construction
Single Sample Gene Set Enrichment Analysis (ssGSEA) is a method that has been used in GSEA because it analyzes the gene

1.22 We assessed the immune infiltration level in

sets within one sample, We obtained 29 immune-related gene sets from He et a
each sample using the expression of immune cell-specific marker genes. The ssGSEA analysis was implemented using the
R program “GSVA” package. Immune infiltration analysis was performed on NP and sham control groups using the ‘limma’
package,'® which identified immune cells that are differentially enriched between NP and sham control groups. It also
calculated the Pearson correlation coefficient between gene expression levels and immune cells to assess any relationship
between genes and immune infiltration levels.

Based on the results of the ssGSEA algorithm, we used the “sparcl” package to perform NP and sham control group
clustering analysis, separating the samples by the immune content. To validate of this grouping, we performed principal
component analysis (PCA) of all genes expression levels, and the results were visualized by the “ggplot2” package. We also

determined the DEGs between 29 immune cells between different groups and visualized it by the “heatmap” package.

Bioinformatics Analysis of Differentially Expressed Ferroptosis-Related Genes

We intersected NP and sham control group, DEGs and ferroptosis-related genes to identify those that may play a role in
NP. We used the R packages, “clusterProfiler?° for GO functional annotation analysis and the “GOSemSim”* for
Friends analysis. Lastly, we used the DOSE package®* for the DO analysis of these potential target genes. P value<0.05
was considered statistically significant.

LASSO Algorithm for Diagnostic Markers and Model Validation
We performed LASSO regression analysis using the “glmnet” package® on the ferroptotic DEGs. The LASSO algorithm

reduces the high-latitude data dimensionality and explains data characteristics using a model with fewer variables.”® We
used ten-fold cross-validation to avoid overfitting the models to the training cohort constructs. Lastly, we validated the
model gene expression in the GSE89224 dataset and the experimental group at the 16 h.

WGCNA and Gene Enrichment Key Module Analysis

We constructed a weighted correlation network analysis (WGCNA) package”’ in the R program to determined their
clustering module® according to clinicopathological features and significantly different immune cells. Module char-
acteristic genes and clinicopathological features correlations were calculated to identify highly correlated modules. The
screening conditions were gene significance (GS) > 0.5 and module membership (MM) > 0.7.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a widely used for storing information about genomes,
biological pathways, diseases, and drugs.”’ We used the “clusterProfiler” R package'> for GO functional annotation
analysis and KEGG pathway enrichment analysis for module genes. The DOSE?® package was used to analyze the DO of
these target genes. P value < 0.05 was considered to be statistically significant.

Constructing a Diagnostic Marker Gene Interaction Network

To determine the relationships between diagnostic markers and proteins, drugs, transcription factors, and module genes,
we used FunRich (V 3.1.3) software to obtain diagnostic marker - protein interactions and visualized these in Cytoscape
(version 3.9.0).°**! We used the DGIdb to predict compounds or drugs with diagnostic marker interactions** (Drug-Gene
Interaction database, https://dgidb.org/). The Diagnostic marker genes and Transcription Factors (TFs) and module genes
were tested separately to obtain diagnostic marker - TFs relationship pairs and diagnostic marker-gene relationship pairs
with a correlation coefficient > 0.4 and p<0.05. An interaction network of diagnostic markers with drugs, TFs, and
module genes was also constructed in Cytoscape (version 3.9.0).

Construction of Molecular Subtypes Associated with Neuropathological Pain

We used the “hclust function” of the “sparcl” package in R program to cluster SNL and sham control DEGs, dividing
samples into different groups by the content of immune cells. To determine grouping validity, we performed PCA of all
genes expression levels, and visualized the results using the “ggplot2” package.
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Key Gene Identification and Corresponding Functional Analysis

We intersected the module signature genes in WGCNA with diagnostic genes to identify the key genes in NP. To
determine whether the key genes played a role in neuralgia through immune cell infiltration, we tested these genes with
the constructed immune characteristic subtypes and different levels of immune cell infiltration.

Statistical Analysis

All data calculations and statistical analyses were performed using the R program (https://www.r-project.org/, version

4.0.2). For comparison of two consecutive groups of continuous variables, statistical significance of normally distributed
variables was estimated by using the independent Student’s #-test, and differences between non-normally distributed
variables were analyzed using the Mann—Whitney U-test (i e, Wilcoxon rank sum test). All Student’s ¢-test were two-
sided, with P<0.05 and FDR<0.25 were considered statistically significant.

