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Abstract

Background: Neuropathic pain (NP) is a refractory chronic pain condition that severely impairs quality of life, while currently available
treatments often provide insufficient relief. Emerging evidence indicates that neuroinflammation in the dorsal root ganglion (DRG) is
critically involved in the development and maintenance of NP; however, the molecular mechanisms responsible for this process remain to
be elucidated. The aim of this study was to identify and validate key genes involved in NP and to investigate their potential as therapeutic
targets. Methods: Integrated bioinformatic analyses were performed using multiple DRG transcriptomic datasets derived from a spared
nerve injury (SNI) model. Differential expression analysis and weighted gene co-expression network analysis were used to identify NP-
associated genes, followed by functional enrichment analyses. Experimental validation was subsequently conducted in an SNI mouse
model. Mechanical sensitivity and anxiety-like behaviors were assessed, and the expression of candidate genes in ipsilateral L4-L6 DRGs
was examined using quantitative reverse transcription quantitative polymerase chain reaction (RT-qPCR) and immunohistochemistry.
Results: Eight candidate genes associated with NP were identified through integrated bioinformatic analyses. Among these, serpin family
B member 2; plasminogen activator inhibitor-2, PAI-2 (Serpinb2) was consistently upregulated across datasets. The well-established pain-
related gene sodium voltage-gated channel alpha subunit 3 (Scn3a) was included as a reference. Serpinb2-associated gene networks were
primarily enriched in inflammatory and immune-related pathways. SNI mice developed significant mechanical allodynia and anxiety-
like behaviors. Consistent with these findings, Serpinb2 expression was significantly increased in DRG tissues at both the mRNA and
protein levels. Conclusions: Serpinb2 may represent a previously underappreciated molecule associated with DRG neuroinflammation
in NP and may serve as a potential target for further investigation.
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1. Introduction Current clinical management of NP mainly includes

Pain is regarded as a significant public health chal- pharmacological and non-pharmacological interventions.
lenge, second only to cardiovascular and cerebrovascular Pharmacological treatment mainly includes opioids, antide-
diseases and cancer in terms of its impact worldwide. Ney- ~ Pressants, ion channel-targeting agents, and non-steroidal
ropathic pain (NP), a chronic pain state that is difficult to  anti-inflammatory drugs, while non-pharmacological inter-
manage, results from damage or disease in the somatosen- ventions encompass exercise therapy, ultrasound therapy,

sory nervous system and is thought to comprise about 15— shock wave therapy, and pulsed radiofrequency treatment.
25% of chronic pain conditions worldwide [1]. Compared Although combined treatment strategies can provide partial
with other types of pain, NP is characterized by a prolonged symptom relief, their clinical utility is still limited by drug

disease course, poor therapeutic response, and a high rate dependence, restricted patient eligibility, and unsatisfactory
long-term outcomes [4]. Those limitations indicate the ur-

gent need to further elucidate the molecular basis of NP and

of recurrence. Its disease process is very complicated and
includes numerous interacting mechanisms, including pe-
ripheral and central sensitization, dysfunction of descend-  to identify novel therapeutic targets.
ing inhibitory pathways, ion channel abnormalities, activa-
tion of spinal glial cells, and neuroimmune inflammatory
responses. Owing to the multidimensional and heteroge-
neous nature of these mechanisms, a considerable propor-
tion of patients fail to achieve rapid and effective pain relief,
leading to a marked reduction in quality of life [2,3].

In recent years, with the emergence of the “whole ner-
vous system injury” concept [5,6], accumulating evidence
indicates that NP is not simply confined to pain within the
distribution of the injured nerve, but instead reflects a com-
plex pathological state accompanied by extensive structural
and functional alterations in both the peripheral and central
nervous systems. Within this framework, the dorsal root
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ganglion (DRG), which represents the first relay node for
peripheral sensory input before entry into the central ner-
vous system, is widely regarded as a key site involved in
both the onset and maintenance of NP [7].

Recent evidence has indicated that neuroinflamma-
tion within the DRG is not simply a passive consequence
of nerve injury, but rather an active driving force in pain
generation and chronification. In the initial phase after
nerve injury, inflammatory factors contribute to the sensi-
tization of DRG sensory neurons and promote the secre-
tion of signaling mediators such as adenosine triphosphate
(ATP), colony-stimulating factor 1 (CSF1), chemokines,
and proteolytic enzymes. These signals subsequently ac-
tivate spinal microglia and astrocytes, thereby amplifying
inflammatory cascades and enhancing neuronal excitability
[8,9]. In addition, several non-pharmacological analgesic
interventions, including electroacupuncture and pulsed ra-
diofrequency, have been reported to exert beneficial effects
partly through modulation of inflammatory responses in the
DRG or spinal dorsal horn [10]. Those findings further
support the view that inflammatory regulation within the
DRG constitutes an important mechanistic basis and poten-
tial therapeutic entry point for NP.

Extensive studies have established ion channels and
classical inflammatory mediators as major contributors to
NP [10,11,12]. In particular, voltage-gated sodium chan-
nels encoded by sodium voltage-gated channel alpha sub-
unit 9 (Scn9a) and sodium voltage-gated channel alpha sub-
unit 10 (Scni0a), corresponding to Nav1.7 and Navl.8, re-
spectively, are widely recognized as key determinants of
nociceptive transmission and chronic pain [13]. Never-
theless, the molecular landscape of NP is highly context-
dependent and may vary across injury paradigms, tissues,
and temporal stages [12]. Therefore, transcriptomic pro-
filing of DRG tissue may reveal not only canonical pain-
related molecules, but also additional channel subtypes
and inflammation-associated genes that are preferentially
involved in specific pathological settings. In addition,
reliance on a single transcriptomic dataset for key gene
screening is susceptible to sample heterogeneity and tech-
nical noise, which may reduce the robustness and repro-
ducibility of candidate discovery.

To overcome these limitations, the present study inte-
grated multiple DRG transcriptomic datasets derived from
the spared nerve injury (SNI) model, including GSE24982,
GSE300691, and GSE63442. We systematically character-
ized the differential gene expression landscape under NP
conditions and identified reproducible molecules poten-
tially involved in disease initiation and maintenance.

