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impair their quality of life [1]. There is a strong clinical 
association between NP and mood changes as well as stress 
disorders; however, the exact physiological mechanisms 
underlying this relationship remain unclear [2]. Due to the 
complexity and diversity of NP pathogenesis, the main stud-
ies have focused on several key factors, including abnormal 
ectopic activity of injured nerves, peripheral and central sen-
sitization, impaired inhibitory regulation, and pathological 
activation of microglia [3]. Clinically, the treatment of NP 
primarily relies on pharmacologic therapy. First-line drugs 
include tricyclic antidepressants, gabapentin, pregabalin, 
and serotonin-norepinephrine reuptake inhibitors. Despite 
evidence supporting their efficacy through different mecha-
nisms, the effect sizes are generally small, many patients do 
not achieve adequate pain relief at tolerated doses, and often 
accompanied by side effects [4]. Consequently, it is impera-
tive to explore more effective therapeutic agents or strategies 
with fewer side effects to alleviate NP.

Traditional Chinese medicine (TCM) is renowned for 
its multi-directional, multi-target, and multi-pathway 
approaches in disease treatment, often resulting in fewer 
side effects. A key component of TCM formulas, White Pae-
ony Root, is known for its diverse therapeutic properties, 

Introduction

Neuropathic pain (NP) is characterized by a series of 
unpleasant sensations triggered or caused by primary dam-
age and dysfunction of the nervous system, and it is clas-
sified as a type of chronic pain. The prevalence of NP can 
reach up to 10% of the global population. Furthermore, 60% 
of patients with NP also suffer from complications such as 
depression, anxiety, and sleep disorders, which significantly 
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Abstract
Neuropathic pain (NP) is a prevalent condition that can lead to a variety of complications, significantly impacting patients’ 
quality of life. Previous studies have confirmed that paeoniflorin (PF) demonstrates both therapeutic pain relief and neuro-
protective effects. However, its therapeutic efficacy in managing NP remains to be thoroughly investigated. We conducted a 
systematic study to explore the underlying mechanisms of PF in the treatment of NP through combining network pharma-
cological analysis with experimental validation. Our studies revealed that PF alleviates NP through a multifaceted approach, 
mainly involving protein kinase C (PKC), serotonin receptors, calcium signaling pathways, inflammatory mediator regulation 
of transient receptor potential (TRP) channels, and G-protein coupled receptor signaling pathways. Additionally, our animal 
experiments indicated that PF reduces pain-related behavior on spinal nerve ligation-induced NP in rats by modulating the 
PKCε-TRPV1 pathway. PF was found to inhibit the expression of inflammatory factors such as interleukin 6 and tumor 
necrosis factor α, as well as the activation of microglia, thereby alleviating NP. These findings suggest a potential therapeutic 
role for PF in the treatment of NP, providing a valuable reference for clinical applications.
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including hemostasis, menstrual regulation, yin astringency, 
sweat inhibition, pain alleviation, and calming of liver yang 
[5]. The Shen Nong Ben Cao Jing, also known as The Divine 
Husbandman’s Classic of the Materia Medica, documents the 
medicinal properties of Paeony, highlighting its use in dis-
pelling evil Qi, alleviating abdominal pain, eliminating blood 
stasis, and treating chills, fever, and hernias. Additionally, it 
is noted for its ability to assuage pain, and facilitate urina-
tion, laying the foundation for its clinical application. The 
primary active ingredient in Paeony, particularly for treat-
ing pain, inflammation, and immune system disorders, is the 
total glucosides of paeony extracted from the dried White 
Paeony Root. Paeoniflorin (PF) is the main active component 
of these glucosides. PF has effectively treated inflammatory 
responses in animal models of autoimmune diseases, such as 
experimental arthritis, psoriasis in mice, and experimental 
autoimmune encephalomyelitis [6]. Numerous studies also 
have demonstrated PF’s cardiovascular and neuroprotective 
effects, as well as its anti-inflammatory, antidepressant, and 
immunomodulatory properties [6, 7]. Recent researches have 
shown that PF reduces pain in animal models of inflamma-
tion, postoperative conditions, and dysmenorrhea [8–10]. In 
addition, recent studies have shown that PF plays a role in 
alleviating pain behaviors in various NP models. Zhou Danli 
et al. demonstrated that PF can inhibit neuroinflammation in 
rats with Chronic Constrictive Injury by reducing the phos-
phorylation of ASK1, p-p38, and p-JNK, thereby delaying 
the progression of NP [11]. Tsugunobu Andoh et al. reported 
that PF activates the adenosine A1 receptor, protecting sen-
sory nerves from demyelination and effectively alleviating 
paclitaxel-induced mechanical allodynia, suggesting that PF 
may be beneficial for pain relief associated with NP [12]. 
Furthermore, the combined application of PF and Liquiritin 
can alleviate NP in the Spared Nerve Injury (SNI) model by 
restoring the mechanical withdrawal threshold and modu-
lating the expression of Glial Fibrillary Acidic Protein and 
Ionized Calcium-Binding Adapter Molecule 1 (IBA1) [13]. 
Nevertheless, the exact mechanisms by which PF alleviates 
NP remain incompletely understood. Its effects may involve 
multiple signaling pathways and cellular mechanisms, includ-
ing the inhibition of neuroinflammation, modulation of glial 
cells, and improvement of neuronal survival. Therefore, a 
deeper elucidation of the underlying mechanisms of PF, along 
with the exploration of its clinical applications in treating NP, 
holds significant scientific and clinical importance.

Network pharmacology, a new discipline grounded in 
systems biology theory, biological systems network analy-
sis, and multi-target drug molecular design, is characterized 
by its integrity, systematization, and comprehensiveness 
[14]. The application of network pharmacology can sig-
nificantly aid in elucidating the exact mechanisms underly-
ing the therapeutic effects of Chinese medicines on various 

diseases. In this study, we aim to comprehensively investi-
gate the protective effects and action mechanisms of PF on 
NP utilizing network pharmacological analysis methods and 
animal experimental studies, to provide a reference basis for 
the clinical use of PF in the treatment of NP (Fig. 1).