Results

Data Retrieval and Analysis Process
We prepared a graphical summary for the overall process used to identify key NP-related genes (Figure 1), and prepared
a table correlating these key genes with molecular subtypes and immune cells.

GEO database
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Figure | Flow chart. In this study, we compared the gene expression and immune infiltration characteristics in spinal nerve ligation and sham tissues. Predictive models and
interaction networks for module genes, small molecules, and transcription factors were constructed. Molecular subtype analysis to select diagnostic markers was performed.
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Differential Genes Between Spinal Nerve Ligation and Sham Tissues

To analyze the effect of gene expression values on the SNL tissues relative to the sham tissue, we first performed
differential gene expression analysis (Figure 2A and B) using the “limma” package on the integrated gene expression
matrix (Figure 2C and D). We identified 224 DEGs in the spinal nerve ligation and sham group comparisons, including
191 upregulated genes and 33 downregulated genes.

GSEA and GSVA

To identify functional differences between spinal nerve ligation and normal tissues, GSEA and GSVA enrichment analyses were
performed on both sample groups (Figure 3, Tables 2 and 3). The main biological processes enriched in SNL tissue included actin
filament organization, immune activation responses, biosynthesis, ATP metabolism, and axon development (Figure 3A and B).
The main KEGG pathways enriched in SNL tissues included those related to degenerative neurological diseases, cardiac muscle
contraction and oxidative phosphorylation (Figure 3C and D). The volcano plot of the GSVA GO pathway showed 8 upregulated
and 10 downregulated pathway with significant differences in the experimental group (Figure 3E). Based on GSVA enrichment
results, the main biological processes enriched in the SNL tissues, including platelet-derived growth factor receptor binding,
chemokine binding, regulation of neutrophil chemotaxis, peptidase activator activity, fibronectin binding, histone acetyltransfer-
ase binding, regulation of T helper 1 type immune response, and peptide cross-linking (Figure 3F). The volcano map of KEGG
pathway of the GSVA showed 9 pathways with significant differences, of which 5 were downregulated and 4 were upregulated in
the experimental group (Figure 3G). As before, immune and autoimmune responses were among the enriched pathways