By combining integrated bioinformatic screening with
molecular and histological validation, this study was de-
signed to identify reproducible DRG-associated molecular
alterations in NP and to further characterize the expression
pattern and potential significance of serpin family B mem-
ber 2; plasminogen activator inhibitor-2, PAI-2 (Serpinb2)

in the DRG under NP conditions. Our intention was to pro-
vide new evidence that links Serpinb2 to neuroimmune reg-
ulation and pain maintenance, and offer a novel perspec-
tive for understanding the molecular mechanisms underly-
ing NP.

2. Materials and Methods

2.1 Data Preprocessing and Identification of NP-Related
Key Genes

Three transcriptomic datasets related to NP, namely
GSE24982, GSE30691, and GSE63442, were retrieved
from the Gene Expression Omnibus (GEO) database (https:
//www.ncbi.nlm.nih.gov/geo/). All datasets were generated
from DRG tissues obtained from SNI models. Following
normalization and log, transformation, batch effects across
datasets were removed using the ComBat algorithm imple-
mented in the sva package version 3.52.0 in R (Bioconduc-
tor, Boston, MA, USA; https://bioconductor.org/packages/
sva/). Principal component analysis (PCA) was then ap-
plied to evaluate the integration quality. Differentially ex-
pressed genes were identified with the limma package (ver-
sion 3.23, https://bioconductor.org/packages/limma/) using
the criteria of |log, fold change (FC)| >0.6 and false discov-
ery rate (FDR) <0.05.

2.2 Construction and Identification of NP-Related
Co-Expression Modules by WGCNA

To identify co-expression modules significantly as-
sociated with NP, weighted gene co-expression network
analysis (WGCNA) was independently performed on the
GSE24982 and GSE63442 datasets. The top 5000 genes
ranked by variance were selected for analysis. An appropri-
ate soft-thresholding power (B) was determined according
to the scale-free topology criterion, after which a topolog-
ical overlap matrix was constructed. Gene modules were
identified by hierarchical clustering combined with the dy-
namic tree-cutting algorithm. Module eigengenes (MEs)
were then correlated with phenotypic traits (Control/NP),
and modules showing strong associations with NP were de-
fined as key modules.

2.3 Screening and Expression Validation of Key Genes

Genes from key WGCNA modules were overlapped
with the differentially expressed genes (DEGs) to identify
candidate hub genes. Gene expression differences between
the control and NP groups were visualized using violin plots
generated with the ggpubr package (version 0.6.3, https:
//cran.r-project.org/package=ggpubr) in R. Group compar-
isons were performed using the Wilcoxon rank-sum test,
and p < 0.05 was considered statistically significant.

2.4 Evaluation of the Diagnostic Capabilities of Essential
Genes via ROC Curve Analysis

A receiver operating characteristic (ROC) curve anal-
ysis was performed with the pROC R package (ver-
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sion 1.19.0.1, https://cran.r-project.org/package=pROC) to
evaluate how well key genes can distinguish NP samples
from control samples. The area under the curve (AUC),
along with the optimal cutoff value, sensitivity, and speci-
ficity, was computed. An AUC above 0.8 was considered
to reflect good diagnostic capability.

2.5 Co-Expression Pattern Analysis

Eight key genes with prominent performance in the
ROC analysis, including C-C motif chemokine receptor
5 (Ccr)), contactin-associated protein 1 (Cntnapl), DLG-
associated protein 3 (Dlgap3), high mobility group box
2 (Hmgb2), Locl02545839, defensin RatNP-3 precursor
(Ratnp-3b), Scn3a and Serpinb2, were selected as core
genes. Pearson correlation coefficients were calculated be-
tween these genes and all other genes. Co-expressed genes
meeting the criteria of |r] > 0.6 and p < 0.05 were retained,
and their expression patterns and clustering features were
visualized using heatmaps generated with the pheatmap R
package (version 1.0.13, https://cran.r-project.org/package
=pheatmap).

2.6 Correlation Analysis of Key Genes

The corrplot R package (version 0.95, https://cran.r-p
roject.org/package=corrplot) was used to calculate the cor-
relation matrix of the eight key genes and their co-expressed
genes. The screening thresholds were set at |r| > 0.6 and p
<0.05.

2.7 Gene Ontology (GO) Analysis for Functional
Enrichment

GO enrichment analysis was conducted for the eight
key genes and their co-expressed genes using the clus-
terProfiler package in R, encompassing the three princi-
pal GO domains: biological process (BP), cellular compo-
nent (CC), and molecular function (MF). Adjusted p values
were calculated using the Benjamini—-Hochberg method,
and p.adjust < 0.05 was considered statistically significant.

2.8 Analysis of Kyoto Encyclopedia of Genes and
Genomes (KEGG) Pathway Enrichment

The same gene set underwent KEGG pathway en-
richment analysis using the clusterProfiler R package (ver-
sion 3.23, https://bioconductor.org/packages/clusterProfile
1/), where p.adjust < 0.05 was regarded as statistically sig-
nificant.

2.9 Analysis of Gene Set Enrichment (GSEA)

To assess the potential regulatory relevance of the key
genes in NP, samples were classified into high- and low-
expression groups according to the expression of each of
the eight key genes. GSEA was performed using the clus-
terProfiler and enrichplot packages (version 3.23, https://bi
oconductor.org/packages/enrichplot/) with the KEGG gene
set (c2.cp.kegg.v7.5.1.symbols.gmt) as the reference. A to-
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tal of 1000 permutations were conducted, and significance
was defined as p.adjust < 0.05 and |[NES| >1.

2.10 Animals and Surgery

Male wild-type C57BL/6 mice (6—8 weeks old) were
purchased from Jiangsu Jicui Yaokang Biotechnology Co.,
Ltd (Nanjing, Jiangsu, China). Animals were housed in
groups of 5 per cage in individually ventilated cages (IVCs;
365 x 207 x 140 mm, length x width x height; floor area
~530 cm?) at the animal facility of The First Affiliated Hos-
pital of Nanchang University. Housing conditions were
controlled at 20-24 °C with 40-60% humidity undera 12 h
light/dark cycle, and food and water were provided ad libi-
tum. Bedding was replaced every 3 days.