Methods

PF and NP Common Target Acquisition

The protein targets of PF were initially predicted using the 
TCMSP (​h​t​t​p​​s​:​/​​/​o​l​d​​.​t​​c​m​s​​p​-​e​.​​c​o​m​​/​t​c​​m​s​p​.​p​h​p) and Swiss 
Target Prediction (​h​t​t​p​​:​/​/​​w​w​w​.​​s​w​​i​s​s​​t​a​r​g​​e​t​p​​r​e​d​​i​c​t​i​o​n​.​c​h​
/) databases. Subsequently, the names of these protein tar-
gets were standardized through the UniProt database ​(​​​h​t​t​p​
s​:​/​/​w​w​w​.​u​n​i​p​r​o​t​.​o​r​g​/​​​​​)​. To obtain target information related 
to NP, the GeneCards(https://www.genecards.org/), OMIM 
(https://www.omim.org/), and DrugBank ​(​​​h​t​t​p​s​:​/​/​g​o​.​d​r​u​g​b​a​
n​k​.​c​o​m​/​​​​​) databases were queried using the keyword “Neu-
ropathic pain.” Venny 2.1 was employed to identify overlap-
ping targets between PF and NP, and a Venn diagram was 
generated to visualize these intersections.

Protein Interaction Network Construction 
and Analysis

Protein–protein interaction (PPI) between PF and NP tar-
geted proteins was analyzed using the STRING database 
(https://string-db.org/), which contains extensive ​i​n​f​o​r​m​a​t​i​o​
n on PPI. The resulting protein interaction data were imported 
into Cytoscape 3.10.0 software to visualize the PPI network 
and calculated the degree of each protein node. In the PPI 
network, nodes symbolize protein targets, and connections 
between nodes indicate interactions between these proteins. 
The degree of a node, which signifies the number of connec-
tions it possesses, serves as an indicator of the protein’s sig-
nificance within the network. Therefore, we can identify key 
protein targets based on degree.

Biological Function and Pathway Analysis of Genes

Gene Ontology (GO) enrichment analysis and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analy-
sis were conducted using the DAVID database ​(​​​h​t​t​p​s​:​/​/​d​a​
v​i​d​.​n​c​i​f​c​r​f​.​g​o​v​/​​​​​)​. The therapeutic targets for PF to ​a​l​l​e​v​i​a​
t​e NP were submitted to the DAVID database for further 
analysis. GO enrichment analysis was performed across 
three categories: biological processes (BP), cellular compo-
nents (CC), and molecular functions (MF). The top 10 GO 
enriched terms, with a p-value < 0.01 and false discovery rate 
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(FDR) < 0.05 were selected for detailed analysis [15]. Simi-
larly, the top 20 KEGG enriched terms, meeting the same sta-
tistical criteria, were chosen for further investigation. Finally, 
the Bioinformatics platform (​h​t​t​p​​:​/​/​​w​w​w​.​​b​i​​o​i​n​​f​o​r​m​​a​t​i​​c​s​.​​c​o​

m​.​c​n​/) was used to generate bar graphs for GO enrichment 
analysis and bubble graphs for KEGG pathway analysis.

Fig. 1  Schematic diagram of the 
study of the molecular mecha-
nism of pain by paeoniflorin to 
relieve neuropathic pain
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Behavioral Tests

Mechanical Withdrawal Threshold (MWT)

The rats were placed in a plexiglass box with metal mesh 
at the bottom and allowed to acclimate to the environ-
ment for 30 min. Next, Von Frey fiber filaments of varying 
strengths (2, 4, 6, 8, 10, 15, and 26 g) were applied vertically 
to the middle of the right hind paw of each rat. The stimu-
lus strength was determined by the bending of the filaments, 
which were held in place for 5 s. The up-down method and 
the specific formula (50%MWT(g) = 10[Xf+kδ]/10000;[Xf] is 
the number of the last test Von Frey fiber filaments, [δ] is 
the mean difference after the logarithms of the gram number 
of each fiber filament, and [k] is the coefficient obtained by 
measurement.) was used to get the final mechanical pain con-
traction foot threshold [18].

Thermal Withdrawal Latency (TWL)

For the TWL assessment, rats were placed in plexiglass com-
partments with a glass platform at the bottom and allowed 
to adapt to the environment for 30 min. A thermal radiation 
stimulator was positioned beneath the glass platform, with 
the light source focused vertically on the surface of the right 
hind paw of each rat. The latency time was recorded until 
the rats either licked or raised their foot, with an automatic 
cut-off time set at 30 s. This process was repeated five times 
with a 5-minute interval between each trial. The results of the 
five measurements were averaged, excluding the maximum 
and minimum values, and the average value was recorded as 
the TWL (s).

Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Following the induction of deep anesthesia with pentobarbi-
tal sodium (50 mg/kg, intraperitoneal), the hearts of the rats 
were injected with pre-cooled phosphate-buffered saline 
(PBS) solution. The L4-L6 segments of the spinal cord were 
dissected on ice and rapidly frozen using liquid nitrogen. 
The frozen tissues were then placed into pre-cooled grind-
ing tubes containing RNA extraction solution (Servicebio, 
China) and grinding beads to facilitate the extraction of 
total RNA. The RNA concentration and purity were assessed 
using a Nanodrop 2000 spectrophotometer. RNA samples 
with excessive concentration were diluted to achieve a final 
concentration of 200ng/µl. The reverse transcription reaction 
system (Servicebio, China) was prepared, gently mixed, and 
centrifuged. The reverse transcription program was executed 
with the following thermal cycling conditions: 25  °C for 
5 min, 42 °C for 30 min, and 85 °C for 5 s. All primers used 
for PCR amplification were procured from Wuhan Servicebio 

Animals

A total of 36 adult male Sprague-Dawley (SD) rats (SPF, 
6–8 weeks old, 200–220 g) were obtained from Henan Sko-
bes Biotechnology Co., Ltd (China) [Production License 
No: SCXK(Yu)2020-0005]. All rats had free access to food 
and water, were kept at a room temperature of 20 to 25 °C, 
with a humidity of 25–30%, and were maintained under a 
12-hour light-dark cycle. This experiment was approved by 
the Experimental Animal Use and Management Commit-
tee of the General Hospital of Eastern Theater Command 
(Approval No. DZYGKTZY240004), which conformed to 
the requirements related to experimental animal welfare and 
ethics.

Animal Model Preparation

The spinal nerve ligation (SNL) rat model was established 
following the method described by Kim [16]. Rats were 
anesthetized with pentobarbital sodium (40 mg/kg, intraper-
itoneal) and positioned prone on a surgical platform. A lon-
gitudinal incision was made at the lower lumbar and sacral 
levels, followed by blunt separation of the fascia and mus-
cle. The right L6 transverse process was slightly removed to 
expose the L4 and L5 spinal nerves. Subsequently, the L5 
spinal nerve was ligated using a 4 − 0 suture, and hemostasis 
was achieved with a cotton swab. The muscles and skin were 
then sutured in layers using silk thread. In the sham surgery 
group, the right L5 spinal nerve was exposed but not ligated.