(Figure 3H).
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Figure 2 Neuralgia expression matrix data integration and differential gene screening. (A) Global expression values of genes before correction for 2 GEO datasets. (B)
Global expression values of corrected genes in 2 GEO datasets. (C) Differentially expressed volcano map. Highly expressed genes are in red and low expressed genes are in
green. (D) Heatmap of differentially expressed genes.
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Table 2 GSEA Analysis
Description Enrichment Score NES p.Adjust
GOBP_ACTIN_FILAMENT_ORGANIZATION 0.334 1.834 0.013
GOBP_ACTIVATION_OF_IMMUNE_RESPONSE 0.335 1.890 0.013
GOBP_AMIDE_BIOSYNTHETIC_PROCESS 0.369 2.139 0.013
GOBP_ATP_METABOLIC_PROCESS 0.396 2.172 0.013
GOBP_AXON_DEVELOPMENT 0.319 1.845 0.013
GOBP_BIOLOGICAL_PROCESS_INVOLVED_IN_SYMBIOTIC_INTERACTION 0.343 2.065 0.013
GOBP_CELL_ACTIVATION 0.247 1.525 0.013
GOBP_CELL_ACTIVATION_INVOLVED_IN_IMMUNE_RESPONSE 0.296 1.749 0.013
GOBP_CELL_CELL_SIGNALING_BY_WNT 0.347 1.963 0.013
GOBP_CELL_CYCLE 0.279 1.720 0.013
GOBP_CELL_CYCLE_PHASE_TRANSITION 0.394 2.232 0.013
GOBP_CELL_CYCLE_PROCESS 0.280 1.693 0.013
GOBP_CELL_MORPHOGENESIS 0.268 1.620 0.013
GOBP_CELL_MORPHOGENESIS_INVOLVED_IN_DIFFERENTIATION 0.275 1.626 0.013
GOBP_CELL_MORPHOGENESIS_INVOLVED_IN_NEURON_DIFFERENTIATION 0.291 1.693 0.013
GOBP_CELL_PART_MORPHOGENESIS 0.285 1.683 0.013
GOBP_CELL_PROJECTION_ORGANIZATION 0.256 1.575 0.013
GOBP_CELLULAR_AMIDE_METABOLIC_PROCESS 0.310 1.861 0.013
GOBP_CELLULAR_COMPONENT_DISASSEMBLY 0.292 1.661 0.013
GOBP_CELLULAR_COMPONENT_MORPHOGENESIS 0.259 1.549 0.013
GOBP_CELLULAR_MACROMOLECULE_CATABOLIC_PROCESS 0.396 2.361 0.013
GOBP_CELLULAR_PROTEIN_CATABOLIC_PROCESS 0.392 2.253 0013
GOBP_CELLULAR_PROTEIN_CONTAINING_COMPLEX_ASSEMBLY 0.371 2213 0.013
GOBP_CYTOSKELETON_ORGANIZATION 0.281 1.700 0.013
GOBP_G_PROTEIN_COUPLED_ GLUTAMATE_RECEPTOR_SIGNALING_PATHWAY ~0.565 -2.180 0.044
GOBP_POSITIVE_REGULATION_OF_KERATINOCYTE_PROLIFERATION —0.756 -2917 0.044
GOBP_RESPONSE_TO_DIETARY_EXCESS —0.606 —2.340 0.044
GOBP_NEUROTRANSMITTER_BIOSYNTHETIC_PROCESS —0.686 —2.798 0.046
GOBP_VITAMIN_D_METABOLIC_PROCESS -0.574 -2.341 0.046
KEGG_ALZHEIMERS_DISEASE 0.429 2.267 0.012
KEGG_HUNTINGTONS_DISEASE 0.498 2.555 0.012
KEGG_PARKINSONS_DISEASE 0.635 3.062 0.012
KEGG_OXIDATIVE_PHOSPHORYLATION 0.714 3.435 0.012
KEGG_CARDIAC_MUSCLE_CONTRACTION 0.505 2.361 0.012
KEGG_LYSOSOME 0.473 2214 0.012
KEGG_GLYCOLYSIS_ GLUCONEOGENESIS 0.500 2.145 0.012
KEGG_RIBOSOME 0.816 3.502 0.012
KEGG_VIBRIO_CHOLERAE_INFECTION 0.601 2.553 0.012
KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION 0.499 2.093 0.012
KEGG_PROTEASOME 0.713 2.992 0.012
KEGG_VASOPRESSIN_REGULATED_WATER_REABSORPTION 0.554 2.253 0.012
KEGG_CITRATE_CYCLE_TCA_CYCLE 0.625 2.349 0.012
KEGG_PATHOGENIC_ESCHERICHIA_COLI_INFECTION 0.473 1.910 0.022
KEGG_PROXIMAL_TUBULE_BICARBONATE_RECLAMATION 0.532 1.964 0.022
KEGG_PENTOSE_PHOSPHATE_PATHWAY 0.566 1.802 0.022
KEGG_OOCYTE_MEIOSIS 0.375 1.818 0.026
KEGG_FATTY_ACID_METABOLISM 0.422 1.812 0.041
KEGG_PYRUVATE_METABOLISM 0.444 1.794 0.041
KEGG_INSULIN_SIGNALING_PATHWAY 0318 1.647 0.041
KEGG_ASTHMA —0.700 —2.878 0.041
KEGG_RENIN_ANGIOTENSIN_SYSTEM —0.590 —2.229 0.041
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Table 2 (Continued).
Description Enrichment Score NES p-Adjust
KEGG_NEUROTROPHIN_SIGNALING_PATHWAY 0.328 1.657 0.045
KEGG_ALLOGRAFT_REJECTION —0.606 —2.983 0.046
KEGG_GRAFT_VERSUS_HOST_DISEASE -0.608 ~2.855 0.046
KEGG_INTESTINAL IMMUNE_NETWORK_FOR_IGA_PRODUCTION ~0.447 -2239 0.049
KEGG_GALACTOSE_METABOLISM 0516 1.688 0.049
KEGG_UBIQUITIN_MEDIATED_PROTEOLYSIS 0.396 1.740 0.049

