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Abstract
Background Central post-stroke pain (CPSP) is a debilitating neuropathic condition that significantly impairs quality 
of life and is challenging to manage. Salvia miltiorrhiza (Danshen), a traditional Chinese herb, has demonstrated 
efficacy against neuropathic pain, but its active analgesic components and underlying mechanisms remain unclear. 
This study investigated the therapeutic potential of Danshenol B, an active component of Danshen, in a CPSP mouse 
model, focusing on its mechanism of action via the phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 
gamma isoform (PIK3CG)/NLR family pyrin domain-containing protein 3 (NLRP3) signaling pathway.

Methods A CPSP model was established in mice, and RNA sequencing of the ipsilateral ventral posterolateral 
thalamic nucleus/ventral posteromedial thalamic nucleus (VPL/VPM) was performed to identify differentially 
expressed genes (DEGs). Network pharmacology analysis linked these DEGs to known Danshen components, 
and molecular docking of 42 Danshen constituents was conducted to identify strong ligand-target interactions. 
Danshenol B was then administered (5, 10, 50 mg/kg) to CPSP mice to evaluate its analgesic effects, and thalamic 
PIK3CG and NLRP3 protein levels were measured to assess pathway involvement. Additionally, PIK3CG and NLRP3 
expression were manipulated (via overexpression or knockdown) to determine their roles in CPSP and their regulatory 
relationship.

Results In the CPSP model, 409 DEGs were identified in the ipsilateral VPL/VPM. Network pharmacology revealed 
21 Danshen-derived compounds potentially targeting 11 of these DEGs. Molecular docking highlighted Danshenol 
B as a top candidate, showing strong binding (-9.127 kcal/mol) to PIK3CG. In CPSP mice, Danshenol B (50 mg/kg) 
significantly alleviated CPSP and suppressed the PIK3CG/NLRP3 pathway. The overexpression of PIK3CG increased 
NLRP3 and negated the effects of Danshenol B, whereas its knockdown alleviated CPSP and reduced NLRP3. Notably, 
simultaneous overexpression of NLRP3 attenuated the analgesic effects induced by PIK3CG knockdown, further 
confirming that NLRP3 functions downstream of PIK3CG in mediating CPSP.

Conclusions Danshenol B alleviates CPSP in mice by suppressing the PIK3CG/NLRP3 signaling pathway, elucidating 
its analgesic mechanism and highlighting its potential as a novel therapeutic candidate for CPSP.
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Background
CPSP is a type of neuropathic pain directly associated 
with stroke lesions that occurs in both ischemic and 
hemorrhagic stroke patients [1]. CPSP affects approxi-
mately 1–35% of stroke survivors, with markedly higher 
incidences reported when lesions involve critical regions 
such as the medulla or thalamus, where prevalence rates 
can exceed 24% and 50%, respectively [2, 3]. CPSP symp-
toms may emerge immediately after stroke or develop 
progressively, typically between one and twelve months 
[4]. Furthermore, approximately 35–51% of patients 
experience evoked pain, often triggered by mechani-
cal allodynia or cold hyperalgesia [5]. In basic research, 
CPSP models are most commonly established by inject-
ing collagenase or autologous blood into the brain [6, 
7]. Studies have shown that the pathophysiology of 
CPSP is complex, involving inflammatory responses [2, 
8], microglial activation [6], apoptosis, neurovascular 
and blood-brain barrier disruptions [9], oxidative stress 
[10], and free radical production [11]. Current treatment 
options in Western medicine for CPSP include pharma-
cological agents, such as amitriptyline, lamotrigine, and 
gabapentin, as well as physical interventions including 
motor cortex stimulation, spinal cord stimulation, repeti-
tive transcranial magnetic stimulation, and transcranial 
direct current stimulation [12–14]. Despite these inter-
ventions, many patients continue to experience subop-
timal outcomes. Traditional Chinese medicine (TCM) 
has gained increasing attention due to its favorable safety 
profile and widespread acceptance in clinical practice.

As a TCM, Danshen exhibits significant anti-inflam-
matory, antioxidant, and antiapoptotic properties, which 
are directly relevant to the pathogenesis of CPSP [15]. 
Most research on Danshen in the context of stroke has 
focused on ischemic stroke, owing to its well-established 
efficacy in promoting blood circulation and removing 
stasis. In contrast, its application in hemorrhagic stroke 
remains underexplored, largely due to the prevailing con-
cern that blood-activating and stasis-resolving herbs may 
exacerbate bleeding. However, a 2019 randomized trial 
involving 537 hemorrhagic stroke patients published in 
The Lancet reported that antithrombotic therapy did not 
increase the risk of recurrent bleeding [16], suggesting 
that such concerns may be overstated. Emerging evidence 
also indicates that compound Danshen preparations 
can alleviate pain through mechanisms involving signal 
transduction pathways, the endocrine system, and the 
nervous system [17]. Thus, exploring the role of individ-
ual Danshen constituents in the context of cerebral hem-
orrhage and pain may yield valuable insights. In 1997, 
Tezuka et al. isolated a bioactive compound, Danshenol 

B (C₂₂H₂₆O₄), from the methanol extract of Salvia milt-
iorrhiza Bunge, which exhibited strong aldose reductase 
(AR) inhibitory activity [18]. Despite this, research on 
Danshenol B remains limited, and its pharmacological 
effects are not well characterized. Although no studies to 
date have examined analgesic potential or mechanisms of 
Danshenol B, it is worth noting that AR plays a key role 
in the development of sensory abnormalities in diabetic 
neuropathy [19]. Additionally, data from the Traditional 
Chinese Medicine Systems Pharmacology (TCMSP) plat-
form suggest that Danshenol B may target the Mu-type 
opioid receptor, highlighting its potential relevance for 
pain management. Collectively, these findings support 
the hypothesis that Danshenol B may possess therapeutic 
value in the treatment of CPSP.

Danshen targets numerous proteins, and the patho-
physiology of stroke involves a wide range of molecular 
pathways. One such key target is PIK3CG (also known as 
PI3Kγ), a catalytic subunit of phosphoinositide 3-kinase 
that plays a pivotal role in regulating inflammation and 
oxidative stress. PIK3CG has been implicated in vari-
ous disease states, including autoimmune disorders and 
multiple myeloma [20–22]. Recent studies have dem-
onstrated that PIK3CG is significantly upregulated in 
ischemic stroke lesions, where it activates microglia 
and astrocytes, contributing to neuroinflammation and 
stroke progression [23, 24]. Knockdown of PIK3CG 
has been shown to reduce blood–brain barrier perme-
ability and decreases infarct volume [25]. Furthermore, 
PIK3CG-mediated activation of the Akt signaling path-
way has been associated with bone cancer pain, sug-
gesting that PIK3CG may play a role in both stroke and 
pain pathophysiology [26]. NLRP3, which is involved in 
inflammasomes and pyroptosis [27, 28], is implicated 
in conditions such as depression [29], arthritis [30], and 
atherosclerosis [31]. Inhibition of the HIF-1α/NLRP3 
signaling pathway has been shown to alleviate pain, anxi-
ety, and depression in hemorrhagic stroke patients [6]. 
NLRP3 interacts with the Stimulator of Interferon Genes 
(STING) protein to promote microglial pyroptosis during 
ischemic stroke [32]. Additionally, certain TCMs provide 
neuroprotection by inhibiting NLRP3 during stroke [33]. 
Collectively, these findings highlight the critical roles of 
both PIK3CG and NLRP3 in the molecular mechanisms 
underlying stroke and pain, and support the rationale for 
investigating the PIK3CG/NLRP3 axis as a therapeutic 
target in CPSP.

In this study, we established a mouse model of CPSP 
and performed transcriptomic sequencing to investi-
gate gene expression changes associated with the condi-
tion. Using network pharmacology analysis, we identified 
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key active components of Danshen and their potential 
molecular targets relevant to CPSP. Among these, Dan-
shenol B—a major bioactive compound—was selected for 
further evaluation. We assessed its therapeutic efficacy 
through oral administration in CPSP mice. Addition-
ally, we explored the underlying molecular mechanisms 
by which Danshenol B exerts its analgesic effects, with 
a particular focus on the regulation of the PIK3CG/
NLRP3 signaling pathway. Based on these investiga-
tions, we hypothesize that Danshenol B alleviates CPSP 
by inhibiting the PIK3CG/NLRP3 signaling pathway, 
offering a novel therapeutic strategy for post-stroke pain 
management.