The SNI model was established in the right hindlimb
under sterile conditions as previously described by Decos-
terd and Woolf [14,15]. Mice were anesthetized with in-
haled isoflurane, induced in an induction chamber with
3%—5% isoflurane (R510-22-10, RWD Life Science, Shen-
zhen, Guangdong, China), and subsequently maintained via
a nose cone with 1.5%-2.0% isoflurane in oxygen. During
surgery, body temperature was maintained with a thermo-
statically controlled heating pad, and the depth of anesthesia
was monitored by respiratory rate, muscle tone, and foot-
withdrawal reflex. After adequate anesthesia was achieved,
a lateral skin incision was made in the right hindlimb. The
muscles were carefully separated to reveal the three end
branches of the sciatic nerve: the tibial nerve, the common
peroneal nerve, and the sural nerve. The tibial and common
peroneal nerves were firmly tied with 6-0 silk sutures, using
two ties for each nerve, and then cut between the tied areas
to stop nerve regrowth, while the sural nerve remained un-
touched. The nerve stumps were then repositioned to their
original anatomical locations.

Erythromycin ophthalmic ointment (H36020018,
Renhe Pharmaceutical Co., Ltd., Nanchang, Jiangxi,
China) was applied to the muscle layer, after which the
muscles were repositioned and the skin was sutured.
The ointment was reapplied postoperatively to prevent
infection. In Sham group, the surgical procedure was
identical, except the nerves were neither tied nor severed,
and they were housed separately from the SNI mice after
the surgery.

2.11 Behavioral Testing

Behavioral tests were conducted between 07:00 and
19:00, during the light phase. To reduce potential order ef-
fects, the testing order was counterbalanced among mice,
and at least 24 h was allowed between successive behav-
ioral assessments. Von Frey filaments were used to assess
mechanical sensitivity, while anxiety-like behaviors were
evaluated through the elevated plus maze (EPM) and open
field test (OFT). To minimize subjective bias and improve
data reliability, behavioral assessments were conducted in
a blinded manner: one investigator who was aware of the
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group allocation placed the mice in the testing environment,
whereas a second investigator who was blinded performed
the behavioral testing and data collection.

Mechanical sensitivity test: Mechanical sensitivity
was measured using von Frey filaments (NC12775, North
Coast Medical, Morgan Hill, CA, USA) according to the
up—down paradigm [16,17]. Graded mechanical stimuli
were applied to the plantar surface of the hind paw, and the
paw withdrawal mechanical threshold (PWMT) was calcu-
lated and expressed in grams (g).

OFT test: Spontaneous locomotor activity and
anxiety-like behavior were evaluated using the OFT in a
transparent square chamber (50 x 50 x 40 cm). A central
area measuring 25 x 25 cm was predefined for analysis.
Testing was conducted 1 day before SNI surgery and re-
peated on postoperative day 28. At the start of each session,
each mouse was individually introduced into the center of
the apparatus and permitted to explore freely for 15 min
under dim illumination. Animal movement was recorded
throughout the session and analyzed using an automated
tracking system (Any-Maze V7.49, Stoelting Co., Wood
Dale, IL, USA). The proportion of time spent in the cen-
tral zone, total distance traveled, and mean locomotor speed
were used as outcome measures. To minimize potential in-
terference from olfactory residues, the arena was cleaned
with 75% ethanol and allowed to dry completely between
trials.

EPM test: Anxiety-like behavior was assessed using
the EPM, which consisted of two opposing open arms and
two opposing enclosed arms (each 44 x 12 ¢cm) connected
by a central square platform (12 x 12 cm). The apparatus
was positioned 50 cm above the floor. Behavioral testing
was performed 1 day before SNI surgery and again on post-
operative day 28. At the beginning of each session, each
mouse was placed individually on the central platform with
its head oriented toward one of the open arms and allowed
to explore freely for 5 min. Animal behavior was recorded
and analyzed using the Any-Maze tracking system. The du-
ration spent in the open arms was quantified as indices of
anxiety-like behavior. To eliminate possible olfactory inter-
ference, the maze was wiped with 75% ethanol and allowed
to dry completely between trials.

2.12 Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR)

Total RNA extraction from DRG tissues was per-
formed using TRIzol reagent (15596026CN, Invitrogen,
Carlsbad, CA, USA) in accordance with the manufacturer’s
guidelines. To eliminate genomic DNA contamination and
synthesize first-strand cDNA, the HiScript® II 1st Strand
c¢DNA Synthesis Kit (+gDNA wiper) (R212-01, Vazyme
Biotech Co., Ltd., Nanjing, Jiangsu, China) was used ac-
cording to the manufacturer’s instructions. Briefly, ge-
nomic DNA removal was first performed in a 0.2 mL
RNase-free microcentrifuge tube containing 4 uL of 4 X

gDNA Wiper Mix, 1 uL of Oligo (dT)23VN (50 uM), 1 uLL
of random hexamers (50 ng/uL), 1 pL of total RNA, and
RNase-free ddH,O to a final volume of 16 uL. The mix-
ture was briefly centrifuged and incubated at 42 °C for 2
min. First-strand cDNA was then synthesized by adding
2 uL of 10 x RT Mix and 2 pL of HiScript II Enzyme
Mix to the above reaction system. After brief centrifu-
gation, reverse transcription was carried out at 50 °C for
15 min, followed by 85 °C for 2 min, and then held at 4
°C. The resulting cDNA concentration was measured using
a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA) and used for subsequent quantitative
analysis.