Experimental Grouping

After a one-week acclimatization and feeding period, 36 SD 
rats were randomly assigned to three groups (n = 12): the 
sham surgery group (Sham group), the SNL model group 
(SNL group), and the SNL model + PF group (PF group). 
The PF group received intraperitoneal injections of 50 mg/
kg PF (analytical purity of 98%, Macklin Biochemical 
Technology, P815485, Shanghai, China) once daily for 14 
days, beginning on the first day after SNL surgery [17]. 
In contrast, the Sham and SNL groups were administered 
an equivalent volume of normal saline. Behavioral assess-
ments were conducted one day before SNL surgery (day 0, 
baseline) and on days 3, 7, 10, and 14 post-SNL surgery, 
with measurements taken one hour after treatment adminis-
tration. On the 14th day following SNL surgery, spinal cord 
tissue from the rats was collected for further analysis after 
the behavioral studies (Fig. 3a).
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concentration was determined using a BCA protein assay kit 
(Epizyme, China). The total protein samples were diluted to 
a concentration of 2 mg/ml with pre-cooled PBS and SDS-
PAGE Sample Loading Buffer. Proteins were separated by 
SDS-PAGE gel electrophoresis and transferred to a PVDF 
membrane. The membrane was then treated with a rapid clo-
sure solution (Servicebio, China) for 15  min at room tem-
perature. Following this, the membrane was washed three 
times with 0.1% Tris -buffered saline with Tween (TBST), 
and incubated and incubated overnight at 4  °C with pri-
mary antibodies against β-actin (Rabbit mAb, lgG, 1:50000, 
ABclonal, China), transient receptor potential vanilloid 
1(TRPV1, Rabbit pAb, lgG,1:1000, ABclonal, China), pro-
tein kinase C ε (PKCε, Rabbit pAb, lgG 1:1000, ABclonal, 
China), IBA1 (1:5000, Rabbit pAb, lgG, Gene Tex, USA). 
All antibodies were prepared with TBST solution. After three 
additional washes with TBST, the membrane was incubated 
for 1 h at room temperature with secondary antibodies (HRP-
conjugated Goat Anti-Rabbit IgG(H + L),1:5000, Proteintech, 
China) conjugated to horseradish peroxidase. Finally, the 
immunofluorescence bands were visualized using a chemi-
luminescence and epifluorescence imaging system (Alli-
ance Q9 Advanced, Uvitec, UK), and analyzed using ImageJ 
software.

Enzyme Linked Immunosorbent Assay (ELISA)

After the deep anesthesia of the rats, their hearts were per-
fused with pre-cooled PBS solution. The L4-L6 segments of 
the spinal cord were dissected and rapidly frozen in liquid 
nitrogen. The spinal cord tissues were then homogenized in 
pre-cooled PBS containing 1% protease and phosphatase 
inhibitors using an ultrasonic crusher. The total protein con-
tent was normalized utilizing a BCA protein assay kit. Pro-
tein levels of interleukin 6 (IL-6) and tumor necrosis factor α 
(TNF-α) were quantified using ELISA kits specific for IL-6 
and TNF-α (Lianke, China), following the instructions pro-
vided by the manufacturer.

Technology Co., Ltd., with the primer sequences detailed in 
Table  1. The PCR reaction mixture was sealed and centri-
fuged in a microplate centrifuge before being subjected to 
fluorescence quantitative PCR. The PCR amplification proto-
col included an initial denaturation at 95 ℃ for 30 s, followed 
by 40 cycles of 95 °C for 15 s and annealing at 60 °C for 
30 s. Relative gene expression levels were quantified using 
the 2−ΔΔCT method.

Immunofluorescence

Deeply anesthetized rats were transcardially perfused with 
PBS followed by 4% paraformaldehyde. The L4 to L6 seg-
ments of the spinal cords were then collected and fixed in 
the same 4% paraformaldehyde for 24  h. Following fixa-
tion, the tissue specimens underwent dehydration in a 30% 
sucrose solution, embedded in paraffin, and sectioned at 
4 μm thickness. The sections were subsequently blocked in 
a 3% bovine serum albumin-blocking solution for 30 min. 
After washing with PBS, the primary antibody IBA1(Rabbit 
pAb, lgG, 1:500, Servicebio, China) was added and incu-
bated overnight at 4 °C. The sections were washed again and 
incubated with the secondary antibody at room temperature 
for 50  min, protected from light. Following another PBS 
wash, DAPI staining solution was added to reverse stain the 
nucleus, and the sections were incubated for 10 min at room 
temperature, away from sunlight. The slides were then incu-
bated in PBS for an additional 10 min. Finally, images were 
captured, and cell count quantification was performed using 
ImageJ software.

Western Blotting

Under anesthesia, rats were perfused through the heart with 
pre-cooled PBS solution. The L4-L6 spinal cord tissue was 
then dissected out on ice and snap-frozen in liquid nitrogen. 
Subsequently, the spinal cord tissues were homogenized 
on ice in RIPA lysis buffer containing 1% proteinase and 
phosphatase inhibitors (Beyotime, China). The total protein 

Primer information Gene 
name

Upstream primer sequence(5’-3’) Downstream primer 
sequence(5’-3’)

Fragment 
length(bp)

NM_031982.1 TRPV1 ​C​C​T​A​T​C​A​T​C​A​C​T​G​T​C​A​G​C​T​C​
T​G​T​T​C

​T​C​T​G​G​G​T​C​T​T​T​G​A​A​C​
T​C​G​C​T​G​T

236

NM_017171.2 PKCε ​G​A​A​G​A​A​C​G​A​G​T​G​T​T​T​A​G​G​G​
A​G​C​G

​C​G​A​C​G​C​A​G​G​T​A​C​A​A​
A​C​T​T​G​A​C​A​T

196

NM_012589.2 IL-6 ​G​A​G​T​T​G​T​G​C​A​A​T​G​G​C​A​A​T​T​
C​T​G

​A​C​G​G​A​A​C​T​C​C​A​G​A​A​
G​A​C​C​A​G​A​G

162

NM_012675.3 TNF-α ​T​A​C​T​G​A​A​C​T​T​C​G​G​G​G​T​G​A​T​
C​G

​A​G​A​A​G​A​T​G​A​T​C​T​G​A​
G​T​G​T​G​A​G​G​G​T​C

104

XM_006256063.3 IBA1 ​G​C​T​C​C​G​A​G​G​A​G​A​C​G​T​T​C​A​G​
T​T​A​C

​G​T​T​G​G​C​T​T​C​T​G​G​T​G​T​
T​C​T​T​T​G​T​T​T

118

NM_017008.4 GAPDH ​C​T​G​G​A​G​A​A​A​C​C​T​G​C​C​A​A​G​T​
A​T​G

​G​G​T​G​G​A​A​G​A​A​T​G​G​G​
A​G​T​T​G​C​T

138

Table 1  Specific primer 
sequences
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Interaction Network Analysis of Potential 
Therapeutic Targets

These 62 targets were then input into the String database to 
construct a PPI network, which was subsequently visualized 
using Cytoscape 3.6.10 software (Fig. 2b). Analysis of the 
degree within this network predicted IL-6 and TNF as key 
targets for PF in the treatment of NP. The degree of each 
target in the PPI network is shown in Table 2. We performed 
molecular docking analysis on proteins with a degree value 
greater than 15, and the results are detailed in Table 3; Fig. 5a 
and o. The analytical data reveal that the binding energies 
of all docked complexes are below 7.5 kcal/mol, suggesting 
that PF can form stable interactions with these proteins. The 
calculated binding energies further confirm the high affinity 
between PF and the target proteins.