Methods
Animal preparation
Male C57BL/6J mice, weighing 25–30  g each, were 
obtained from Beijing Vital River, China. The mice were 
housed under a 12-hour light–dark cycle at a tempera-
ture of 24 °C ± 1 °C and humidity levels of 40–60%, with 
ad libitum access to food and water. The mice were accli-
mated for a minimum of 7 days before the commence-
ment of the experiments. All animal care procedures 
were approved by the Zhengzhou University Animal Care 
and Use Committee and complied with the International 
Association for the Study of Pain guidelines. Ethical 
approval was obtained from the Zhengzhou University 
Ethics Committee (Approval No. ZZUIRB2024-191).

Intracranial injection
After the mouse was anesthetized with 3% isoflurane 
(RWD Life Technology Co., Ltd., China), it was placed in 
a stereotaxic apparatus (Harvard Apparatus, Cambridge, 
MA), the head was secured with ear bars, and anesthe-
sia was maintained with 1.5% isoflurane. The skin was 
disinfected, an incision was made, and hydrogen perox-
ide was used to remove the periosteum. To induce cen-
tral post-stroke pain, as previously described [7], a glass 
electrode-tipped microliter syringe (7001KH, Hamilton, 
USA) was used to inject collagenase IV (Coll) (0.01 U/10 
nL, Sigma‒Aldrich, St. Louis, MO, USA) into the right 
VPL/VPM at the following coordinates: lateral: 1.52 mm, 
bregma: -1.67  mm, depth: -3.6  mm. The control group 
was injected with an equal volume of saline. The injec-
tion was performed over 10 min at a constant rate. After 
injection, the syringe was retracted by 0.1  mm, held in 
place for an additional 10 min to prevent reflux, and then 
slowly withdrawn.

For mechanistic studies, lentiviral particles encoding 
either a PIK3CG overexpression construct (LV-pik3cg-
OE, SC-424436-LAC, Santa Cruz Biotechnology, CA, 
USA), PIK3CG shRNA (sh-pik3cg, SC-39130-V, Santa 
Cruz Biotechnology), NLRP3 overexpression con-
struct (LV-NLRP3-OE, SC-432122-LAC, Santa Cruz 

Biotechnology), Control Lentiviral Activation Particles 
(LV-NC, SC-437282, Santa Cruz Biotechnology) or Con-
trol CRISPR/Cas9 Plasmid (sh-NC, SC-418922, Santa 
Cruz Biotechnology) were injected into the same stereo-
taxic coordinates in separate groups of CPSP mice. These 
injections were administered after CPSP model estab-
lishment to modulate PIK3CG or NLRP3 expression in 
vivo and to investigate their roles in the analgesic effects 
of Danshenol B. Following each injection, the skull was 
moistened with saline, the incision was sutured, and the 
wound was disinfected with iodine tincture. The mice 
were then placed in a 36  °C recovery chamber for post-
operative monitoring and care. The rationale for PIK3CG 
overexpression was to determine whether it is function-
ally required for the analgesic effect of Danshenol B.

Administration of Danshenol B
For drug administration, Danshenol B (purity of 99%, 
HY-122963, MCE, USA, CAS: 189308-09-6) was diluted 
in PBS. A 6-gauge gavage needle was used to aspirate the 
diluted Danshenol B (for the control group, the same vol-
ume of PBS was used). Gently grasp the mouse and fix 
its head with the mouse facing upward. The gavage nee-
dle was inserted from the upper jaw and gently pushed 
inward. Once the needle reaches halfway through the 
needle, it feels the absence of resistance; then, the drug 
is injected, and the gavage needle is withdrawn. The drug 
was administered once daily for 21 consecutive days.

Modified neurological severity score
The modified neurological severity score (mNSS) was 
used to assess neurological function [34]. The evalua-
tion included measurements of motor skills, sensory 
perception, balance, and reflexes, with scores ranging 
from 0 to 18. Lower scores indicate better neurological 
status, whereas higher scores reflect more severe deficits. 
Detailed scoring criteria are provided in Supplementary 
Table S1.

Behavioral tests
Von Frey testing
Mechanical sensitivity was assessed via von Frey fila-
ments (Stoelting, Wood Dale, IL, USA) with forces of 
0.07 g and 0.4 g [35]. Paw withdrawal frequency (PWF) 
was measured by applying von Frey filaments to the cen-
tral region of the plantar surface of the hind paw. The 
number of paw withdrawals was recorded over 10 trials 
to quantify sensitivity to mechanical stimuli.

Thermal hyperalgesia test
Thermal hyperalgesia was measured by recording the 
paw withdrawal latency (PWL) in response to a heat 
source. The mice were placed on a raised glass platform, 
and a radiant heat source was directed onto the plantar 
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surface of the hind paw through the glass plate. The with-
drawal time of the hind paw following radiant heat 
application was recorded. Each hind paw was tested indi-
vidually, with a 10-minute interval between tests.

Cold plate assay
The animals were placed on a plate precooled to 0 °C, and 
a timer was started immediately upon placement. The 
timer was stopped when the animals exhibited behav-
iors such as paw lifting, flinching, or guarding. The dura-
tion from initial placement to the observed flinch was 
recorded as the PWL in response to painful cold stimuli.

Nissl staining
Nissl staining was used to visualize Nissl bodies within 
the neuronal cytoplasm. Tissue sections were immersed 
in Nissl staining solution (Beyotime, Shanghai, China) for 
10 min at room temperature. After staining, the sections 
were washed twice with distilled water and then rinsed 
with 70% ethanol to remove excess dye. Images of stained 
Nissl bodies were acquired using an Olympus DP80 
microscope (Olympus, Japan). Image analysis and pro-
cessing were conducted using ImageJ software (version 
2.9.0; National Institutes of Health, Bethesda, MD, USA).

Tissue collection and RNA extraction
The study used two groups of mice, each comprising 
three biological replicates. Right-sided VPL/VPM tissues 
were separately extracted from each mouse. Each sample 
consisted of pooled tissues from three mice, resulting in 
nine mice per treatment group. Following the manufac-
turer’s guidelines, total RNA was isolated via a miRNeasy 
kit, which includes on-column genomic DNA digestion 
(Qiagen, Valencia, CA, USA). The RNeasy Micro Kit 
(Qiagen) was used for RNA purification, and concentra-
tions were measured with a NanoDrop 2000 Spectro-
photometer (Thermo Scientific, Wilmington, DE, USA). 
Sample quality was assessed via A260/280 ratios (1.97–
2.08) with an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Santa Clara, CA).

RNA sequencing
Total RNA (1.0  µg per sample) was subjected to rRNA 
depletion via the Ribo-Zero rRNA Removal Kit (Human/
Mouse/Rat; Illumina, San Diego, CA, USA). Eukaryotic 
mRNA was enriched via magnetic beads conjugated with 
oligo (dT) and fragmented randomly with fragmentation 
buffer. First-strand cDNA was synthesized from mRNA 
via random hexamer primers (Thermo Fisher Scientific, 
USA). A mixture of buffer, dNTPs, RNase H, and DNA 
polymerase I was subsequently added to synthesize sec-
ond-strand cDNA, which was then purified via AMPure 
XP beads (Beckman Coulter, Brea, CA). The purified 
double-stranded cDNA was processed for end repair, 

A-tailing, and adapter ligation. This was followed by size 
selection via AMPure XP beads and enrichment of the 
cDNA library via PCR. RNA sequencing was performed 
on the Illumina Nova6000 platform (Illumina, San Diego, 
USA) using 2 × 150  bp paired-end reads, resulting in a 
minimum of 20 million reads per sample. Over 21.08 mil-
lion reads were obtained in each group, ranging from 
21.08 to 27.47  million in the Saline group and 22.55 to 
27.03 million in the Coll group.