RT-gPCR was performed on a LightCycler 96 gPCR
System (05815916001, Roche, Basel, Switzerland) using
2 x ChamQ Universal SYBR qPCR Master Mix (0711-
02, Vazyme, Nanjing, Jiangsu, China). Gene-specific
primers for Serpinb2 (QM18978S), Scn3a (QM20690S),
Cer5 (QMO01922S), Hmgb2 (QM48118S), and Digap3
(QM63142S) were purchased from Beyotime (Shanghai,
China). Each qPCR reaction was assembled in a final vol-
ume of 10 pL, with 5 pL of 2 x ChamQ Universal SYBR
gPCR Master Mix, 0.4 pL of primer pair, 1 puL of template
DNA/cDNA, and RNase-free ddH,O added to reach the de-
sired volume. The amplification program was as follows:
initial denaturation at 95 °C for 30 s; followed by 40 cycles
of denaturation at 95 °C for 10 s and annealing/extension at
60 °C for 30 s. Melt curve analysis was then performed at 95
°Cfor15s,60°C for60s,and 95 °C for 15 s. Actb served as
the endogenous control, and relative mRNA expression was
determined using the 2~22Ct method. Briefly, ACt was
calculated by subtracting the Ct value of Actb from that of
the target gene, whereas AACt was obtained by comparing
the ACt of the experimental group with that of the control
group. All quantitative experiments were performed with 4
independent replicates to ensure the reliability of the results.

2.13 Immunohistochemistry

For immunohistochemical analysis, 5 mice/group
were used in the Sham and SNI groups. Mice were
deeply anesthetized with tribromoethanol (T48402, Dalian
Meilun Biotechnology, Dalian, Liaoning, China; 250
mg/kg, 1.p.), administered as a 1.25% working solution at
20 mL/kg body weight. After adequate anesthesia was es-
tablished,euthanasia (by transcardial perfusion) was per-
formed via the ascending aorta, first with 0.9% saline and
then with freshly prepared 4% paraformaldehyde (R37814,
Sigma-Aldrich, St. Louis, MO, USA) in phosphate-
buffered saline (PBS, pH 7.4) for tissue fixation. Ipsi-
lateral lumbar dorsal root ganglia (L4-L6) corresponding
to the nerve injury were rapidly dissected, fixed in 4%
paraformaldehyde for 24 h, routinely paraffin-embedded,
and serially sectioned at a thickness of 4 um.

Paraffin sections were first deparaffinized with xylene
(Xilong Scientific Co., Ltd., Shantou, Guangdong, China)
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and then rehydrated through a graded ethanol series. Anti-
gen retrieval was subsequently carried out by heat treatment
in citrate buffer (pH 6.0; ab64214, Abcam, Cambridge,
UK). Endogenous peroxidase activity was quenched using
3% hydrogen peroxide (88597, Millipore, Burlington, MA,
USA), after which the sections were incubated with normal
goat serum (C0265, Beyotime Biotechnology) at room tem-
perature for blocking.

Sections were incubated overnight at 4 °C with pri-
mary antibodies against Serpinb2 (rabbit polyclonal, 1:500;
TA5174S, ABMART, Shanghai, China) and Scn3a (rab-
bit polyclonal, 1:500; PC12133S, ABMART). The fol-
lowing day, sections were incubated at room temperature
with an HRP-conjugated goat anti-rabbit secondary an-
tibody [UltraPolymer Goat anti-Rabbit IgG (H&L)-HRP,
RGARO11, Proteintech, Wuhan, Hubei, China] at a dilution
ratio of 1:500. The visualization of immunoreactivity was
achieved with 3,3'-diaminobenzidine (91-95-2, Xilong Sci-
entific Co., Ltd.), and the nuclei were counterstained using
hematoxylin (C0107, Beyotime Biotechnology). Whole-
slide images were captured using a digital slide scanner
(Pannoramic 250 FLASH, 3DHISTECH, Budapest, Hun-
gary) after the processes of dehydration, clearing, and cov-
erslipping. Immunohistochemical staining was quantita-
tively analyzed using ImageJ 1.54f (National Institutes of
Health, Bethesda, MD, USA), with the average optical den-
sity of positively stained areas used as the quantitative in-
dex.

2.14 Statistical Analysis

All statistical analyses were performed in R. Batch ef-
fects across datasets were corrected using the ComBat al-
gorithm in the sva package (sva package version 3.52.0,
Bioconductor, Boston, MA, USA. https://bioconductor.org
/packages/sva/) and evaluated by PCA. Differential expres-
sion analysis was conducted with limma using [log, FC|>0.6
and false discovery rate (FDR) <0.05, with p values ad-
justed by the Benjamini—-Hochberg method. In WGCNA,
module—trait associations were assessed by Pearson cor-
relation. Group comparisons were performed using the
Wilcoxon rank-sum test. ROC analysis was conducted with
pROCR package, and AUCs with 95% confidence intervals
were calculated. Functional enrichment analyses, includ-
ing GO and KEGG, were performed using clusterProfiler
with p.adjust < 0.05. GSEA was conducted with 1000 per-
mutations, and significance was defined as p.adjust < 0.05
and [NES| >1. Data from behavioral tests, RT-qPCR, and
immunohistochemistry are presented as mean = SEM. All
tests were two-tailed, and p < 0.05 was considered statisti-
cally significant.
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3. Results

3.1 Bioinformatics Analysis Reveals Differentially
Expressed Genes Associated With NP

After batch effect correction (Fig. 1A,B), PCA
demonstrated improved clustering consistency across
datasets, indicating effective batch effect removal
(Supplementary Fig. 1). Differential expression analysis
of the integrated datasets identified multiple genes that
were significantly altered in NP samples, including the
upregulated genes Scn3a, Serpinb2, Fc gamma receptor
Illa (Fcgr2a), and matrix metallopeptidase 3 (Mmp3),
and the downregulated genes chromogranin A (Chga),
5-hydroxytryptamine receptor 1D (HtrId), and Cntnapl.

Heatmap analysis showed clear separation between
NP and control samples based on DEG expression patterns
(Fig. 1C). The volcano plot further indicated that upregu-
lated genes were mainly associated with inflammatory sig-
naling, extracellular-matrix remodeling, and ion-channel
regulation, whereas downregulated genes were primarily
related to synaptic transmission and inhibitory neurotrans-
mission (Fig. 1D). Together, these findings indicated that
the transcriptomic landscape of NP was characterized by
both neuroinflammatory activation and alterations in neu-
ronal function.