Table 3 GSVA Analysis
ID logFC Adj.P.val
GO_HISTONE_ACETYLTRANSFERASE_BINDING —-0.35 4.90E-08
GO_PEPTIDASE_ACTIVATOR_ACTIVITY -0.34 7.90E-07
GO_PROTON_TRANSPORTING_TWO_SECTOR_ATPASE_ COMPLEX_CATALYTIC_DOMAIN 0.41 4.08E-06
GO_HYDROGEN_EXPORTING_ATPASE_ACTIVITY 0.34 4.62E-06
GO_GLUCOCORTICOID_METABOLIC_PROCESS 031 1.05E-05
GO_MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_|_BIOGENESIS 0.37 2.09E-05
GO_MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_ASSEMBLY 0.37 2.09E-05
GO_INTRACELLULAR_LIPID_TRANSPORT 0.33 2.75E-05
GO_FIBRONECTIN_BINDING -0.33 3.82E-05
GO_REGULATION_OF_NEUTROPHIL_CHEMOTAXIS —-0.30 4.18E-05
GO_PROTON_TRANSPORTING_TWO_SECTOR_ATPASE_COMPLEX 0.30 5.63E-05
GO_PLATELET_DERIVED_GROWTH_FACTOR_RECEPTOR_BINDING —-0.35 8.99E-05
GO_CHEMOKINE_BINDING -0.32 1.34E-04
GO_OXIDOREDUCTASE_ACTIVITY_ACTING_ON_NAD_P_H_QUINONE_OR_SIMILAR_COMPOUND_AS 0.32 2.94E-03
_ACCEPTOR
GO_NADH_DEHYDROGENASE_COMPLEX 0.32 5.20E-03
GO_PROTON_TRANSPORTING_ATP_SYNTHASE_COMPLEX 0.30 5.29E-03
GO_REGULATION_OF T_HELPER_|_TYPE_IMMUNE_RESPONSE -0.30 I.16E-02
GO_PEPTIDE_CROSS_LINKING -0.31 3.41E-02
KEGG_PATHOGENIC_ESCHERICHIA_COLI_INFECTION -0.27 4.32E-09
KEGG_PHOSPHATIDYLINOSITOL_SIGNALING_SYSTEM 0.21 3.10E-08
KEGG_FRUCTOSE_AND_MANNOSE_METABOLISM 0.29 2.21E-07
KEGG_PROXIMAL_TUBULE_BICARBONATE_RECLAMATION 0.24 7.61E-06
KEGG_SPLICEOSOME -0.22 8.1 1E-05
KEGG_PENTOSE_PHOSPHATE_PATHWAY 0.21 8.13E-05
KEGG_OXIDATIVE_PHOSPHORYLATION 0.25 1.36E-04
KEGG_DRUG_METABOLISM_OTHER_ENZYMES —-0.23 4.13E-04
KEGG_SYSTEMIC_LUPUS_ERYTHEMATOSUS —-0.21 1.22E-03

Analysis of Immune Cell Infiltration

To analyze the variability in immune infiltration between SNL and sham control tissues, we calculated 29 immune cells

infiltration levels in both tissues using ssGSEA. Correlation analysis indicated that CCR was strongly associated with

most immune cells (Figure 4A). Immune-related pathways and 14 immune cells varied significantly in the SNL and sham

tissues (Figure 4B and C), including APC co-stimulation, CCR, Cytolytic activity, Inflammation-promoting, Neutrophils,
NK cells, Parainflammation, T helper cells, Tth, Thl cells, Th2 cells, TIL, T cells regulatory (Tregs) and Type II IFN

response cells (p<0.001). These 8 immune cells were used for subsequent analysis.
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Figure 4 Analysis of immune cell infiltration. (A) Correlation of 29 immune cell infiltrations in spinal nerve ligation and sham tissues. Yellow is a negative correlation, green
is a positive correlation. (B and C) Differential analysis of 29 immune cells infiltrations between spinal nerve ligation and sham tissues. *p <0.05, **p <0.01, ***p <0.001.

Identifying Key Tissue Immune Characteristics

We performed hierarchical clustering of the SNL and sham tissues using the expression of 29 immune cell gene sets. PCA
showed higher separation quality (Figure 5B) by dividing all samples into two different subtypes (1: n=38; 2: n=22,
Figure 5A). Further differential analysis showed that APC co-stimulation, Cytolytic activity, Neutrophils, Type II IFN
response and Th2 cells were significantly differentially expressed across the different groups (p < 0.001) (Figure 5C and D).