After trimming, the reads were aligned to the 
ENSEMBL reference mouse genome (GRCm38.95). 
Mapped reads distribution across genomic regions was 
visualized using HISAT2 (version 2.2.1) with the param-
eters --dta -p 6 --max [36]. The aligned reads were clas-
sified into exonic, intronic, and intergenic regions. 
Supplementary Fig.  1A shows the distribution of these 
categories in the Saline and Coll groups from the VPL/
VPM. The overall dispersion of the samples in each group 
was similar (Supplementary Fig. 1B). The Pearson corre-
lation coefficient between samples within each group was 
approximately 1 (Supplementary Fig. 1C). Principal com-
ponent analysis revealed a clear separation between the 
Saline and Coll groups along PC1, which explained 96.4% 
of the total variance, indicating robust transcriptional 
reprogramming in the ipsilateral VPL/VPM 14 days after 
collagenase injection (Supplementary Fig. 1D).

Gene expression levels were quantified using featu-
reCounts and analyzed with DESeq2 (v1.30.1) for dif-
ferential expression between the Saline and Collagenase 
groups [37, 38]. Genes with a fold change ≥ 2 and an 
adjusted P-value (FDR) < 0.05 were considered signifi-
cantly differentially expressed. Identified DEGs were clas-
sified as upregulated or downregulated based on their 
expression trends.

The RNA-seq data were uploaded with the Gene 
Expression Omnibus accession number GSE281041.

Functional enrichment analysis of differentially expressed 
genes
For functional analysis, approximately 409 DEGs 
(P < 0.05, fold change ≥ 2) from the VPL/VPM were cate-
gorized using Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway and Gene Ontology (GO) analyses via 
clusterProfiler (version 3.10.1, minGSSize = 1, maxGS-
Size = 10000, pAdjustMethod=“fdr”). Genetic regulatory 
networks were elucidated by organizing hierarchical cate-
gories into biological processes (BP), molecular functions 
(MF), and cellular components (CC). Gene set enrich-
ment analysis (GSEA) was conducted via clusterProfiler 
(v3.10.1, nPerm = 1000). The GSEA utilized KEGG path-
ways and GO terms from the BP, CC, and MF categories 
as gene sets of interest, with the log2FC of each differen-
tial group serving as the ranked background gene set.
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Protein‒protein interaction (PPI) network construction
To better understand the functional relationships among 
DEGs, interactions among significant DEGs in the VPL/
VPM were predicted using the STRING database (ver-
sion 12.0). Using Cytoscape (version 3.10.1), a network 
was constructed from the top 50 DEGs exhibiting the 
strongest correlations. The Centiscape plugin was used to 
determine the degree of connection for each node, which 
was represented by the node size. Nodes are color-coded 
red for upregulated genes and blue for downregulated 
genes.

Collection of danshen targets
We used the TCMSP (version 2.3) database to identify 
Danshen’s active constituents, selecting those with oral 
bioavailability ≥ 30% and drug likeness ≥ 0.183. We then 
retrieved the SMILES codes for 42 Danshen components 
from the PubChem database ( 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 /, accessed on 14 July 2024). We uploaded these 
SMILES codes to the SwissTargetPrediction database ( 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 /, accessed on 14 July 
2024) to identify molecular targets. We cross-referenced 
these targets with DEGs to pinpoint Danshen’s therapeu-
tic targets for CPSP treatment and visualized the results 
with a Venn diagram ( h t t p  s : /  / w w w  . b  i o i  n f o  r m a t  i c  s . c o m . c 
n /). The 11 identified therapeutic targets were uploaded 
to STRING for protein–protein interaction network con-
struction and then imported into Cytoscape for topologi-
cal analysis using the Centiscape and Network Analyzer 
plugins.

Molecular docking verification
SDF format ligand files for the four Danshen components 
were sourced from the PubChem database ( 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 /, accessed on 23 July 2024).  F o u 
r - d i m e n s i o n a l structural models for the mouse proteins 
PIK3CG (A0A1W2P8F6), caspase-1 (CASP1, P29452), 
Bruton’s tyrosine kinase (BTK, P35991), and Matrix 
metalloproteinase-9 (MMP9, P41245) were sourced 
from the UniProt database (https://www.uniprot.org/, 
accessed on 23 July 2024). Molecular docking analysis 
using ZDOCK was performed to assess the interactions 
between Danshen components and their target proteins. 
The ZDOCK module results identified docking sites and 
computed ZDOCK scores.

Quantitative real-time RT-PCR
Total RNA isolated from the VPL/VPM was treated with 
DNase I (New England Biolabs, Ipswich, MA, USA) and 
reverse-transcribed using the RevertAid First Strand 
cDNA Synthesis Kit (Thermo), utilizing oligo(dT) or spe-
cific RT primers. A 2 µL cDNA template was amplified by 
real-time PCR using primers (Sangon Biotech, Shanghai, 
China) listed in Supplementary Table S2. Each sample 

was analyzed in triplicate using a 20 µL reaction mix-
ture, which included 250 nM of both forward and reverse 
primers, 10 µL of Thermo Scientific Maxima SYBR Green 
qPCR Master Mix (2×, Rox solution), and 20 ng of total 
cDNA. The reactions were performed using a 7500 Fast 
Real-Time PCR Detection System (Applied Biosystems, 
USA). The thermal cycling protocol consisted of an initial 
step at 95 °C for 3 min, followed by 40 cycles of 95 °C for 
10 s, 60 °C for 30 s, and 72 °C for 30 s. The mRNA ratios 
were calculated using the ΔΔCt method (2−ΔΔCt). All the 
data were normalized to Gapdh, which is stable in mice 
after CPSP.

Western blot
Bilateral VPL/VPM tissues were collected from the mice 
and homogenized in ice-cold lysis buffer. After elec-
trophoresis, the proteins were transferred onto PVDF 
membranes (Millipore, Darmstadt, Germany) at 250 mA. 
The membranes were blocked for 2 h at room tempera-
ture and then incubated overnight at 4 ℃ with primary 
antibodies against rabbit PIK3CG (1:1000, ab302958, 
Abcam), rabbit NLRP3 (1:1000, ab263899, Abcam), and 
rabbit GAPDH (1:1000, ab9485, Abcam). The membranes 
were then incubated with peroxidase-conjugated second-
ary antibodies for 2 h at room temperature. The immune 
complexes were detected using an enhanced chemilumi-
nescence kit (Beyotime Biotechnology, Shanghai, China). 
Images were captured using a Bio-Rad ChemiDoc MP 
imaging system (Bio-Rad, USA). ImageJ software (ver-
sion 2.9.0, National Institutes of Health, Bethesda, MD) 
was used to convert the images to 8-bit grayscale for fur-
ther processing. The gel was calibrated using the “uncali-
brated OD” function, after which the gel image was 
inverted. The target band was then selected, and its area 
was measured to obtain the area value.

Drug affinity responsive target stability (DARTS)
VPL/VPM tissues were collected from mice, and protein 
lysates were prepared as previously described. Danshe-
nol B (purity 99%, HY-122963, MCE; CAS: 189308-09-6) 
was dissolved in 0.1% DMSO to prepare a 10 mM stock 
solution. For treatment, Danshenol B was added to 30 µg 
of total protein lysate to a final concentration of 10 µM, 
while control samples received an equal volume of 0.1% 
DMSO. The reaction volume was adjusted to 100 µL and 
incubated at 4 °C for 30 min to allow sufficient interaction 
between the small molecule and target proteins. Trypsin 
(2.5%, Thermo Scientific, USA; CAS: 15090046) was then 
added at a 1:200 (enzyme: protein, w/w) ratio, and the 
mixture was incubated on ice for 20  min. The reaction 
was terminated by adding 25 µL of 5× SDS-PAGE loading 
buffer (Beyotime, P0015L), followed by heating at 95  °C 
for 5  min to denature the proteins and halt proteolysis. 
The denatured samples were then subjected to Western 
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blot analysis as previously described. Protein bands were 
visualized and quantified by densitometric analysis using 
ImageJ software.

Statistical analysis
To minimize bias, all behavioral assessments (including 
the von Frey test, thermal hyperalgesia test, cold plate 
assay, and mNSS scoring) were performed by investi-
gators blinded to the treatment groups. For molecu-
lar experiments, including RNA extraction, RT-qPCR, 
and Western blot analysis, tissue samples were assigned 
coded identifiers, and data acquisition and analysis were 
conducted in a blinded manner. Mice that died dur-
ing or after the collagenase IV injection procedure were 
excluded from the study. In addition, for behavioral and 
molecular analyses, data points deviating more than two 
standard deviations from the group mean were consid-
ered outliers and excluded from the final analysis.