3.2 Identification of NP—Related Gene Modules

WGCNA was independently performed on the
GSE24982 and GSE63442 datasets to identify gene mod-
ules associated with NP. In GSE24982, a soft-thresholding
power of B = 8 achieved an approximately scale-free topol-
ogy (R?> = 0.9) and identified six distinct gene modules
(Fig. 2A,C,E). Among them, the brown module showed
the strongest negative correlation with NP status (r=-0.87,
p =2 x 10713), whereas the turquoise module showed a
significant positive correlation.

In GSE63442, a soft-thresholding power of B = 9
yielded an optimal network structure (R? >0.85) and iden-
tified three major modules (Fig. 2B,D,F). The turquoise
module displayed an almost perfect positive correlation
with NP status (r = 0.99, p = 5 x 107'"). These repro-
ducible NP-associated modules across independent datasets
provided a robust basis for subsequent key gene screening.

3.3 Immune Inflammation- and
Synaptic-Plasticity-Related Genes Showed Distinct
Expression Patterns in NP Samples

By intersecting differentially expressed genes with
hub genes derived from NP-associated WGCNA modules,
eight key genes were identified: Ccr5, Cntnapl, Digap3,
Hmgb2, Locl102545839, Ratnp-3b, Scn3a, and Serpinb?2.
Among these genes, Ccr5, Hmgb2, Loc102545839, Ratnp-
3b, Scn3a, and Serpinb2 were significantly upregulated in
NP samples compared with control samples, whereas Cnt-
napl and Dlgap3 were significantly downregulated (p <
0.001; Fig. 3A-H).
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Fig. 1. Incorporating neuropathic pain (NP) transcriptomic data and evaluating genes that show differential expression. (A) Prin-
cipal component analysis (PCA) before batch correction showing significant batch effects among GSE24982, GSE30691, and GSE63442.
(B) PCA after batch correction demonstrating a more consistent sample distribution, indicating that batch effects were effectively re-

moved. (C) Heatmap of differentially expressed genes (DEGs) within the unified dataset. Rows indicate genes, columns indicate sam-

ples; red represents genes with elevated expression, and blue represents genes with reduced expression. (D) Volcano plot of DEGs from

the merged dataset displays genes with significant upregulation (red) and downregulation (green), and gray dots signify genes without

notable changes. (|logFC| >0.6, false discovery rate (FDR) <0.05).

Functionally, these genes were mainly associated with
immune regulation, synaptic organization, and neuronal ex-
citability. Notably, Serpinb2 was markedly upregulated
and showed a strong association with inflammatory signal-
ing and extracellular matrix-related processes, suggesting
its potential involvement in NP-associated neuroinflamma-
tion.

3.4 Immune Inflammation- and
Synaptic-Plasticity-Related Genes Exhibited Strong
Diagnostic Performance in NP Samples

ROC curve analysis demonstrated that all eight key
genes had discriminative value for distinguishing NP sam-
ples from control samples, regardless of whether their ex-
pression levels were increased or decreased in NP (Fig.
4A-H). Among them, Scn3a (AUC = 0.931) and Serpinb2
(AUC = 0.875) exhibited the highest diagnostic perfor-
mance. Cntnapl and Dlgap3 also displayed strong predic-
tive value, whereas Ccr) and Ratnp-3b showed moderate
discriminative ability. These findings suggested that the

identified genes, particularly Serpinb2, may serve as poten-
tial molecular indicators of NP status.

3.5 Co-Expression of NP Key Genes With Immune
Inflammation- and Synaptic-Plasticity-Related Pathway
Genes

Co-expression analysis revealed that each key gene
exhibited distinct yet partially overlapping co-expression
patterns with genes involved in immune responses and
synaptic regulation (Fig. 5SA—H). Serpinb2 showed signif-
icant co-expression with genes related to extracellular ma-
trix remodeling and tissue repair, including Ankyrin Re-
peat Domain 1 (4nkrdl), suggesting its potential associa-
tion with post-injury inflammatory remodeling.

Other key genes, such as Scn3a and Cntnapl, were
predominantly co-expressed with genes involved in ion
channel activity and synaptic signaling, whereas Ccr5 and
Hmgb2 were more closely associated with immune-related
gene clusters.
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Fig. 2. Weighted gene co-expression network analysis (WGCNA) of NP-related genes. (A,C,E) WGCNA results based on the
GSE24982 dataset: (A) Scale-free topology fit index and mean connectivity curves under different soft-thresholding powers; (C) Gene
clustering dendrogram and module identification, with different colors representing distinct modules; (E) Heatmap showing correlations
between module eigengenes and the NP phenotype (positive correlations are shown in red and negative correlations in blue). (B,D,F)
WGCNA results based on the GSE63442 dataset: (B) Soft-threshold selection curves used to determine the optimal f value for con-
structing a stable network; (D) Visualization of the gene clustering dendrogram and module assignment; (F) Correlation matrix between
modules and the NP phenotype, showing a significant positive correlation between the turquoise module and pain status.
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Fig. 3. Expression analysis of key differential genes in NP. Violin plots (A—H) illustrating the expression variations of crucial genes
between the NP group (NP, red) and the control group (Control, blue). (A) C-C motif chemokine receptor 5 (Cer5) (p = 8.39 x 107);
(B) contactin-associated protein 1 (Cntnapl) (p = 4.50 x 107'%); (C) DLG-associated protein 3 (Dilgap3) (p = 1.18 x 107%); (D) high
mobility group box 2 (Hmgh2) (p = 1.10 x 10°%); (E) LOC102545839 (p = 2.72 x 10°°); (F) defensin RatNP-3 precursor (Ratnp-3b) (p =
0.000893932); (G) sodium voltage-gated channel alpha subunit 3 (Scn3a) (p = 4.70 x 107'?); (H) serpin family B member 2 (Serpinb2) (p
=2.62 x 107'%). Cer5, Hmgb2, Loc102545839, Ratnp-3b, Scn3a, and Serpinb2 were significantly upregulated in NP samples compared

with control samples, whereas Cntnapl and Digap3 were significantly downregulated (***p < 0.001).