GO Enrichment Analysis and KEGG Signaling 
Pathway Analysis

Further investigation through KEGG signaling pathway and 
GO enrichment analysis of the 62 potential therapeutic tar-
gets revealed that PF is involved in several BP, including 
the adenylate cyclase-activating adrenergic receptor signal-
ing pathway, response to xenobiotic stimulus, and positive 
regulation of the mitogen-activated protein kinase (MAPK) 
cascade (Fig. 2c). The CC affected by PF primarily include 
the plasma membrane, presynaptic membrane, and postsyn-
aptic membrane (Fig. 2d). Additionally, PF is associated with 
various MF, such as PKC activity, G-protein coupled recep-
tor (GPCR) activity, and serotonin (5-HT) binding (Fig. 2e). 
KEGG pathway analysis further indicated that PF is highly 
correlated with pathways involved in neuroactive ligand-
receptor interactions, the calcium (Ca2+) signaling path-
way, serotonergic synapse, and the regulation of transient 
receptor potential (TRP) channels by inflammatory media-
tors (Fig. 2f). These findings suggest that PF alleviates NP 
through a multifaceted approach, targeting various BP, CC, 
and MF related to pain perception, signal transduction, and 
inflammatory pathways. Based on these results and support-
ing literature, we chose the PKC-TRPV1 pathway for experi-
mental verification.

Characterizations of the SNL Model

The MWT and TWL were measured one day before surgery 
and at 3, 7, 10, and 14days post-surgery. As illustrated in 
Fig.  3b and c, SNL-induced rapid and persistent mechani-
cal and heat hyperalgesia in the SNL group. Specifically, 
the rats in the SNL group exhibited significantly decreased 
MWT and TWL from day 3 to day 14 post-surgery compared 
to the Sham group (all P < 0.05). Additionally, we assessed 

Molecular Docking

The three-dimensional (3D) structure of and protein targets 
were retrieved from the RCSB Protein Data Bank data-
base (https://www.rcsb.org/), and the PDB ID information 
is listed in Table 3. Chemical 3D structure of PF, the PKCε 
inhibitor Sotrastaurin (AEB071), and the TRPV1 selective 
antagonist SB-366,791 were retrieved from PubChem data-
base (​h​t​t​p​​s​:​/​​/​p​u​b​​c​h​​e​m​.​​n​c​b​i​​.​n​l​​m​.​n​​i​h​.​g​o​v​/). Those ​c​o​m​p​o​u​n​d​
s as the ligands were blind docked with target proteins by 
the online CB-Dock2 database (​h​t​t​p​​s​:​/​​/​c​a​d​​d​.​​l​a​b​​s​h​a​r​​e​.​c​​n​/​c​​b​-​d​​
o​c​k​​2​/​p​h​​p​/​​i​n​d​e​x​.​p​h​p) for validation and ​v​i​s​u​a​l​i​z​a​t​i​o​n analy-
sis. CB-Dock2 employs a curvature-based cavity detection 
method to predict the binding region of a given protein and 
determine the center and size of this region [19]. Generally, 
results of molecular docking are primarily assessed by mini-
mum binding energies. Lower binding energies suggest that 
less energy is needed for the drug molecule to bind with the 
target, indicating greater binding potential and stability [20].

Statistical Processing Results

Data analysis was conducted using GraphPad Prism 9.0 
software, with results presented as mean ± SD. The Shap-
iro-Wilk test and Brown-Forsythe test were employed to 
assess normal distribution and homoscedasticity. When both 
conditions were satisfied, a one-way ANOVA followed by 
Tukey’s post-hoc test was applied for comparisons among 
multiple groups. In cases where normal distribution and 
homoscedasticity were not met, the Kruskal-Wallis test was 
used as an alternative. For repeated measurement data across 
multiple groups, a two-way ANOVA with Tukey’s post-hoc 
test was utilized. Additionally, curve estimation and linear 
regression analyses were conducted to explore correlations. 
Differences were considered to be statistically significant 
when the P < 0.05.

Results

Identification of Potential Therapeutic Targets for PF 
against NP

Multiple database searches and predictions yielded 104 
action targets for PF protein and 2,022 targets for NP. 
By intersecting these PF drug targets with NP targets, we 
identified 62 potential therapeutic targets for PF against NP 
(Fig. 2a).
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PF Attenuated SNL-induced Mechanical 
Hyperalgesia and Heat Hyperalgesia in NP

Following the SNL surgery, the rats were randomly divided 
into the SNL group and the PF group. As depicted in 
Fig. 3b, PF attenuated mechanical hypersensitivity associ-
ated with SNL model. The results of MWT in SNL and PF 
groups indicated that PF began to exhibit antinociceptive 

the expression levels of microglia marker IBA1 and inflam-
matory cytokines IL-6 and TNF-α in the spinal cord dorsal 
horn at 14 days post-SNL. The data, presented in Figs.  3f 
and h and 4e and h, revealed significantly higher mRNA and 
protein expression levels of IBA1, IL-6, and TNF-α in the 
SNL group compared to the Sham group (all P < 0.05). These 
findings indicate that SNL induces microglia activation in the 
spinal cord.