Data were randomly collected and presented as the 
mean ± SD using GraphPad Prism 9. The normality of 
distribution for each dataset was assessed before analy-
sis using the same software. Normality was tested using 
the D’Agostino–Pearson omnibus, Anderson–Darling, 
Shapiro–Wilk, and Kolmogorov–Smirnov tests with the 
Dallal–Wilkinson–Lillie for P value. Statistical analyses 
included two-tailed, unpaired Student’s t-tests and one-
way and two-way ANOVAs with repeated measures. 
Significant results from ANOVAs were further analyzed 
using post hoc Tukey tests. P-values less than 0.05 were 
considered significant.

Results
Injection of collagenase IV into the VPL/VPM led to 
nociceptive hypersensitivities
A central post-stroke pain model was created by injecting 
collagenase IV (0.01 U/10 nL) into the right VPL/VPM 
junction in mice (Coll group). The control group received 
saline (10nL) injections (Saline group). The mNSS was 
evaluated in both groups 1 day before injection and at 1, 
3, and 14 days post-injection. No significant differences 
were observed between the two groups, indicating that 
normal motor function, balance, and reflexes remained 
intact (Supplementary Fig.  2, Table  1). Nissl bodies in 
the VPL/VPM region were examined 3 (Coll 3d group) 
and 14 (Coll 14d group) days postinjection. Compared 
with the Naive group, the Coll 3d and Coll 14d groups 
exhibited significant loss of Nissl bodies in the right VPL/
VPM (P = 0.03, P < 0.001; Figs.  1A–E). We repeated the 
Saline and collagenase IV injections and evaluated pain 
behavior in the mice. In the Coll group, mechanical allo-
dynia in the contralateral hind paw emerged on day 7 
postinjection (*P < 0.05, **P < 0.01; Figs.  1F, H), while no 
abnormalities were observed in the ipsilateral hind paw 
compared to the Naive group (Figs. 1G, I). Cold hyperal-
gesia was similarly observed in the Coll group (**P < 0.01, 
***P < 0.001; Fig. 1J). However, neither the Saline nor the 
Coll group exhibited heat hyperalgesia compared to the 
Naive group (Figs. 1K, L). These results confirm the suc-
cessful establishment of a CPSP model in mice.

Altered expression profiles of mRNAs in the VPL/VPM after 
CPSP
We repeated the saline and collagenase IV injections 
and collected VPL/VPM tissue from the Saline and 
Coll group mice for transcriptomic sequencing on the 
14th day post-injection (Fig.  2A). Significant changes in 
mRNA expression within the VPL/VPM were observed 
after CPSP. Specifically, about 409 DEGs (347 upregu-
lated, 62 downregulated) presented substantial changes 
in expression levels (Fig.  2B). Clustered heatmaps of 
DEGs revealed distinct gene expression patterns in the 
VPL/VPM after CPSP (Fig.  2C). G protein-coupled 
receptors (GPCRs) and ion channels are crucial for trans-
mitting and modulating nociceptive information. Among 
the DEGs, 133 were identified as GPCR mRNAs, and 226 
were identified as ion channel mRNAs in the VPL/VPM. 
The heatmaps display the top 15 upregulated and down-
regulated DEGs for both GPCRs (Fig. 2D) and ion chan-
nels (Fig. 2E) in the VPL/VPM.

Functional enrichment analysis of the DEGs after CPSP
To analyze the functional enrichment of these DEGs, 
we used clusterProfiler for GO, KEGG and euKaryotic 
Ortholog Groups (KOG) pathway analyses to categorize 
the upregulated and downregulated DEGs by distinct 

Table 1 The mNSS of mice in the saline and coll groups on the 
first day post-injection

Mean S.D. Min. Max. P
Motor tests
Saline 0.1765 0.3930 0 1 0.6406
Coll 0.1176 0.3321 0 1
Sensory tests
Saline 0 0 0 0
Coll 0 0 0 0
Beam balance tests
Saline 0.4118 0.6183 0 2 0.6537
Coll 0.5294 0.8745 0 3
Reflex absence and 
abnormal movements
Saline 0.1176 0.3321 0 1 0.6406
Coll 0.1765 0.3930 0 1
Note: Motor tests, Unpaired t-test, t = 0.4714, df = 32; Sensory tests, Unpaired t-
test; Beam balance tests, Unpaired t-test, t = 0.4529, df = 32; Reflex absence and 
abnormal movements, Unpaired t-test, t = 0.4714, df = 32. Each group consisted 
of 17 mice
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Fig. 2 Statistical results of DEGs in the VPL/VPM of CPSP model mice after transcriptomic sequencing. (A): Saline or collagenase IV was injected into the 
VPL/VPM of two groups of mice, and RNA sequencing was performed on the ipsilateral VPL/VPM tissues 14 days post-injection. (B): The mRNA sequenc-
ing data between the Saline and Coll groups were plotted as a Volcano plot. n = 3 (each sample from 3 mice). (C): Heatmaps of significantly DEGs in the 
VPL/VPM from mice on day 14 post-CPSP were generated. n = 3 (each sample from 3 mice). (D–E): The top 15 upregulated and downregulated genes of 
GPCRs (D) and ion channels (E) in the VPL/VPM on day 14 after CPSP are shown. n = 3 (each sample from 3 mice). The up-and down-regulated genes are 
colored in yellow and blue, respectively

 

Fig. 1 Successfully established a CPSP mouse model. (A): Timeline of drug administration, behavioral assessments, and Nissl staining. (B–D): Nissl staining 
was employed to examine Nissl bodies in the VPL/VPM of mice from the Naive, Coll 3d, and Coll 14d groups. The left image has a scale bar of 1000 μm, 
and the right image has a scale bar of 200 μm. Solid lines in the images mark the boundaries of different nuclei. n = 6. (E): The number of pixels within 
the Nissl body–depleted region was quantified for each group (one-way ANOVA followed by Tukey’s test. F(2, 15) = 48.71, P < 0.001, n = 6). (F–I): PWF in 
the bilateral hind paws of mice was assessed using 0.07 g (F–G) and 0.4 g (H–I) von Frey filaments (two-way ANOVA followed by Tukey’s test. *P < 0.05, 
**P < 0.01, ***P < 0.001 vs. Naive group. n = 12). (J): PWL in mice was evaluated using a cold plate (two-way ANOVA followed by Tukey’s test. **P < 0.01, 
***P < 0.001 vs. Naive group. n = 12). (K–L): PWL in the bilateral hind paws of mice was assessed using a thermal radiometer (two-way ANOVA followed 
by Tukey’s test. n = 12)
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processes. We screened the transcriptomic data for 
CPSP-related pathways and found that the upregulated 
DEGs were predominantly enriched in inflammation-
associated pathways according to GO analysis (Fig. 3A). 
In contrast, the downregulated DEGs were mainly asso-
ciated with oxidative stress-related pathways (Fig.  3B). 
KEGG analysis further revealed that the upregulated 
DEGs were primarily enriched in pathways related to 
inflammation and apoptosis (Fig. 3C). Notably, no CPSP-
relevant pathways were enriched among the downregu-
lated DEGs in the KEGG analysis.

Enrichment analyses of KOG, GO, and KEGG pathways 
revealed distinct functional distributions of the DEGs. 
Specifically, KOG enrichment analysis showed that 48 
upregulated DEGs were associated with signal transduc-
tion pathways, while 26 upregulated DEGs were related 
to cytoskeletal organization and extracellular structure 
(Supplementary Fig.  3A, Supplementary Table S3). In 
contrast, the 62 downregulated DEGs were dispersed 
across multiple functional categories without signifi-
cant enrichment in any single category (Supplementary 
Fig. 3B, Supplementary Table S4). GO enrichment analy-
sis revealed that the upregulated DEGs were enriched in 
immune system processes, biological adhesion, and cell 
killing within the biological process category (Supple-
mentary Fig. 3C, Supplementary Table S5). For molecular 
function, they were enriched in electron carrier activity 
and chemoattractant activity (Supplementary Fig.  3C, 
Supplementary Table S5). Downregulated DEGs were 
mainly linked to biological adhesion, rhythmic processes, 
and synapse part functions (Supplementary Fig. 3D, Sup-
plementary Table S6). In the network diagram of DEGs 
and GO pathways, the top five pathways with the smallest 
P-values were chosen for analysis. The analysis revealed 