Functional Enrichment Analysis of Differentially Expressed Genes Associated with

Ferroptosis

To examining the effect of ferroptosis genes on SNL tissues, we intersected ferroptosis genes with NP DEGs and
obtained seven ferroptosis-related genes (Figure 6A). Additionally, we performed functional enrichment analyses for
these genes (Figure 6B and C, Tables 4 and 5). The intersecting genes in Figure 6B were related to neurotransmitter
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Table 4 GO Enrichment Analysis of Differentially Expressed Ferroptosis Genes

Ontology ID Description p.Adjust

BP GO:0006801 Superoxide metabolic process 0.009706662
BP GO:0033555 Multicellular organismal response to stress 0.009706662
BP GO:1903524 Positive regulation of blood circulation 0.009706662
BP GO:1905710 Positive regulation of membrane permeability 0.009122486
BP GO:0001505 Regulation of neurotransmitter levels 0.008401007
BP GO:0006584 Catecholamine metabolic process 0.007031109
BP GO:0009712 Catechol-containing compound metabolic process 0.007031109
BP GO:0042220 Response to cocaine 0.007031109
BP GO:0007212 Dopamine receptor signaling pathway 0.00589003
BP GO:0001504 Neurotransmitter uptake 0.00589003
BP GO:0014075 Response to amine 0.00589003
BP GO:0042417 Dopamine metabolic process 0.005554532
BP GO:0045823 Positive regulation of heart contraction 0.005554532
BP GO:0051580 Regulation of neurotransmitter uptake 0.004517636
BP GO:0019430 Removal of superoxide radicals 0.004517636
BP GO:0010460 Positive regulation of heart rate 0.004517636
BP GO:0071450 Cellular response to oxygen radical 0.004517636
BP GO:0071451 Cellular response to superoxide 0.004517636
BP GO:0000303 Response to superoxide 0.004517636
BP GO:0000305 Response to oxygen radical 0.004517636
BP GO:0001975 Response to amphetamine 0.004517636
BP GO:0036003 Positive regulation of transcription from RNA polymerase Il promoter in response to stress 0.004517636
BP GO:0097366 Response to bronchodilator 0.000476197
CcC GO:0005791 Rough endoplasmic reticulum 0.009127877

Table 5 DO Enrichment Analysis of Differentially Expressed
Ferroptosis Genes

ID Description p.Adjust
DOID:3312 Bipolar disorder 0.0213343%4
DOID:3324 Mood disorder 0.021334394

modulation and uptake levels. The intersecting genes in Figure 6C were linked to neurological disorders. According to
the Friends analysis, TP63, MT3, and RGS4 may play a greater role in the above pathways (Figure 6D).

Algorithms Predict Diagnostic Markers and Model Validation

Based on the DEGs associated with ferroptosis, we constructed an NP prediction model using LASSO regression and
expression of RGS4, CXCL2, DRD4, TP63, and GCH1 (Figure 7A and B). Validation of these five genes in the new GEO
dataset revealed that RGS4 and GCHI1 expression differed between the SNL and sham control groups (Figure 7C and F).

WGCNA Analysis and Module Enrichment Analysis

Based on the WGCNA analysis of the combined GEO dataset expression profiles, we calculated the correlation between
each module and clinical features and immune cells (Figure 8). Because the turquoise module significantly negatively
associated with CCR (—0.81), we selected this module for the next study (Figure 8A and B). In this module we selected
the genes in this module with a GS> 0.5 and MM> 0.7 for the enrichment analysis (Figure 8C).

GO analysis of the 150 module genes showed that the majority of pathways are related to nerves, neuroapoptosis and
positive regulation of neurogenesis (Figure 9A). The DO results showed that these genes were associated with bipolar

3338 https: Journal of Pain Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Bi et al

A 7 7 5 4 B 77777777655555544421 C
- con Eltreat
e — ! : Subtype & &
I < i 7 ns
8- 3 i
- g 3
[2] —
€ z ™ S 308
(0] A\ O -~ »
S ° [a} »
© ~ = o
T -, pd £ of 3 I 5
87 § | 0 £ 3.06
N ) @ ooy T, o
/ il ATt SH ; s =<
® / -------- {1t i o 304
(. o (T eees fasenett
~ < H
< !
g ‘ ; ‘ 1 3.02 —
- - - - _‘ i _ Z con rea
8 6 4 2 8 6 4 2 Subtype
Log Lambda Log(™)
D Subtype sacon e3treat E Subtype eacon estreat F Subtype B8con Estreat
3.07 ns . «
L, |
3.915
S 306 ‘ s 5
@ 2 3.275 7
o 3 @ 3.910]
5 3.05 8 o
5 g 5
(]
2 3.04 2 3250 < 3905
5 z ¢
3.03 %) 39001
3.225
802 3.895
con treat con treat con treat
Subtype Subtype Subtype