3.6 NP Key Genes Exhibited Network-Associated
Characteristics With Immune Response- and
Neuroinflammation-Related Genes

Correlation analysis revealed strong expression rela-
tionships between the key genes and their associated gene
networks (Fig. 6A-H). Serpinb2 showed significant pos-
itive correlations with several inflammation- and tissue
repair-related genes, including Hmgb2 and Ankrdl, further
supporting its potential role in neuroinflammatory regula-
tion.

In addition, Scn3a was strongly correlated with mul-
tiple ion channel-related genes, whereas Hmgb2 and Ccr5
were more closely associated with immune and metabolic
regulators. These network-level associations further indi-
cated that NP-related key genes may participate in intercon-
nected regulatory programs involving neuroinflammation,
immune responses, and neuronal functional regulation.

3.7. GO Functional Enrichment Analysis of NP Key Genes

GO enrichment analysis revealed that the primary
genes and their co-expressed partners were significantly in-
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Fig. 4. Receiver operating characteristic (ROC) analysis of the diagnostic performance of key differential genes in NP. (A-H)
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volved in biological processes associated with neural sig- organization, and cation/ligand-gated ion channel activity,
nal transmission, inflammatory responses, ion channel ac- suggesting its potential involvement in structural remodel-
tivity, and cytoskeletal organization (Fig. 7A-H). Specif- ing and cellular stress responses after nerve injury.

ically, genes co-expressed with Serpinb2 were enriched in
muscle processes muscle contraction, sarcomere/myofibril
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3.8 Enrichment Analysis of KEGG Pathways Related to

NP Key Genes

According to KEGG enrichment analysis, NP-related
genes were mainly enriched in signaling pathways asso-

10

ciated with neuroactive ligand—-receptor interaction, com-
plement and coagulation cascades, immune signaling,
and metabolic regulation (Fig. 8A-H). Notably, Ser-
pinb2-related gene networks were enriched in amino
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Fig. 6. Correlation analysis of NP key genes and their co-expressed genes. (A—H) Pearson correlation analysis between the eight key
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and the circle’s size shows the correlation’s intensity.

acid metabolism and cytoskeleton-related pathways, which
is consistent with its potential roles in inflammation-
associated tissue remodeling and metabolic adaptation.

3.9 GSEA Enrichment Analysis of NP Key Genes

According to GSEA, the important genes were signif-
icantly connected with pathways involved in immune acti-
vation, inflammatory signaling, neuronal transmission, and
energy metabolism (Fig. 9A-H). In particular, the low-
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expression Serpinb2 group was enriched in pathways re-
lated to protein phosphorylation, muscle contraction, and
metabolic processes, suggesting that altered Serpinb2 ex-
pression may reflect changes in cellular stress responses and
tissue repair mechanisms in NP.

3.10 Validation of Key Genes in the SNI Mouse Model

Behavioral assessments confirmed the successful es-
tablishment of NP after SNI, as indicated by significantly
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lower mechanical withdrawal thresholds (p < 0.0001) (Fig.
10A,B). Moreover, relative to Sham group, the SNI group
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10C), together with a reduced proportion of time spent in
the open arms in the EPM (p = 0.001) (Fig. 10D). These
findings suggest enhanced pain-associated anxiety-like be-
havior and impaired locomotor performance in SNI mice,
possibly as a consequence of right hindlimb pain. RT-qPCR
analysis showed that Serpinb2 (p = 0.004) and Scn3a (p =
0.0444) mRNA levels were significantly higher in the ipsi-
lateral L4-L6 DRG of SNI mice (Fig. 10E). Immunohis-
tochemical analysis further demonstrated increased protein
expression of Serpinb2 (p =0.0146) and Scn3a (p =0.0078)
in DRG neurons from the SNI group, with immunoreactiv-
ity observed mainly in neuronal profiles (Fig. 10F). To-
gether, these findings validated the bioinformatic results at
both the transcriptional and protein levels.

4. Discussion

In the present study, we performed an integrated anal-
ysis of multiple transcriptomic datasets derived from DRG
tissues after peripheral nerve injury and further validated
the findings with molecular and histological experiments.
Our findings indicated that Serpinb2 expression was no-
tably increased in NP conditions, with both mRNA and pro-
tein levels significantly elevated in the DRGs of mice un-
dergoing SNI. Immunohistochemical analysis further con-
firmed that Serpinb2 remained highly expressed in the
DRG. In contrast, the upregulation of Scn3a, a pain-related
voltage-gated sodium-channel gene that has been relatively
well characterized, was consistent with previous reports,
and its main significance in the present study was to provide
indirect support for the reliability of our integrated bioinfor-
matic screening strategy and experimental model [18,19]. Tt
should be noted that although Scn9a and Scni0a are gener-
ally regarded as the more classical and functionally impor-
tant sodium-channel-related genes in pain research, Scn3a
was identified through our integrative screening pipeline
and was therefore included as a reference marker rather than
as a primary focus of subsequent mechanistic investigation.
Taken together, these findings suggested that Serpinb?2 rep-
resents a previously underappreciated but potentially im-
portant candidate molecule in the pathophysiology of NP.

The DRG is a key anatomical and functional hub in no-
ciceptive information processing, serving as the first relay
station for peripheral sensory signals before they enter the
central nervous system and therefore playing an essential
role in pain transmission. After peripheral-nerve injury, the
DRG undergoes extensive molecular and cellular remodel-
ing, characterized by persistent neuroinflammation, altered
neuron-glia interactions, and increased excitability of pri-
mary sensory neurons [20]. Recent evidence has indicated
that inflammation within the DRG is not merely a secondary
consequence of nerve injury, but rather a critical driver of
peripheral sensitization and pain chronification [13,21]. In
this context, the significant upregulation of Serpinb2 ob-
served in the DRG of mice after SNI in the present study
suggests that this gene may contribute to the establishment
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of a pro-inflammatory microenvironment, thereby support-
ing persistent nociceptive signaling.