Fig. 2  Results of network pharmacologic analysis of paeoniflorin 
relieving NP. (a) The Venn diagram of common targets of paeoni-
florin with NP. (b) PPI network of 62 common targets of paeoniflo-
rin with NP. In the network graph, each node represents a different 
protein target and the node size represents the degree. The color of 
the nodes reflects the degree of connectivity (redder color indicates 
higher degree of connectivity). Straight lines represent protein relation-

ships between targets. (c) GO enrichment analysis of common targets 
with NP-log10 (p-value) top 10 BP results. (d) Top10 CC results of GO 
enrichment analysis-log10 (p-value) for common targets. (e) Top 10 MF 
results of GO enrichment analysis-log10 (p-value) for common targets 
of paeoniflorin versus NP. (f) KEGG pathway analysis results for the top 
20 of common targets-log10 (p-value) of paeoniflorin with NP
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PF Alleviated NP Through PKCε-TRPV1 Signaling 
Pathway

Based on the results of network pharmacology GO and 
KEGG enrichment analysis, the PKCε-TRPV1 pathway in 
the TRP channel regulated by inflammatory mediators was 
selected for verification. The Western blotting analysis was 
used to assess the protein level. As shown in Fig. 4a and c, 
SNL induced the overexpression of PKCε and TRPV1(all 
P < 0.05). Fortunately, in line with pain relief, consecu-
tive administration with PF alleviated the upregulation of 
PKCε and TRPV1(all P < 0.05). In addition, the qPCR assay 
(Fig. 3d and e) showed the same general trend of expression 
at the mRNA level of PKCε and TRPV1 with the protein 
level (all P < 0.05). Of note, no significance difference was 

effects after 7 consecutive days of intraperitoneal injection 
(P < 0.05). It significantly improved MWT after 14 consecu-
tive days of administration (P < 0.0001) (Fig. 3b). Addition-
ally, as illustrated in Fig. 3c, TWL measurements revealed 
that administering PF for 10 consecutive days increased 
TWL, and a significant reduction in SNL-induced hyper-
algesia symptoms was observed after 14 consecutive days 
of administration (P < 0.001). Besides, no statistical signif-
icance was observed in MWT and TWL between PF and 
Sham groups after 7 consecutive days of administration.

Table 2  The weighted degree of each target
Name Degree Name Degree Name Degree Name Degree
TNF 24 PRKCG 14 ACHE 9 EPHX2 4
IL6 23 CYP2D6 14 TRPV1 8 RYR1 4
PTGS2 20 TP53 14 AR 8 CA1 4
SLC6A4 20 HTR2C 13 HTR2B 7 COL18A1 3
ADRA2A 18 HTR2A 13 SERPINE1 7 CD14 3
SLC6A3 18 ADRB2 13 BCHE 7 CHRM3 2
PRKCA 18 PRKCE 12 ADRA1B 7 TDP1 1
ADRA2C 17 PRKCH 11 KCNH2 7 SSTR4 1
ADRA2B 17 ADRA1D 11 VCP 6 HTR6 1
OPRM1 17 ADRA1A 11 ALOX5 6 CA2 1
PRKCD 16 HSP90AA1 11 AKR1B1 6 ATP1A1 1
SLC6A2 16 ABCB1 11 TACR1 6 CHRNA7 1
DRD2 16 DRD1 10 TYR 6 ABCB11 1
PRKCB 15 PRKCQ 9 ADORA1 5
STAT3 15 HTR1B 9 SELP 4

Protein PDB ID Ligand Binding energies (kcal/mol) Center (x, y, z) Docking size (x, y, z)
TNF-a 7DOV paeoniflorin -9 23, 19, -5 22, 22, 22
IL-6 8QY5 paeoniflorin -8 285, 245, 259 22, 22, 22
PTGS2 3HS5 paeoniflorin -10.4 25, 28, 43 35, 35, 35
SLC6A4 5I6Z paeoniflorin -10.1 46, 182, 153 35, 35, 35
ADRA2A 1HLL paeoniflorin -8.5 -5, -12, 10 22, 22, 22
SLC6A3 9EUP paeoniflorin -8.6 160, 165, 133 22, 22, 30
PRKCA 3HPM paeoniflorin -9.2 0, 2, 3 22, 22, 22
ADRA2C 6KUW paeoniflorin -10.3 -30, -11, 56 22, 22, 22
ADRA2B 6K41 paeoniflorin -10.6 118, 110, 82 22, 35, 22
OPRM1 4DKL paeoniflorin -9 -27, -10, -10 22, 22, 22
PRKCD 3UEJ paeoniflorin -8.3 10, -3, 12 22, 22, 22
SLC6A2 8HFE paeoniflorin -10 113, 111, 115 22, 22, 28
DRD2 8TZQ paeoniflorin -10 165, 167, 190 22, 22, 22
PRKCB 3PFQ paeoniflorin -10.6 -43, 13, -17 28, 22, 22
STAT3 4ZIA paeoniflorin -7.7 130, 51, 125 22, 22, 22
PRKCE 2WHO paeoniflorin -8 55, 2, 41 22, 22, 22
PRKCE 2WHO AEB071 -8.9 55, 2, 41 22, 22, 22
TRPV1 8GF8 paeoniflorin -8.1 75, 100, 100 31, 30, 35
TRPV1 8GF8 SB-366,791 -8.2 75, 100, 100 31, 30, 35

Table 3  The result of molecular 
Docking

 

1 3

  160   Page 8 of 16



Neurochemical Research          (2025) 50:160 

PKC inhibitor Sotrastaurin binds to PKCε (binding energies 
= -8.9 kcal/mol), suggesting that PF functions as a PKCε 
inhibitor. At the same time, Fig. 5r and s demonstrate that 
PF can act as a TRPV1 antagonist (The binding energies 

observed between the Sham group and the PF group. Addi-
tionally, molecular docking was performed to verify the 
regulatory effect of PF on PKCε and TRPV1. As shown in 
Table 3; Fig. 5p and q, PF can bind tightly to the PKCε pro-
tein (binding energies = -8 kcal/mol) at the same site where 

Fig. 3  Animal experimental behavioral assessment and qPCR results. 
(a) Schematic diagram of animal experimental procedure manipula-
tion. (b) Changes in MWT between Sham, SNL, and SNL-PF treat-
ment groups (PF), data are expressed as mean ± SD (n = 12). Statis-
tical significance was determined using a two-way ANOVA with 
Tukey’s post-hoc test, compared with the sham group *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001; compared with the SNL 
group, #P < 0.05, ##P < 0.01, ###P < 0.001, # ###P < 0.0001. (c) Changes 
in TWL in the Sham, SNL, and SNL-PF treatment groups (PF), and 
the data were expressed as mean ± SD (n = 12). Statistical significance 

was determined using a two-way ANOVA with Tukey’s post-hoc test, 
compared with the sham group, *P < 0.05, **P < 0.01; compared with 
the SNL group, #P < 0.05, ##P < 0.01. (d-h) mRNA expression levels 
of TRPV1(d), PKCε(e), IBA1(f), IL-6(g), and TNF-α(h) mRNA, and 
the data were expressed as mean ± SD (n = 6). In figures (e) and (h), 
the Kruskal-Wallis non-parametric test was used to compare the Sham 
group with the other two groups, while a one-way ANOVA followed 
by Tukey’s post-hoc test was employed for the remaining compari-
sons, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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suppressed the SNL-induced upregulation of IL-6 and TNF-α 
in the spinal cord (all P < 0.05). The qPCR results showed 
the same general trend (Fig. 3g and h). As well as, no signifi-
cant difference between the PF groups and the Sham group. 
Furthermore, the molecular docking results indicate that PF 
exhibits a strong affinity for the core targets IL-6 and TNF-α 
(Fig. 5a and b). Their lowest binding energies are respectively 
− 8 kcal/mol and − 9 kcal/mol.

of PF and SB-366791withTRPV1 protein are respectively 
− 8.1 kcal/mol and − 8.2 kcal/mol).