upregulated DEGs such as Cst7, newGene_6227, Cd5l, 
Clec7a, Mmp12, and Saa3 (Supplementary Figs.  44  A, 
C, E), and downregulated DEGs including Gbp3, Ifi203, 
Irgm2, Oasl2, Gbp9, Cplx3, Kcnq5, and Trh (Supple-
mentary Figs.  4A, B, D, F), all of which showed signifi-
cant changes. The pathways associated with each gene 
are listed in Supplementary Table S7. To systematically 
identify the lineage programs altered during CPSP and 
avoid missing genes that may have biological significance 
despite not being significantly differentially expressed, we 
performed GSEA. GO pathways were used as the gene 
sets of interest, and the top five gene sets with the lowest 
P-values were identified. Functions such as signal trans-
duction, response to stimuli (Supplementary Figs.  5  A, 
C), the extracellular region (Supplementary Fig. 5B), and 
metalloendopeptidase activity (Supplementary Fig.  5C) 
were found to play important roles in CPSP. The results 
of the GO enrichment analysis were visualized using 
directed acyclic graphs, with branches illustrating inclu-
sion relationships from broader to narrower categories. 
The top 10 GO enrichments functioned as master nodes. 
These were presented alongside related GO terms and 
systematically organized categories. Directed acyclic 
graphs were created for biological processes, molecular 
functions, and cellular components within the VPL/VPM 
(Supplementary Fig. 6).

KEGG pathway analysis showed that the upregulated 
DEGs were enriched mainly in the phagosome and tuber-
culosis pathways (Supplementary Fig. 3E, Supplementary 
Table S8), while the downregulated DEGs were enriched 
in hepatitis C and the NOD-like receptor signaling path-
way (Supplementary Fig.  3F, Supplementary Table S9). 
The top five pathways with the lowest P-values were 
chosen for analysis in the network diagram of DEGs and 

Fig. 3 Analysis results of CPSP-related pathways in GO and KEGG analyses. (A): Perform GO analysis on the upregulated DEGs after CPSP modeling, and 
screen for CPSP-related pathways, listing the top 10. (B): Perform GO analysis on the downregulated DEGs after CPSP modeling, and screen for CPSP-
related pathways, listing the top 10. (C): Perform KEGG analysis on the upregulated DEGs after CPSP modeling, and screen for CPSP-related pathways
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KEGG pathways. The study revealed that upregulated 
DEGs such as Atp6v0d2, Clec7a, and Itgax (Supplemen-
tary Fig.  4G) and downregulated DEGs such as Irgm2, 
Gbp3, and Oasl2 (Supplementary Fig.  4H) exhibited 
significant changes. The pathways related to each gene 
are listed in Supplementary Table S10. Similarly, GSEA 
was performed using KEGG pathways as the gene sets 
of interest, and the top five gene sets with the lowest P 
values were identified. Pathways related to cancer, viral 
infection, and the PI3K-Akt signaling pathway were 
found to exhibit significant changes in CPSP (Supple-
mentary Fig. 7).

To understand the functional interactions among 
DEGs and their potential involvement in neuropathic 
pain, a PPI network was constructed using the STRING 
database (https://string-db.org/). The network was  c o n s 
t r u c t e d using the top 50 protein-coding DEGs with the 
strongest correlations in the VPL/VPM. As illustrated 
in Supplementary Fig. 8, the upregulated DEGs, includ-
ing Ptprc, Itgam, Fcgr3, Cd44, and Cd86 are crucial mol-
ecules among the hub genes in the VPL/VPM network 
(Supplementary Table S11).

Screening potential therapeutic targets for CPSP using 
components of Danshen
Among the 42 identified components of Danshen (Sup-
plementary Table S12), 235 targets were predicted 
using the Swiss Target Prediction database (Supple-
mentary Table S13). A network in which Danshen com-
ponents were mapped to their targets was constructed 
with Cytoscape 3.9.1 (Fig.  4A). Notably, tanshinalde-
hyde and (6  S)-6-(hydroxymethyl)-1,6-dimethyl-8,9-di-
hydro-7  H-naphtho[8,7-g]benzofuran-10,11-dione (Mol 
name: MOL007155) exhibited the highest number of 
associated potential targets at 100 each, followed by 
Danshenol B (94), Danshenol A (73), luteolin (58), and 
sclareol (48). The study identified 409 DEGs in the ipsilat-
eral VPL/VPM of CPSP model mice. After excluding 11 
novel genes, 398 DEGs remained. A Venn diagram was 
created to show overlaps between the predicted targets of 
Danshen and the DEGs in CPSP. The analysis revealed 11 
potential candidate targets for treating CPSP with Dan-
shen (Fig. 4B).

The PPI network for the 11 intersecting targets was 
created using the STRING database and visualized using 
Cytoscape 3.9.1 (Fig.  4C). The network consisted of 11 
nodes and 76 edges, with node size and color represent-
ing their degree values. Btk, Mmp9, Casp1, Ctss, Ccr5, 
and Pik3cg presented the highest degree values among 
the targets, at 10, 9, 9, 8, 8, and 8, respectively (Supple-
mentary Table S14). Topological analysis revealed 
that Btk had the highest betweenness centrality score 
of 0.1589, followed by Pik3cg at 0.070 and Mmp9 and 
Casp1 at 0.048, suggesting that Btk is the most crucial 

component within this network (Supplementary Table 
S14).

To comprehensively understand how Danshen com-
ponents affect CPSP at the system level, KEGG and GO 
enrichment analyses were performed on the 11 inter-
secting targets. In the KEGG enrichment analysis, the 
top 15 pathways with the lowest P-values (P < 0.05) 
were selected, including primary immunodeficiency 
(P < 0.001), the chemokine signaling pathway (P < 0.01), 
NF-κB signaling pathway (P < 0.01), and toxoplasmosis 
(P < 0.01) (Fig. 4D, Supplementary Table S15). Addition-
ally, GO enrichment analysis revealed that the targets 
were involved in 742 biological processes, 45 cellular 
components, and 80 molecular functions (Supplemen-
tary Table S16). As shown in Fig. 4E, the main enriched 
terms in the BP category included regulation of the 
inflammatory response (P < 0.001), positive regulation 
of the inflammatory response (P < 0.001), and myeloid 
leukocyte activation (P < 0.001). The CC category was 
significantly enriched in the extrinsic component of 
the membrane and the cytoplasmic side of the plasma 
membrane, both with notable results (P < 0.001). In the 
MF category, significant enrichment was observed for 
nonmembrane-spanning protein tyrosine kinase activity 
(P < 0.001).

Molecular docking between danshen components and 
therapeutic targets
To identify the key Danshen components for CPSP, an 
interaction network involving 21 Danshen components 
and 11 intersecting targets was constructed (Fig. 4F). The 
remaining 21 Danshen components do not target these 11 
genes. Among the 21 Danshen components, MOL007155 
exhibited the highest degree value at 8, followed by tan-
shinaldehyde and Danshenol B at 6, and sclareol at 4 
(Supplementary Table S17). Topological analysis revealed 
that MOL007155 had the highest betweenness centrality 
score of 494.43, followed by tanshinaldehyde at 303.51, 
Danshenol B at 286.89, and sclareol at 100.09 (Supple-
mentary Table S17). In conclusion, MOL007155, tanshin-
aldehyde, Danshenol B, and sclareol are likely the crucial 
Danshen components for combating CPSP.

Molecular docking was used to assess the binding affin-
ities between four Danshen components—MOL007155, 
tanshinaldehyde, Danshenol B, and sclareol—and the 
key target proteins BTK, CASP1, MMP9, and PIK3CG 
(Fig.  5). The docking scores ranged from − 7.111 to 
-9.619  kcal/mol, all below − 7.000  kcal/mol, indicating 
strong binding affinities [39]. The binding pockets of 
BTK, CASP1, MMP9, and PIK3CG are tightly occupied 
by these components and are stabilized through hydro-
gen bonds and hydrophobic interactions (Supplementary 
Table S18). This finding indicates the effective binding 
of Danshen components to core targets via hydrogen 

https://string-db.org/
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Fig. 4 Transcriptomic intervention analysis of Danshen components in a mouse model of CPSP. (A): Construction of the Danshen–targets network. (B): 
Venn diagram of predicted Danshen targets and DEGs. (C): PPI network of interesting 11 targets. (D): KEGG pathway analysis of 11 key targets. (E): GO 
enrichment analysis of 11 key targets. (F): Danshen-targets-CPSP network diagram
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bonds and hydrophobic interactions. Notably, the stron-
gest binding affinity was between MOL007155 and BTK 
(-9.619 kcal/mol), followed by Danshenol B and PIK3CG 
(-9.127 kcal/mol) (Fig. 5).