Serpinb2, commonly referred to as PAI-2, belongs to
the serine protease inhibitor family and has been exten-
sively researched mainly in relation to immunity and in-
flammation. A previous study has shown that Serpinb2
can be markedly induced in macrophages and monocytes
under inflammatory conditions, where it participates in
the regulation of immune responses, maintenance of in-
flammatory homeostasis, and control of cell survival [22].
In addition, Serpinb2-deficient models exhibited enhanced
Thl-type immune responses, further supporting its role in
immunoregulatory polarization [23]. More recent studies
suggest that Serpinb2 is not merely a bystander molecule
accompanying inflammation, but may also contribute to
macrophage metabolic adaptation, resistance to oxidative
stress, and the resolution phase of inflammation, thereby
influencing the stability of the local tissue microenviron-
ment [22,24]. Although its roles in peripheral inflammation
and immunity have become increasingly clear, the expres-
sion pattern and functional significance of Serpinb2 in the
nervous system remain poorly characterized. Based on cur-
rently available evidence, reports demonstrating significant
upregulation of Serpinb?2 in the DRG under NP conditions
remain limited, and the present study provided additional
evidence supporting this observation.

From a mechanistic perspective, Serpinb2 may not
merely reflect an activated inflammatory state, but may
instead be associated with multiple aspects of microenvi-
ronmental reprogramming within the DRG after nerve in-
jury. First, as an inflammation-associated molecule, the
marked upregulation of Serpinb2 observed in the DRG in
the present study suggested that it may contribute to shaping
a pro-inflammatory microenvironment that supports persis-
tent nociceptive signal transmission. Recent reports have
suggested that inflammatory responses within the DRG are
not simply passive consequences of nerve injury, but rather
important drivers of abnormal excitability in primary sen-
sory neurons and pain chronification; inflammatory me-
diators can promote aberrant nociceptive transmission by
modulating ion channel activity, lowering neuronal firing
thresholds, and enhancing excitatory neurotransmitter sig-
naling [15,25,26]. In this context, the upregulation of Ser-
pinb2 may be associated with a pro-inflammatory state that
facilitates persistent amplification of pain signaling, rather
than serving merely as a bystander after injury [12,27].

Second, the DRG represents a dynamic neuroimmune
unit composed of sensory neurons, satellite glial cells, resi-
dent or infiltrating immune cells, and stromal components.
Studies have indicated that bidirectional communication
among neurons, satellite glial cells, macrophages, and other
immune cells provides an important basis for the amplifi-
cation and persistence of NP [15,28]. Although the present
study did not determine the precise cellular source of Ser-
pinb2 within the DRG, its well-established high expression
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Fig. 10. Behavioral and molecular validation of NP after spared nerve injury (SNI). (A) Schematic illustration of the anatomical
structure of the SNI model and the procedure for pain threshold assessment. (B) Paw withdrawal mechanical threshold (PWMT) was
markedly lower in the SNI group than in the Sham group (n = 6). (C) Representative locomotor trajectories of the SNI and Sham groups
in the open field test (OFT). Compared with the Sham group, mice in the SNI group showed a significantly lower percentage of time
spent in the central zone and a shorter total traveling distance. (D) Representative locomotor trajectories of the SNI and Sham groups
in the elevated plus maze (EPM). Mice in the SNI group spent a lower percentage of time in the open arms than those in the Sham
group. (E) Bar graphs showing reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis of Serpinb2, Scn3a,
Cer5, Hmgb2, and Digap3 mRNA expression levels in the DRG (n = 4). Among these genes, Serpinb2 and Scn3a were upregulated in
the SNI group. (F) Representative immunohistochemical staining of Serpinb2 and Scn3a in the DRG from the SNI and Sham groups.
The average optical density of both Serpinb2 and Scn3a immunostaining was higher in the SNI group. Scale bar = 100 um. *p <0.05,
**p <0.01, ***p < 0.001, ****p <0.0001.
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in the monocyte-macrophage lineage suggests that it may
be involved primarily in immune regulatory processes dom-
inated by non-neuronal components. It may then indirectly
influence sensory neuronal excitability through paracrine
signaling, extracellular matrix alterations, or inflammatory
mediator networks. In other words, Serpinb2 may not act
directly as a pro-nociceptive ion channel-related molecule,
but is more likely to function as an associated component
within the neuron-glia-immune cell interaction network of
the DRG [27,29].

In addition, as an inhibitor of urokinase-type plas-
minogen activator (uPA), Serpinb?2 is closely associated
with the regulation of protease activity, cell migration, ex-
tracellular matrix remodeling, and tissue repair [30]. This
is particularly relevant for understanding its potential role
in NP. After nerve injury, the DRG and adjacent tissues
not only undergo inflammatory activation but also exhibit
extracellular matrix reorganization, barrier alterations, and
ongoing tissue repair, all of which are closely linked to
aberrant neural plasticity and persistent sensory dysfunction
[31,32]. Previous studies have suggested that Serpinb2 can
influence macrophage migratory phenotypes and matrix
remodeling-related programs, and is associated with col-
lagen remodeling, cell adhesion, and local infiltration pro-
cesses [24,33]. Therefore, within the injured DRG microen-
vironment, Serpinb2 may be associated with the balance be-
tween adaptive repair and maladaptive stabilization of aber-
rant plasticity through modulation of the uPA/protease sys-
tem and its downstream matrix remodeling pathways.

The function of Serpinb2 may also not be limited to
the classical inflammation-protease axis. Previous stud-
ies have also linked Serpinb2 to cellular stress responses,
maintenance of proteostasis, and regulation of cell survival,
with its expression being altered by multiple stress-related
stimuli and potentially affecting cellular adaptation to pro-
teotoxic or metabolic stress. Given that the DRG is exposed
to inflammatory burden, oxidative stress, and metabolic re-
modeling after nerve injury, it is plausible that Serpinb2
also participates in the maintenance of cellular homeosta-
sis under injury conditions, thereby influencing how DRG
neurons and surrounding supportive cells respond to per-
sistent injury signals [22,34]. This possibility also provides
an alternative explanation for the sustained elevation of Ser-
pinb2 under NP conditions: its upregulation may reflect not
only pro-inflammatory amplification, but also a compen-
satory attempt by the tissue to limit injury progression and
preserve local homeostasis.