PF Reduced the Production of IL-6, TNF-α 
Inflammatory Factors

According to the results of our network pharmacology anal-
ysis IL-6 and TNF-α were predicted to be the key targets 
of PF for the therapy of NP. The ELISA and qPCR analysis 
were used to investigate further the role of PF in reducing 
the expression of inflammatory factors IL-6 and TNF-α. 
As shown in Fig.  4e and f, PF administration significantly 

Fig. 4  Western blotting, ELISA 
and Immunofluorescence results. 
Statistical significance between 
groups was determined using a 
one-way ANOVA followed by 
Tukey’s post-hoc test, *P < 0.05, 
**P < 0.01. (a) Western blotting 
to detect the expression levels of 
TRPV1, PKCε, and IBA1. (b-d) 
Relative quantitative analysis 
of TRPV1, PKCε, and IBA1 
(n = 6). (e, f) ELISA for IL-6, 
TNF-α expression level (n = 6). 
(g) Immunofluorescence staining 
of microglia in the dorsal horn 
of the spinal cord (Scale bar 
= 50 μm). (h) Relative quantita-
tive analysis of microglia in the 
dorsal horn of the spinal cord 
(n = 4)
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underlying PF’s alleviation of NP. As previously described, 
microglial activation was assessed by examining changes in 
the number and morphology of IBA1-positive cells in the 
dorsal horn of the spinal cord [21]. Firstly, we evaluated the 
expression of the microglial marker IBA1 at both the pro-
tein and mRNA levels in the spinal cord, Western blotting 

PF Ameliorated NP by Inhibiting Microglia 
Activation in the Dorsal Horn of the Spinal Cord

Given the crucial role of microglial activation in NP, we 
investigated the effect of PF on regulating microglial activa-
tion in the spinal cord to elucidate the molecular mechanisms 

Fig. 5  Results of molecular docking. (a-o) The molecular docking 
detailed diagrams of paeoniflorin and TNF-α(a), IL 6(b),PTGS2(c),
SLC6A4(d),ADRA2A(e),SLC6A3(f),PRKCA(g),ADRA2C(h),AD
RA2B(i),OPRM1(j),PRKCD(k),SLC6A2(l),DRD2(m),PRKCB(n
),STAT(o). (p) paeoniflorin can bind tightly to the PKCε protein, and 
the lowest binding energies = -8 kcal/mol. On the right is a detailed 
diagram of the ligand-protein docking. (q) PKC inhibitor Sotrastaurin 

binds to PKCε, and the lowest binding energy is -8.9  kcal/mol. On 
the right is a detailed diagram of the ligand-protein docking. (r) paeoni-
florin is docked with TRPV1 protein, and the lowest binding energy is 
-8.1 kcal/mol. On the right is a detailed diagram of the ligand-protein 
docking. (s) TRPV1 antagonist SB-366791 is docked with TRPV1, and 
the binding energy is -8.2 kcal/mol). On the right is a detailed diagram 
of the ligand-protein docking
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receptors, as G-protein-coupled receptors, also play a cru-
cial role in regulating pain sensitivity. In the context of NP, 
norepinephrine mediates an anti-nociceptive effect primar-
ily through the activation of α2-adrenergic receptors located 
in the dorsal horn of the spinal cord. α2-adrenergic recep-
tors, coupled with inhibitory G proteins, inhibit the release 
of excitatory neurotransmitters from primary afferent fibers 
by inhibiting presynaptic voltage-gated Ca2+ channels in the 
dorsal horn of the spinal cord, reducing the occurrence of pain 
[26]. Ca2+ channels are essential for the initiation, conduc-
tion, and repetitive firing of action potentials, as well as neu-
rotransmitter release following nerve damage. In particular, 
CaV 2.2 and CaV 3.1 have been identified as potential targets 
for treating NP [27, 28]. Our network pharmacology analy-
sis also revealed that ADRA2A, ADRA2B, and ADRA2C 
play an important role in alleviating NP by PF. Furthermore, 
the molecular docking analysis results indicate they can all 
form stable complexes with PF. Previous studies have shown 
that PF increases the release of norepinephrine and activates 
α2-adrenergic receptors to regulate injury-mediated spinal 
cord transmission in diabetic neuropathy [29]. It is notewor-
thy that although these results suggest potential interactions 
between PF and adrenergic receptors, the specific mecha-
nisms of action and biological effects still require systematic 
experimental validation.

5-HT, a neurotransmitter extensively distributed across 
the cerebral cortex and synapses, is integral to regulating 
various physiological processes, including pain, sleep, and 
mood [30]. The role of 5-HT in pain regulation is notably 
complex and multifaceted, influenced by receptor subtypes, 
sites of action, and downstream neural circuits. 5-HT-medi-
ated brainstem activity is pivotal in the development of cen-
tral pain sensitization [31]. However, when 5-HT projections 
from the periaqueductal gray activate inhibitory interneu-
rons in the dorsal horn of the spinal cord, they suppress dor-
sal horn neuron activity and inhibit pain signal transmission 
[32]. In the spinal cord, 5-HT receptors are predominantly G 
protein-coupled, except for the 5-HT3 receptors, which are a 
ligand-gated ion channel. These receptors are located on pri-
mary afferent fibers, thalamic projection neurons, local inter-
neurons, and descending projections, including 5-HTergic 
neurons [33]. Their effects on pain perception vary by sub-
type. For instance, 5-HT1A receptor activation in the spinal 
cord generally yields antinociceptive effects in NP, whereas 
5-HT3 receptors can both promote and inhibit pain, poten-
tially due to differences in binding affinity [30]. Our network 
pharmacology analysis indicates that 5-HT2 receptors—spe-
cifically 5-HTR2A, 5-HTR2B, and 5-HTR2C—are primar-
ily involved in the mechanism by which PF alleviates NP. 
Notably, the 5-HTR2A receptor has been shown to promote 
local NP but inhibit hyperalgesia at the spinal level. The role 
of the 5-HTR2B receptor in NP appears to be contingent on 

and qPCR results revealed that SNL significantly upregulated 
IBA1 expression, an effect that was reversed by PF admin-
istration (all P < 0.05) (Figs. 3f and 4a and d). Secondly, as 
illustrated in Fig. 4g and h, SNL induced substantial morpho-
logical changes and increased accumulation of IBA1-stained 
microglia in the dorsal horn (P < 0.01). In contrast, these SNL 
-induced alterations in microglial morphology and accumula-
tion were markedly attenuated by PF treatment (P < 0.05).