Administration of danshenol B effectively alleviates CPSP 
in mice
To confirm the consistency of transcriptomic sequencing 
results, we performed RT-qPCR to quantify the mRNA 
expression levels of Btk, Casp1, Mmp9, and Pik3cg in 
the ipsilateral VPL/VPM of Saline and Coll groups on 
days 3 and 14 after modeling. On day 3, only Mmp9 
mRNA (P = 0.007) expression was significantly elevated 
in the Coll 3d group. By day 14, the mRNA levels of Btk 

(P = 0.0154), Casp1 (P = 0.0140), Mmp9 (P = 0.0190), and 
Pik3cg (P = 0.0174) were significantly increased in the 
Coll group compared to the Saline group (Figs.  6A–E). 
Given the challenges in acquiring MOL007155 and the 
high expression of PI3K pathway genes in the CPSP 
model, as shown in Supplementary Fig.  7A, we focused 
on the interaction between PIK3CG and Danshenol B to 
investigate its role in treating CPSP. A DARTS assay using 
VPL/VPM tissue from naïve mice demonstrated that 
Danshenol B binds to PIK3CG and enhances its resis-
tance to proteolytic degradation, further confirming the 
direct interaction between Danshenol B and the PIK3CG 
protein (P = 0.0171, Supplementary Fig.  9). By day 14 
post-surgery, PIK3CG protein was significantly higher 

Fig. 5 Molecular docking of main Danshen components with BTK, CASP1, MMP9, PIK3CG. (A): Interaction diagram between BTK and Tanshinaldehyde. 
(B): Interaction diagram between CASP1 and Tanshinaldehyde. (C): Interaction diagram between MMP9 and Tanshinaldehyde. (D): Interaction diagram 
between PIK3CG and Tanshinaldehyde. (E): Interaction diagram between BTK and Sclareol. (F): Interaction diagram between CASP1 and Sclareol. (G): 
Interaction diagram between MMP9 and Sclareol. (H): Interaction diagram between PIK3CG and Sclareol. (I): Interaction diagram between BTK and 
MOL007155. (J): Interaction diagram between CASP1 and MOL007155. (K): Interaction diagram between MMP9 and MOL007155. (L): Interaction diagram 
between PIK3CG and MOL007155. (M): Interaction diagram between BTK and Danshenol B. (N): Interaction diagram between CASP1 and Danshenol B. 
(O): Interaction diagram between MMP9 and Danshenol B. (P): Interaction diagram between PIK3CG and Danshenol B
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Fig. 6 Danshenol B can alleviate mechanical allodynia and cold hyperalgesia in CPSP. (A): Saline or collagenase IV was injected into the VPL/VPM of 
mice, and the mRNA and protein expression in the ipsilateral VPL/VPM were evaluated 14 days post-injection. (B–E):The mRNA levels of Btk (B), Casp1 
(C), Mmp9 (D), and Pik3cg (E) (unpaired t-test, t = 2.054, df = 10. P = 0.07, n = 6 in B left; unpaired t-test, t = 2.915, df = 10. P = 0.0154, n = 6 in B right; unpaired 
t-test, t = 0.6782, df = 10. P = 0.51, n = 6 in C left; unpaired t-test, t = 2.973, df = 10. P = 0.0140, n = 6 in C right; unpaired t-test, t = 3.4, df = 10. P = 0.007, n = 6 
in D left; unpaired t-test, t = 2.794, df = 10. P = 0.0190, n = 6 in D right; unpaired t-test, t = 1.198, df = 10. P = 0.26, n = 6 in E left; unpaired t-test, t = 2.846, 
df = 10. P = 0.0174, n = 6 in E right). (F–G): Fourteen days post-injection, PIK3CG protein in the ipsilateral VPL/VPM of the Coll group was higher compared 
to the Saline group (unpaired t-test, t = 3.152, df = 11; P = 0.0092, n = 6 in Saline group, n = 7 in Coll group). (H): Timeline of drug administrations and pain 
behavior assessment time points. (I–J): PWF for contralateral (I) and ipsilateral (J) hind paws in each group, tested using 0.07 g von Frey filaments (I: two-
way ANOVA followed by Tukey’s test, F(16, 220) = 3.587, P < 0.001. J: two-way ANOVA followed by Tukey’s test, F(16, 220) = 0.6591, P = 0.83; *P < 0.05, **P < 0.01, 
***P < 0.001 vs. Saline group; ##P < 0.01, ###P < 0.001 vs. Coll + PBS group; n = 12). (K–L): PWF for contralateral (K) and ipsilateral (L) hind paws in each group, 
tested using 0.4 g von Frey filaments (K: two-way ANOVA followed by Tukey’s test, F(16, 220) = 5.003, P < 0.001. L: two-way ANOVA followed by Tukey’s test, 
F(16, 220) = 0.4380, P = 0.97; **P < 0.01, ***P < 0.001 vs. Saline group; #P < 0.05, ##P < 0.01 vs. Coll + PBS group; n = 12). (M): PWL for each group of mice, measured 
using a 0 °C cold plate (two-way ANOVA followed by Tukey’s test, F(16, 220) = 12.15, P < 0.001; *P < 0.05, ***P < 0.001 vs. Saline group; ###P < 0.001 vs. Coll + PBS 
group; n = 12). (N–O): 21 days post-injection, PIK3CG protein in the ipsilateral VPL/VPM of mice was lower in the Coll + Danshenol B group compared to 
the Coll + PBS group (unpaired t-test, t = 3.633, df = 6; P = 0.0109, n = 4)
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Fig. 7 (See legend on next page.)
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in the ipsilateral VPL/VPM of the Coll 14d group than in 
controls (P = 0.0092, Figs. 6F–G). To investigate the regu-
latory effects of Danshenol B on PIK3CG and CPSP, we 
orally administered varying concentrations (5/10/50 mg/
kg) of Danshenol B to mice (Coll + Danshenol B group) 
once daily for 21 consecutive days, while the control 
group received PBS (Coll + PBS group). We assessed 
PIK3CG protein expression in the ipsilateral VPL/VPM 
and evaluated pain-related behaviors in mice (Fig.  6H). 
Continuous administion of Danshenol B (50  mg/kg) for 
14 days alleviated Coll-induced mechanical allodynia 
(##P < 0.01, ###P < 0.001, Figs.  6I, K) and cold hyperalge-
sia (###P < 0.001, Fig.  6M) in the contralateral hind paw, 
without altering the ipsilateral hind paw’s pain threshold 
(Fig. 6J, L). Lower doses of 5 mg/kg and 10 mg/kg did not 
alleviate pain (Figs. 6I–M). After completing the behav-
ioral test (at 21 days post-injection), ipsilateral VPL/VPM 
tissues were collected from mice in the Coll + PBS group 
and the Coll + Danshenol B (50 mg/kg) group for Western 
blot analysis and RT-qPCR. The PIK3CG protein level in 
the ipsilateral VPL/VPM was significantly lower in the 
Coll + Danshenol B group compared to the Coll + PBS 
group (P = 0.0109, Figs.  6N–O). However, no significant 
changes were observed in the mRNA levels of Btk, Casp1, 
Mmp9, and Pik3cg (Supplementary Fig. 10). These results 
suggest that continuous administration of Danshenol B 
(50  mg/kg) reduces PIK3CG and alleviates mechanical 
allodynia and cold hyperalgesia.