The upregulation of Serpinb2 observed in the present
study was consistent with the emerging concept of “whole
nervous system injury” in NP research [5]. This concept
emphasizes the idea that peripheral-nerve injury does not
merely induce local pathology, but also triggers persis-
tent molecular remodeling across multiple levels of the pe-
ripheral sensory pathway and central pain-processing net-
works. As a critical interface linking peripheral injury to
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central sensitization, the DRG may play a pivotal role in
pain chronification through injury-induced alterations in its
inflammatory and immune status. Within this framework,
Serpinb?2 is unlikely to be responsible for an isolated dif-
ferentially expressed molecule; rather, it is more likely to
constitute part of the neuroimmune-matrix remodeling net-
work that develops in the DRG after injury. Its aberrant
expression may therefore reflect the coupling among local
inflammatory responses, tissue remodeling, and neuronal
functional changes [20,35].

Consistent with previous studies, Scn3a expression
was also increased in the DRG of rodents with NP [36,37].
Given that the role of voltage-gated sodium channels in reg-
ulating neuronal excitability and pain transmission has al-
ready been relatively well established, we did not pursue
further mechanistic investigation of Scn3a in the present
study. Instead, the identification of Scn3a primarily served
to provide indirect support for the robustness of our inte-
grated bioinformatic screening strategy and to further val-
idate the reliability of the experimental model used in this
study.

In addition to Scn3a and Serpinb2, several differ-
entially expressed genes, including Ccr5, Cntnapl, DI-
gap3, Hmgb2, Locl102545839, and Ratnp-3b, were iden-
tified between the control and NP groups. Among these,
Locl02545839 and Ratnp-3b remain poorly annotated and
were not further validated. Although no significant differ-
ences were detected at the mRNA level for the remaining
genes in RT-qPCR analyses, potential alterations at the pro-
tein or functional level cannot be excluded.

Functionally, Scn3a, Ccr5, Cntnapl, Dlgap3 and
Hmgb?2 represent key molecular nodes at distinct hierarchi-
cal levels within neuropathic pain—related networks. Scn3a
encodes the voltage-gated sodium channel Nav1.3, which
is re-expressed following nerve injury and contributes to
neuronal hyperexcitability, ectopic discharges, and central
sensitization [38]. Ccr5 mediates immune cell recruitment
and amplifies inflammatory responses through its ligands
CCL3/CCL4/CCLS5 [39]. Hmgb2, as a damage-associated
molecular pattern (DAMP) molecule, may enhance inflam-
matory signaling through pathways such as nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-
«B)/NOD-like receptor family pyrin domain containing 3
(NLRP3) and toll-like receptor 4 (TLR4)-related signaling
[40]. Cntnapl maintains paranodal structure and regulates
the spatial organization of ion channels [41], whereas DI-
gap3 governs excitatory synaptic architecture and gluta-
mate receptor function [42].

We hypothesize that these molecules act synergis-
tically across multiple levels along an “inflammation—
excitability—structure—synaptic” axis, with Serpinb2 poten-
tially serving as a key regulator of the neuroinflamma-
tory microenvironment. Serpinb2 may functionally inter-
act with Ccr5 and Hmgb2 to modulate pro-inflammatory
cytokine signaling, such as interleukin-1 beta (IL-1p) and
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tumor necrosis factor-alpha (TNF-a), thereby influencing
the expression and function of Scn3a/Navl.3 and enhanc-
ing neuronal excitability. Meanwhile, structural alterations
associated with Cntnapl and synaptic plasticity regulated
by Dlgap3 may further amplify these processes at the cir-
cuit level.

Taken together, Serpinb2 may contribute to the devel-
opment and maintenance of neuropathic pain by modulat-
ing the neuroinflammatory microenvironment and coordi-
nating with Scn3a, Cer5, Cntnapl, Digap3 and Hmgb?2 to
form a cross-level network linking inflammation, excitabil-
ity, and synaptic remodeling. Notably, the identification
of Serpinb2 extends the focus from classical excitability-
related mechanisms to neuroimmune regulation and mi-
croenvironmental remodeling within the DRG, thereby pro-
viding a novel perspective on the peripheral mechanisms
of NP. Given the complexity and incomplete understanding
of NP, this integrative framework offers a more systematic
explanation for persistent hyperexcitability and highlights
inflammation, ion channel function, and synaptic stability
as potentially coupled therapeutic targets involved in the
pathogenesis and persistence of NP.

Nevertheless, certain limitations of this study should
be acknowledged. First, the current findings were largely
correlative. Although Serpinb2 showed persistent upregu-
lation across multiple transcriptomic datasets and this ob-
servation was further validated by molecular and histologi-
cal experiments, functional-loss and gain-of-function stud-
ies are still required to determine whether Serpinb2 plays
a causal role in NP behaviors and DRG neuroinflamma-
tion. Second, the cell-type-specific localization of Serpinb2
within the DRG remains to be clarified, particularly with re-
spect to different sensory neuron subpopulations, satellite
glial cells, and infiltrating immune cells. Third, the present
study focused primarily on a single peripheral-nerve-injury
model; further validation in additional NP models and
across different species will be necessary to assess the gen-
eralizability and robustness of these findings. Future stud-
ies should also investigate whether modulation of Serpinb?2
alters the expression of pain-related ion channels and pro-
inflammatory cytokines in the DRG, such as Scn3a, TNF-
a, and IL-1p, thereby providing deeper mechanistic insight
into its potential role in NP.

5. Conclusions

Through integrated transcriptomic analysis and exper-
imental validation, this study identified Serpinb2 as a sig-
nificantly upregulated gene in the DRG under NP condi-
tions. The findings suggested that Serpinb2 may be associ-
ated with neuroinflammatory regulation and microenviron-
mental remodeling after nerve injury. These results sug-
gested that Serpinb?2 is a potentially important but previ-
ously underappreciated molecule in the peripheral mecha-
nisms of neuropathic pain.
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