Discussion

The development of society and the increase in life pres-
sure have led to a rising incidence of NP, which significantly 
impacts the quality of life and imposes a substantial social 
and economic burden. PF, a natural compound, exhibits sig-
nificant anti-inflammatory and immunomodulatory effects, 
as well as, has the characteristics of being non-toxic and 
harmless [6]. Through network pharmacology studies, we 
found that PF can effectively target multiple mechanisms 
associated with NP. These mechanisms include the regulation 
of specific molecular functions such as adrenergic receptors, 
PKCs, and 5-HT receptors, as well as the involvement of the 
Ca2+ signaling pathway, the regulation of TRP channels by 
inflammatory mediators, and GPCRs signaling pathways.

GPCRs are membrane proteins with binding sites for 
guanylate binding proteins, which can sense various chemi-
cal signals from the extracellular matrix and transmit these 
signals into the cell [22]. Opioid receptors, cannabinoid 
receptors, α2-adrenergic receptors, and other GPCRs are 
involved in the development and maintenance of NP and 
have become important targets for various analgesic drugs 
[23]. As revealed by our network pharmacology analysis, 
OPRM1, a member of the opioid G protein-coupled receptor 
family, has been shown to exhibit significant neuroplasticity 
in NP. Studies indicate that peripheral nerve injury, such as 
sciatic nerve damage, significantly downregulates the expres-
sion of the OPRM1 gene and reduces the responsiveness of 
OPRM1-expressing neurons to selective agonists [24]. The 
molecular docking results demonstrate a stable binding inter-
action between PF and the OPRM1 protein, with a binding 
energy of -9 kcal/mol. The docking analysis reveals that PF 
can form multiple hydrogen bonds and hydrophobic interac-
tions with key amino acid residues in the active site of the 
OPRM1 protein. Although direct experimental evidence is 
currently lacking to confirm that PF specifically targets the 
OPRM1 gene or its encoded µ-opioid receptor, existing stud-
ies suggest that PF may influence opioid receptor activity by 
modulating the overall function of the nervous system [25]. 
Particularly in the treatment of NP, PF may indirectly regu-
late opioid receptor signaling pathways through a multi-target 
mechanism, thereby exerting its analgesic effects. Adrenergic 
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receptor, in pain relief requires further investigation to eluci-
date the underlying mechanisms.

The previous study has also underscored the critical 
role of PKC activation, particularly PKCε, in the sensiti-
zation of TRPV1 activation [43]. PKC, a serine/threonine 
kinase, serves as an effector in the GPCR system and is rec-
ognized as a pivotal enzyme in signal transduction mecha-
nisms across various biological processes [44]. Our network 
pharmacology analyses have identified a strong correlation 
between PKCs and GPCRs in the molecular mechanisms 
underlying the action of PF in alleviating NP. PKCs are cat-
egorized into three subfamilies based on their structural and 
activation characteristics. The first subfamily, conventional 
PKCs, includes PKCα, βI, βII, and γ, which require both 
diacylglycerol (DAG) and Ca2 + for activation. The second 
subfamily, novel PKCs, comprises PKCδ, ε, η, and θ, which 
require only DAG for activation. Members of these two sub-
families exhibit comparable affinities for membrane binding. 
The third subfamily, atypical PKCs, includes PKCζ, λ, and 
ι, which are neither activated by DAG nor Ca2+ [45–47]. 
Network pharmacological analyses have further revealed 
that PKC isoforms (such as PKCα, PKCβ, PKCγ, PKCη, 
PKCε) are potential targets for PF in alleviating NP. In addi-
tion, molecular docking analysis indicates that PF exhibits 
favorable binding properties with multiple potential targets, 
including PKCα, PKCβ, PKCδ, and PKCε. In chronic dia-
betic neuropathy, the upregulation of PKCε is associated with 
thermal and mechanical hyperalgesia in the development of 
pain processes [48]. In the SNI model, upregulation of PKCε 
results in peripheral sensitization and increased pain sensi-
tivity in rats [49]. This pain sensitization is further exacer-
bated by the interaction between PKCε and TRPV1 [50]. In 
addition, Chen et al. ‘s experimental study showed that PF 
combined with liquiritigenin may inhibit PKC signal trans-
mission by coordinating calcium signal and lipid metabolism, 
thereby alleviating NP [51]. It is suggested that PF may play 
a role in PKC signal regulation. However, they only showed 
the simultaneous role of the two compounds, but did not ana-
lyze the role of PF in calcium signaling and PKC signaling 
alone. We used molecular docking to compare the binding 
degree between PF and PKCε protein with the PKC inhibi-
tor Sotrastarin and PKCε protein. The experimental results 
showed that PF and Sotrastarin can highly bind with PKCε at 
the same site of PKCε. It is suggested that PF may act as an 
inhibitor of PKCε to relieve NP.

Based on PPI network analysis, we investigated the 
mRNA expression of inflammatory factors IL-6 and TNF-α 
in the spinal cord using qPCR, and their protein levels 
using ELISA. Both the gene and protein levels of IL-6 and 
TNF-α were significantly elevated in the SNL group com-
pared to the Sham group. However, PF treatment signifi-
cantly reduced the expression levels of these inflammatory 

neuroimmune mechanisms, while the 5-HTR2C receptor pri-
marily exerts antihyperalgesic effects in the spinal cord [30]. 
While direct evidence of PF interacting with 5-HT2 recep-
tors is absent, its various pharmacological effects, including 
neuroprotective, anti-inflammatory, and analgesic proper-
ties, imply it may indirectly modulate these receptors. The 
molecular docking study further reveals that PF can directly 
bind to the active site of the 5-HT transporter (SLC6A4) with 
a binding energy of -10.1  kcal/mol. This finding suggests 
that PF may influence the activity of the serotonin system by 
modulating the function of the serotonin transporter, thereby 
exerting its neuroprotective effects. Furthermore, our study 
suggests that 5-HT2 receptors are involved in regulating TRP 
channels. Evidence from Caenorhabditis elegans indicates 
that the release of 5-HT depends on TRPV1 channel activa-
tion in 5-HTergic neurons, with TRP channels modulating 
monoamine release in these neuronal subpopulations [34]. In 
NP models, both 5-HT1A and TRPV1 receptors influence the 
firing activity of 5-HT neurons in the dorsal raphe nucleus, 
although their regulatory roles in the spinal cord require fur-
ther elucidation and in-depth investigation [35].