Danshenol B alleviates pain by inhibiting the PIK3CG/
NLRP3 signaling pathway
To investigate the role of PIK3CG in Danshenol B’s pain-
relieving effects, we administered 50  mg/kg of Dan-
shenol B (Coll + Danshenol B group) or PBS (Coll + PBS 
group) daily, starting one day after CPSP model estab-
lishment, alongside lentiviral overexpression of PIK3CG 
(Coll + Danshenol B + LV-pik3cg-OE group). The con-
trol group received a negative control virus (Coll + Dan-
shenol B + LV-NC group) (Fig.  7A). Twenty-one days 
after collagenase IV injection, green fluorescent protein 
(GFP)-positive neurons, infected by the virus, were pre-
dominantly observed in the VPL/VPM (Fig.  7B). After 
21 days, the Coll + Danshenol B + LV-pik3cg-OE group 
showed increased mechanical and cold pain sensitivity in 

the contralateral hind paw compared to the Coll + Dan-
shenol B + LV-NC group (P < 0.001, Figs.  7C, E, G). No 
differences were observed in PWF of the ipsilateral 
hind paw among the groups (Figs.  7D, F). After com-
pleting the behavioral assessments on day 21, ipsilateral 
VPL/VPM tissues from the Coll + Danshenol B group, 
Coll + Danshenol B + LV-NC group, and Coll + Danshe-
nol B + LV-pik3cg-OE group were collected for Western 
blot analysis. Western blot revealed elevated PIK3CG 
protein in the ipsilateral VPL/VPM of the Coll + Danshe-
nol B + LV-pik3cg-OE group, relative to the Coll + Dan-
shenol B (P = 0.0339) and Coll + Danshenol B + LV-NC 
(P = 0.0071) groups (Fig. 7H).

To investigate PIK3CG’s regulatory effects on pain, we 
administered lentiviral shRNA to knockdown PIK3CG 
in the ipsilateral VPL/VPM (Coll + sh-pik3cg group), 
post-CPSP model establishment, with controls receiv-
ing a control virus (Coll + sh-NC group) (Fig. 8A). By day 
14 post-injection, the PWF to 0.07  g von Frey filament 
stimulation in the contralateral hind paw was lower in 
the Coll + sh-pik3cg group than in the controls (P = 0.04, 
Fig. 8B). On days 14 and 21, the PWF to 0.4 g von Frey 
filament stimulation in the contralateral hind paw was 
reduced in the Coll + sh-pik3cg group compared to the 
Coll + sh-NC group (P < 0.001, Fig.  8D). sh-pik3cg injec-
tion did not alter the PWF in the ipsilateral hind paw 
(Fig.  8C, E) but increased the PWL (P < 0.001, Fig.  8F). 
After completing pain behavior assessments on day 21, 
ipsilateral VPL/VPM tissues from the two groups of mice 
were collected for immunofluorescence staining, RT-
qPCR, and Western blot analysis. GFP expression was 
primarily observed in the VPL/VPM, confirming success-
ful viral infection in the targeted area (Fig. 8G). shRNA 
injection effectively decreased Pik3cg mRNA (P = 0.0247, 
Fig.  8H) and protein (P = 0.0004, Fig.  8I) levels in the 
VPL/VPM.

Research indicates that PIK3CG activation of NLRP3 
contributes to septic myocardial injury [40]. To investi-
gate whether a similar regulatory relationship exists in 
CPSP, we examined NLRP3 protein expression following 
PIK3CG modulation in the CPSP model. NLRP3 protein 
was significantly elevated in the ipsilateral VPL/VPM of 
the Coll group compared to controls (P = 0.0136, Fig. 8J). 
Danshenol B treatment decreased NLRP3 compared to 

(See figure on previous page.)
Fig. 7 Danshenol B alleviates CPSP by regulating PIK3CG protein. (A): Collagenase IV was injected into the VPL/VPM of mice, and one day later, either the 
PIK3CG overexpression virus (LV-pik3cg-OE) or the control virus (LV-NC) was injected into the VPL/VPM of the two groups of mice. Meanwhile, mice were 
administered Danshenol B (50 mg/kg) or PBS daily via oral gavage. Pain behaviors were assessed, and on day 21, PIK3CG protein levels in the ipsilateral 
VPL/VPM were measured. (B): Observation of lentiviral-mediated GFP gene expression in VPL/VPM brain tissue using a fluorescence microscope. scale bar 
= 200 μm. (C–D): PWF for contralateral (C) and ipsilateral (D) hind paws in each group, tested using 0.07 g von Frey filaments (C: two-way ANOVA followed 
by Sidak test, F(12, 210) = 14.31, P < 0.001. D: two-way ANOVA followed by Sidak test, F(12, 210) = 0.6969, P = 0.75; n = 15). (E–F): PWF for contralateral (E) and 
ipsilateral (F) hind paws in each group, tested using 0.4 g von Frey filaments (E: two-way ANOVA followed by Sidak test, F(12, 210) = 13.48, P < 0.001. F: two-
way ANOVA followed by Sidak test, F(12, 210) = 0.9567, P = 0.49; n = 15). (G): PWL for each group of mice, measured using a 0 °C cold plate (two-way ANOVA 
followed by Sidak test, F(12, 210) = 27.49, P < 0.001; n = 15). (H): 21 days post-injection, PIK3CG protein increased in the Coll + Danshenol B + LV-pik3cg-OE 
group relative to the Coll + Danshenol B + LV-NC group (one-way ANOVA, F(2, 9) = 8.958, P = 0.0072; n = 4)
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the Coll + PBS group in the Coll + Danshenol B group 
(P < 0.0001, Fig.  8K). However, PIK3CG overexpression 
reversed the Danshenol B-induced reduction in NLRP3 
(P < 0.001, Fig. 8L). Knockdown of PIK3CG in the CPSP 
model also reduced NLRP3 (P = 0.0014, Fig. 8M).

PIK3CG modulates the development of CPSP through 
NLRP3-mediated signaling pathways
To investigate whether the regulatory effect of PIK3CG 
on CPSP is mediated through NLRP3, we first established 
a CPSP mouse model and, seven days later, injected len-
tiviruses encoding PIK3CG-targeting shRNA along with 
an NLRP3 overexpression construct into the ipsilateral 

VPL/VPM. Pain-related behaviors and NLRP3 protein 
expression in the VPL/VPM were subsequently assessed 
(Fig. 9A). Fourteen days after viral injection, the PWF of 
the contralateral hind paw was significantly increased in 
the NLRP3 overexpression group compared to the con-
trol group (P = 0.007 and P < 0.001; Figs.  9B, D), while 
the PWL was significantly reduced (P < 0.001; Fig.  9F). 
In contrast, no significant difference in the PWF of the 
ipsilateral hind paw was observed between the two 
groups (Figs.  9C, E). Consistently, Western blot analy-
sis revealed a significant elevation in NLRP3 protein 
expression in the VPL/VPM of the NLRP3 overexpres-
sion group (P < 0.001; Fig. 9G–H). These findings indicate 

Fig. 8 Danshenol B alleviates CPSP by inhibiting the PIK3CG/NLRP3 signaling pathway. (A): Timeline schematic for CPSP model establishment, virus 
injection, and pain behavior testing time points. (B–C): PWF for contralateral (B) and ipsilateral (C) hind paws in each group, tested using 0.07 g von Frey 
filaments (B: two-way ANOVA followed by Sidak test, F(3, 66) = 1.021, P = 0.39. C: two-way ANOVA followed by Sidak test, F(3, 66) = 0.2457, P = 0.86; n = 12). 
(D–E): PWF for contralateral (D) and ipsilateral (E) hind paws in each group, tested using 0.4 g von Frey filaments (D: two-way ANOVA followed by Sidak 
test, F(3, 66) = 13.47, P < 0.001. E: two-way ANOVA followed by Sidak test, F(3, 66) = 0.2635, P = 0.85; n = 12). (F): PWL for each group of mice, measured using 
a 0 °C cold plate (two-way ANOVA followed by Sidak test, F(3, 66) = 38.81, P < 0.001; n = 12). (G): Observation of lentiviral-mediated GFP gene expression in 
VPL/VPM brain tissue using a fluorescence microscope. scale bar = 500 μm. (H): 21 days post-injection, Pik3cg mRNA decreased in the Coll + sh-pik3cg 
group relative to the Coll + sh-NC group (unpaired t-test, t = 2.641, df = 10; n = 6). (I): 21 days post-injection, PIK3CG protein decreased in the Coll + sh-
pik3cg group relative to the Coll + sh-NC group (unpaired t-test, t = 5.252, df = 10; n = 6). (J): 14 days post-injection, NLRP3 protein increased in the Coll 
group relative to the Saline group (unpaired t-test, t = 2.853, df = 13; n = 7 in Saline group, n = 8 in Coll group). (K): 21 days post-injection, NLRP3 protein 
decreased in the Coll + Danshenol B group relative to the Coll + P group (unpaired t-test, t = 16.95, df = 4; n = 3). (L): 21 days post-injection, NLRP3 protein 
increased in the Coll + Danshenol B + LV-pik3cg-OE group relative to the Coll + Danshenol B + LV-NC group (one-way ANOVA, F(2, 9) = 36.02, P < 0.001; n = 4). 
(M): 21 days post-injection, NLRP3 protein decreased in the Coll + sh-pik3cg group relative to the Coll + sh-NC group (unpaired t-test, t = 7.932, df = 4; n = 3)
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that NLRP3 overexpression reverses the analgesic effect 
induced by PIK3CG knockdown, thereby confirming that 
NLRP3 functions as a downstream effector of PIK3CG in 
the regulation of CPSP.