Figure 7 LASSO regression model construction screening and diagnostic marker screening. (A and B) Determine the best P value in the LASSO regression algorithm, screening
for diagnostic gene markers. (C-F) Expression validation of diagnostic markers in the new GEO dataset. Experimental group (yellow) and sham group (green). *p <0.05.

disorder and affective disorder (Figure 9B), which is consistent with the seven ferroptosis-related NP differential genes,
therefore we crossed the two gene sets to obtain RGS4. The KEGG results showed that the module genes were mostly
enriched in HIF-1 signaling pathway, neuroactive ligand receptor interaction, cAMP signaling pathway, and other
pathways (Figure 9C). We further analyzed the HIF-1 signaling pathway in detail (Figure 9D and E).

Interplay Network Construction

To verify the interactions of diagnostic proteins, drug small molecules and transcription factors, we constructed an
interplay network (Figure 10). Tp63 had the highest correlation among proteins selected, RGS4 and GCH1 had the
highest correlation with genes in the key module (Figure 10A and 1B), and RGS4 correlated with Cisplatin and
Mitoxantrone (Figure 10C and D). These results demonstrate that RGS4 can be used as a hub gene in this study.

Hub Genetic Analysis

To investigate hub gene functions in NP, we performed correlation analysis between the hub genes and the immune
microenvironment. RGS4 was significantly negative correlated (—0.79) with innate and acquired immune cell infiltration,
including macrophages and Tth. CCR was the second most negatively correlated hub gene (—0.63) (Figure 11).

To explore gene expression in SNL tissues, we performed hierarchical clustering of all samples using the significantly
expressed DEGs associated NP. Samples were divided into two different subtypes (A: n =55; B: n =5, Figure 12A), and
the PCA results showed a high separation quality (Figure 12B). Further differential analysis of the hub gene in Groups
A and B showed that RGS4 was significantly differentially expressed (P <0.001) (Figure 12C), from which we
hypothesized that RGS4 could be a key gene in neuralgia.

Discussion
NP is a type of refractory pain for which there are no effective treatment options. Therefore understanding the pathological and
molecular mechanisms of NP is essential for its clinical diagnosis and treatment. Molecular mechanisms of disease occurrence
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and development have been explored through microarray and bioinformatics analyses, that was allowed us to identify genetic

variations and identify potential diagnostic biomarkers. In the present study, a dataset of NP expression profiles was retrieved

from the GEO database. The ssGSEA method was used to identify the expression levels of the 29 immune gene sets in each

sample. We analyzed the immune infiltration phenotypes and related functions. In the new GEO dataset, LASSO regression
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A

Figure 10 Gene interaction network. (A) Diagnostic marker - protein interaction network. (B) Diagnostic marker - key module gene interaction network. (C) Diagnostic
marker - drug small molecule interaction network. (D) Diagnostic marker - transcription factor interaction network. Key genes (pink circles), key module genes (yellow-
green hexagons), small molecules (blue squares), transcription factors (green diamonds).

modeling was used to identify diagnostic markers by screening key genes. The DGIdb and correlation test were then used to
construct gene-drug and gene-transcription factor interaction networks for ferroptosis DEGs associated with NP. WGCNA
was used to identify gene modules co-expressed by neuralgia, and explore the association between gene networks, phenotype,
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and core genes. Finally, the key genes were derived from intersecting core genes and diagnostic markers. The correlation
between key genes, molecular subtypes and immune cells was analyzed. We found that ferroptosis may be critical in this
disease, but the mechanism and target have not been clarified.