TRPV1, a nonselective cationic channel, functions as 
a Ca2+permeable channel and regulates Ca2+ influx [36]. 
This ion channel is activated by capsaicin and heat, and is 
expressed by peripheral injury receptors, implicating it in var-
ious inflammatory and NP disorder [37]. A substantial body 
of research has highlighted the critical role of TRPV1 in NP. 
In diabetic mouse models, the TRPV1 ion channel is highly 
expressed in nociceptive dorsal root ganglion (DRG) neu-
rons, where its activation induces rapid current generation in 
both heterologous cells and nociceptive DRG neurons [38]. 
Similarly, in rat models of chronic sciatic nerve compression 
injury, the expression of TRPV1 is progressively upregulated 
in the dorsal horn of the spinal cord. Additionally, intrathe-
cal administration of TRPV1 antagonists has been shown to 
effectively inhibit hyperalgesia, underscoring the therapeutic 
potential of targeting this ion channel [39]. Clinical trials con-
ducted by Arendt-Nielsen et al. further support these findings, 
demonstrating that TRPV1 antagonists significantly increase 
the threshold for capsaicin-induced heat and mechanical 
pain in healthy volunteers [40]. Yuanyuan Li et al. showed 
that paclitaxel-induced peripheral NP could be mitigated by 
inhibiting TRPV1 upregulation through electroacupuncture 
[41]. In addition, PF has been shown to inhibit TRPV1 acti-
vation and reduce the inflammatory pain associated with it 
[42]. Complementing these insights, our animal experiments 
and molecular docking studies confirmed that PF can directly 
bind to TRPV1 protein, functioning as a TRPV1 antagonist. 
Additionally, network pharmacological analyses suggest that 
the analgesic mechanism of PF may involve the modulation 
of various subtypes of 5-HT receptors. However, the precise 
role of specific 5-HT receptor subtypes, particularly 5-HT2 
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inhibits this process [55]. Other studies have also reported 
that controlled activation of TRPV1 channels on microglia 
can enhance autophagy, thereby potentially improving neuro-
degenerative diseases [56]. Regrettably, while we have inves-
tigated the status of TRPV1 and microglial activation as well 
as the effect of PF on these processes, we have not explored 
the interaction between TRPV1 and microglial activation in 
greater depth.

This study has several limitations that should be 
acknowledged. Firstly, the network pharmacology analy-
sis identified numerous key signaling pathways and related 
targets, including adrenergic receptors, the GPCR signal-
ing pathway, and Ca2+ signaling pathways. These findings 
warrant further experimental validation to confirm their 
roles and implications. Additionally, the selection of a single 
dose for PF was based on existing literature and preliminary 
experimental results. This approach limited our ability to 
fully ascertain the optimal dose for NP and to achieve the 
best possible therapeutic effect. Future studies should con-
sider exploring a range of doses to better determine the most 
effective treatment regimen. Finally, the study’s breadth, 
depth, and accuracy were limited by using only male rats and 
excluding females.

Conclusions

Combined with network pharmacology analysis, animal 
studies, and molecular docking, we have concluded that PF 
can treat NP by modulating multiple signaling pathways and 
target proteins involved in pain perception and inflamma-
tion. The experimental results further confirmed that PF can 
significantly alleviate the pain behavior in rats with SNL-
induced NP. Notably, PF was found to significantly inhibit 
the activity of PKC and TRPV1 in the spinal cord, and can act 
as an inhibitor of PKCε and an antagonist of TRPV1. Addi-
tionally, PF significantly suppressed microglial activation and 
neuroinflammatory responses. These findings provide a novel 
reference for NP treatment and suggest the potential analgesic 
role of PF in the clinical treatment of NP.
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cytokines. These cytokines, released by activated microglia, 
play a crucial role in the inflammatory response following 
nerve injury through intracellular mediators such as PKC. 
They also contribute to the sensitization of the central ner-
vous system, potentially leading to abnormal pain [2]. The 
enhanced peripheral and central expression of these pro-
inflammatory cytokines in response to nerve injury increases 
excitation and decreases inhibition of interneurons, thereby 
causing pain symptoms [52]. To further elucidate the molecu-
lar mechanism by which PF alleviates NP, we examined the 
effect of PF on the activation state of microglia. Immunofluo-
rescence and western blotting results demonstrated that SNL 
induced microglia activation in the dorsal horn of the spinal 
cord and increased microglia protein expression. PF interven-
tion was found to mitigate the activation of microglia induced 
by nerve injury.

Under normal conditions, microglia account for less 
than 20% of spinal cord glial cells [53]. However, follow-
ing nerve injury, mediators such as neuromodulin-1, matrix 
metalloproteinase (MMP)-2, MMP-9, and chemokine 
ligand 2 are released, leading to the rapid proliferation and 
activation of microglia in the dorsal root ganglia and spinal 
cord. This abnormal activation of spinal cord microglia is 
implicated in the formation, development, maintenance, and 
enhancement of NP [54]. Our Western blotting and Immu-
nofluorescence studies corroborate these findings, demon-
strating significant microglial activation post-injury. Upon 
activation, microglia stimulate the complement component 
of the immune system and release cytokines, chemokines, 
and cytotoxic substances, creating a pro-inflammatory envi-
ronment that originates at synaptic sites in the brainstem 
and the site of neurological injury, subsequently spreading 
to additional locations [2, 52]. Our Immunofluorescence 
results further indicate that PF can significantly inhibit 
microglial activation in the dorsal horn of the spinal cord. 
This further suggests that the anti-inflammatory effect of PF 
is related to the inhibition of microglia activation. Recent 
experimental literature indicates that PF can suppress 
microglial activation, which may subsequently mitigate the 
release of pro-inflammatory mediators known to exacerbate 
neuronal damage [11]. Moreover, studies have shown that 
PF significantly reduces the expression of pro-inflamma-
tory cytokines, including TNF-α, IL-1β, and IL-6, in neu-
roinflammation models [13]. These findings align with our 
observations and suggest that the anti-inflammatory effects 
of PF are likely a critical component of its neuroprotective 
mechanisms.

Additionally, TRPV1 plays an important role in microg-
lial activation in vivo. TRPV1 -mediated activation of 
the NOD-, LRR-, and pyrin domain-containing protein 3 
(NLRP3) inflammasome via the Ca2+ pathway in microglia 
leads to neuroinflammation, while TRPV1 ablation effectively 
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