GSEA and GSVA enrichment analyses were performed to understand the functional differences between the SNL
tissue and sham control tissue. The GSEA results showed that the GO-enriched biological processes in SNL tissues
included immune response activation, amide biosynthetic process, and ATP metabolic process. The major enriched
KEGG pathways included Alzheimer’s disease, cardiac muscle contraction, and Parkinson’s disease. GSVA results
showed that GO-enriched biological processes included platelet-derived growth factor receptor binding, chemokine
binding, regulation of Neutrophil chemotaxis, the major enriched KEGG pathways included drug metabolism other
pathos, pathogenic Escherichia coli infection, etc. Several gene programs involved in NP have been reported in recent
years. During noxious stimuli, inflammatory receptor activity, Na+/K+-ATPase activity, and actin filament organization
increase in the central nervous system, thereby contributing to neuroinflammation. ATP regulates glial activity by
modulating and activating P2X (ionic channels) and P2Y (metabolic import) receptors, and these ATP receptors act as
gatekeepers in neuropathic pain microglial signaling pathways.*®> Some experiments have found that NP caused by
peripheral nerve injury can reduce the size of myocardial infarction, heart disease can cause the perception of pain, and
body pain may also affect myocardial remodeling.**>> Furthermore, chronic pain can cause anxiety and depression in
rodents and humans, as well as cognitive impairment.*®>’

GSEA and GSVA showed that NP DEGs were concentrated in many immune-related pathways and genes. In recent years,
studies have identified that NP occurs because of the combined action of neurons, glial cells and a large number of immune
cell-mediated inflammatory cytokines and chemokines in the nervous systems.*® Therefore, the role in NP of neuro-associated
immune cells has received increasing attention. To further investigate the immune-related pathway genes identified, we
conducted immune infiltration analysis and constructed immune subtype signatures. Sensitization of injury receptors by the
immune system is achieved mainly through the complement system, immune cells, glial cells, cytokines and chemokines. For
example, macrophages are activated by chemokine and chemokine receptor-mediated aggregation, and release soluble
mediators enhances injury receptor sensitization. Monocytes are the first to invade the site of injury, producing acute
inflammation and releasing large amounts of pro-inflammatory cytokines that activate and attract other inflammatory cells.
T cells release both pro- and anti-inflammatory cytokines, and the balance of these releasing anti-inflammatory and pro-
inflammatory cytokines plays an important role in peripheral receptor sensitization.>

However, the interaction between various components of neuroimmunity is extremely complex, including neuropro-
tective factors, such as Th2 cell anti-inflammatory cytokines, etc. There are also nerve damaging factors such as
macrophages, neutrophils, Thl cells and glial cells, which further release pro-inflammatory mediators such as the
complement protein prostaglandin, which ultimately leads to persistent pain.***? Future research and treatment of
immunology involved in pain signal transduction pathways should focus on immune cells and inflammatory regulation.
Therefore, the immune system may be an ideal entry point for the NP treatment.

Ferroptosis is a type of cell death caused by the accumulation of iron-dependent lipid peroxidation products. It is
a regulated cell death mode along with apoptosis and programmed necrosis, and is involved in the occurrence and
development of many diseases, such as stroke, neurodegenerative diseases, cancer, etc. Current studies showed that under
normal physiological conditions, intracellular antioxidants and intracellular ROS (reactive oxygen species) are dynamic
balance, but when mitochondria are damaged, the production of ROS is higher than the normal level, and endogenous
related antioxidants such as GSH are seriously consumed, which breaks the balance between the two, leading to
intracellular oxidative stress.*’ Oxidative stress can not only seriously damage tissues and cells, but also lead to highly
activated signaling pathways in cells mediated by growth factors and cytokines, thus leading to the occurrence of NP.
Oxidative stress may also lead to changes in the related structure and function of mitochondria, and aggravate the
occurrence of NP.** Wang and his colleagues found that ferroptosis is involved in the development of NP in male rats by
blocking neuron and astrocyte activation in the spinal dorsal horn.*> Guo suggests that the spinal ferroptosis-like cell
death was involved in the development of neuropathic pain resulted from peripheral nerve injury, and inhibition of
ferroptosis by liproxstatin-1 could alleviate mechanical and thermal hypersensitivities.*® LI found that sirtuin 2 (SIRT2)
achieves a neuroprotective pain by suppressing ferroptosis.*’ Several preclinical and clinical studies have shown that NP
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mechanisms are related to ferroptosis. Overall, this evidences suggest that the ferrotosin pathway to induce cell death
could be a key mechanism to NP.

Among the ferroptosis-related pathways, Friends analysis showed that TP63, MT3 and RGS4 may play more roles in
these pathways. Prediction models containing the expression of the five genes were constructed separately. These five
genes were validated in the new GEO dataset, and RGS4 and GCH1 were different in the SNL and sham groups. TP63,
a member of the TP53 family, has oncogenic effects activates various. TP53 downstream target genes, triggering cell
cycle arrest and apoptosis.*®*’ The TP53 family regulates NF-kB/REL expression, which in turn promotes proliferative
inflammation and the malignant phenotype of head and neck squamous carcinomas.’® Human metallothionein 3 (MT3),
which regulates metal homeostasis, is downregulated by at least 30% in the AD brain. Metal ion metabolism and MT3
deficiency may play a role in the pathogenesis of AD.”' Gene GCHI1 (GTP Cyclohydrolase 1) is associated with body
pain. GCH1 encodes GTP cyclohydrolase 1, which synthesizes BH4 (Tetrahydrobiopterin). BH4 regulates pain sensi-
tivity and persistence. In some diseases, gene polymorphisms of the GCH1 gene have been found to modulate pain
susceptibility.”*>> Regulator of G-protein signaling 4 (RGS4) is a potent G-protein-coupled receptor regulator, expressed
in brain neurocircuitry that mediates nociception, mood, and motivation.>* Aberrant RGS4 function has been linked to
severe human neurological disorders such as schizophrenia, Parkinson’s disease, and addiction.”>>’ RGS4 is expressed
in many structures involved in the transmission and maintenance of chronic pain, including the spinal cord’s dorsal horn,
the periaqueductal gray, the thalamus, and the basal ganglia.”®

By WGCNA method, most of the NP pathways were found to be associated with the nervous system, including
apoptosis, positive regulation of neurogenesis, etc. DO results showed that these genes were associated with affective
disorders and bipolar disorder, which is consistent with our ferroptosis-related DEGs screening results. Nociceptive pain
modulation is related to psychological and psychiatric conditions. Ettore Favaretto and his workmates found that pain
sensitivity is modulated by affective temperament through the study from the population-based CHRIS Affective Disorder
(CHRIS-AD).” Emma K and her colleagues found that common familial risk factors underlying back/neck pain with MDD,
whereas there was within-individual comorbidity of bipolar with back/neck pain.®® The previous literature shows that bipolar
disorder or affective disorders is related to NP. Therefore, exploring potential targets and mechanisms of neuralgia is helpful
for the diagnosis, occurrence and development of NP, bipolar disorder and affective disorders.

RGS4 was found to be associated with Cisplatin and Mitoxantrone through the gene-drug network interaction.
Cisplatin, a platinum compound, is a chemotherapeutic drug, which is widely used in lung cancer and testicular cancer by
inhibiting DNA synthesis and repair. Mitoxantrone is an anti-tumor antibiotic chemotherapy drug that changes RNA
replication by embedding RNA and prevents DNA synthesis by transcription. However, severe neuralgia is a major
complication of these drugs.®'®* Patients with severe chemotherapeutic neuralgia may even be suicidal.®® Therefore, the
discovery of new therapeutic agents for chemotherapy-induced NP is an urgent topic. We found that the hub gene RGS4
was significantly negatively correlated with the infiltration of innate and acquired immune cells such as CCR,
Macrophages, Parainflammation, and Tth. In the hierarchical clustering of expression of DEGs in neuropathic pain,
we found that significantly different RGS4 expression in different subgroups (p<0.001). Thus, we hypothesized that
RGS4 could be a key gene in neuropathic pain.

As the large number of data sets included, we tried to control variables as much as possible to study the common
information in these neuralgia data sets. The lack of using time node information for analysis is a limitation. In the future,
we will construct a mouse or rat neuralgia model at different time nodes. Additionally, to control for clinical variables,
this study focused on the results of the clinical predictive model in the SNL group VS sham group. CCI samples were not
included in the joint study with the SNL model, which is also the deficiency of our study. Second, even though the fact
that microarray based bioinformatic analysis is a powerful tool to understand disease mechanisms and identify potential
biomarkers. Further experimental validations of RGS4 are needed at the molecular, cellular, and organismal levels.

Conclusion
This study used public databases and rich bioinformatics analysis to identify ferroptosis involvement in the pathological
processes of NP. RGS4 may well promote the pathological occurrence or development caused by ferroptosis, such as
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immune response, which will help us further analyze the NP pathogenesis and provide a direction for NP therapies.
Additionally, we should study ferroptosis in more detail to assist in therapeutic efforts.
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