Elevated PIK3CG protein and mRNA levels were 
observed in the ipsilateral VPL/VPM of the CPSP model. 
Administration of Danshenol B (50  mg/kg) significantly 
attenuated mechanical allodynia and cold hyperalgesia, 
accompanied by reduced PIK3CG expression in the VPL/
VPM. Overexpression of PIK3CG counteracted the anal-
gesic effects of Danshenol B, whereas PIK3CG knock-
down alleviated pain. Notably, PIK3CG overexpression 
led to increased NLRP3 levels, while PIK3CG knock-
down suppressed NLRP3 expression. Furthermore, the 
analgesic effect resulting from PIK3CG knockdown was 
abolished by concurrent NLRP3 overexpression. These 
findings suggest that Danshenol B alleviates mechani-
cal allodynia and cold hyperalgesia in the CPSP model 

by reducing PIK3CG and consequently lowering NLRP3 
levels.

Discussion
In this study, we integrated transcriptomic sequencing, 
network pharmacology, and molecular docking analyses 
to identify potential therapeutic targets of Danshen and 
its active components involved in the treatment of CPSP. 
We demonstrated that oral administration of Danshenol 
B (50 mg/kg), a key bioactive compound from Danshen, 
significantly alleviated CPSP symptoms in mice. Mecha-
nistic investigations revealed that Danshenol B exerts 
its analgesic effect by downregulating the PIK3CG/
NLRP3 signaling pathway, which is known to mediate 
neuroinflammatory processes and chronic pain. These 
results provide new evidence for the therapeutic value 
of Danshenol B in CPSP and highlight a novel molecular 

Fig. 9 NLRP3 overexpression counteracted the pain-relieving effects resulting from PIK3CG knockdown. (A): Timeline schematic for CPSP model estab-
lishment, virus injection, and pain behavior testing time points. (B–C): PWF for contralateral (B) and ipsilateral (C) hind paws in each group, tested using 
0.07 g von Frey filaments (B: two-way ANOVA followed by Sidak test, F(2, 44) = 3.381, P = 0.04. C: two-way ANOVA followed by Sidak test, F(2, 44) = 0.1997, 
P = 0.82; n = 12). (D–E): PWF for contralateral (D) and ipsilateral (E) hind paws in each group, tested using 0.4 g von Frey filaments (D: two-way ANOVA 
followed by Sidak test, F(2, 44) = 6.671, P = 0.003. E: two-way ANOVA followed by Sidak test, F(2, 44) = 0.5016, P = 0.61; n = 12). (F): PWL for each group of mice, 
measured using a 0 °C cold plate (two-way ANOVA followed by Sidak test, F(2, 44) = 20.04, P < 0.001; n = 12). (G): 14 days after virus injection, NLRP3 protein 
increased in the Coll + sh-pik3cg + LV-NLRP3-OE group relative to the Coll + sh-pik3cg + LV-NC group (unpaired t-test, t = 16.80, df = 4; n = 3)
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mechanism underlying the analgesic effects of traditional 
Chinese medicine–derived compounds.

We established a CPSP model by injecting collagenase 
IV into the right VPL/VPM of mice, which led to signifi-
cant mechanical allodynia and cold hyperalgesia, but not 
heat hyperalgesia. This finding suggests that the VPL/
VPM nuclei may not be critical in transmitting heat pain. 
Previous studies have implicated the ventral tegmental 
area–nucleus accumbens circuit in the modulation of 
thermal nociception [41]; however, no direct evidence 
has demonstrated the involvement of VPL/VPM in heat 
pain processing. Consistent with this, functional MRI 
studies in humans have shown thalamic activation in 
response to tactile and mechanical stimuli, but not to 
thermal stimuli [42]. Alternatively, it is possible that the 
VPL/VPM does contribute to heat pain transmission, 
but that the key signaling molecules altered in our CPSP 
model, such as PIK3CG and NLRP3, do not mediate 
this modality. Supporting this possibility, transcriptomic 
analysis revealed no significant changes in the expression 
of known heat pain–related molecules, including Tran-
sient Receptor Potential Vanilloid 1 [43] and Regulators 
of G protein Signaling family members [44].

Transcriptomic sequencing revealed significant altera-
tions in genes related to apoptosis and transcriptional 
regulation. Previous studies have established that both 
apoptosis [45] and transcription factors [46] are criti-
cally involved in stroke pathophysiology. In the current 
study, Fig. 4C highlights the central positioning of BTK in 
the PPI network. BTK is a known regulator of radiation-
induced apoptosis [47] and promotes cell death through 
p53 phosphorylation [48]. These findings suggest that 
exploring the role of BTK in CPSP through apoptotic 
mechanisms may offer valuable insights. GO analysis 
(Supplementary Fig.  4E) identified significant upregula-
tion of Mmp12 mRNA, which is associated with colla-
gen binding. In addition, both Supplementary Fig. 8 and 
Fig. 4C underscore the key role of MMP9 within the PPI 
network, consistent with previous findings in CPSP brain 
tissue [49]. Matrix metalloproteinases, a family of zinc-
dependent endopeptidases, are known to regulate tissue 
repair [50], inflammation [51], embryonic development 
[52], angiogenesis [53], and cell migration [54]. Notably, 
prior studies have demonstrated that reducing MMP2 
and MMP9 levels can alleviate mechanical allodynia in 
CPSP models [49], highlighting MMPs as promising ther-
apeutic targets in post-stroke pain. These genes warrant 
further experimental validation in future studies.

Numerous studies have investigated Danshen for its 
analgesic properties. For example, compound Danshen 
formulations have been shown to relieve both stable [55] 
and unstable angina [56]. Tanshinone has demonstrated 
efficacy in models of chemotherapy-induced neuropathic 
pain [57] and cancer-related bone pain [58]. Additionally, 

cryptotanshinone alleviates chronic constriction injury-
induced pain through inhibition of the PI3K/Akt signal-
ing pathway [59]. However, the pain-relieving properties 
of several Danshen-derived components identified in our 
study—namely MOL007155, tanshinaldehyde, Danshe-
nol B, and sclareol—have not been previously reported. 
Most existing research on Danshen’s analgesic effects has 
focused on compound formulations or crude extracts, 
with limited investigation into the roles of individual 
active constituents in pain management. These findings 
indicate substantial potential for further exploration of 
Danshen’s individual components in pain therapy.

This study identified a novel analgesic property of Dan-
shenol B. To date, no prior research has reported the use 
of Danshenol B in the context of pain management. In 
our study, analgesic effects were observed in mice admin-
istered 50 mg/kg of Danshenol B via oral gavage, whereas 
lower doses of 5  mg/kg and 10  mg/kg did not alleviate 
pain symptoms. Although higher doses were not tested, 
it is conceivable that they may further enhance the alle-
viation of CPSP, potentially accelerating recovery beyond 
the observed reductions in mechanical allodynia and cold 
hyperalgesia after 14 days of treatment. Danshenol B is 
a diterpene compound known to be a potent inhibitor 
of AR [18]. AR inhibitors are widely recognized for their 
therapeutic role in managing diabetic peripheral neurop-
athy [19, 60]. Therefore, we speculate that the analgesic 
effects of Danshenol B may be attributed, at least in part, 
to its AR-inhibitory activity.

We identified Danshenol B as a promising therapeutic 
compound for the treatment of CPSP. Although the can-
didate compounds were initially selected based on the 
TCMSP criteria of oral bioavailability ≥ 30% and drug-
likeness ≥ 0.183, Danshenol B demonstrated favorable 
pharmacokinetic properties. Specifically, it possesses 
an oral bioavailability of 57.95% and a blood-brain bar-
rier permeability score of 0.1, indicating limited central 
nervous system penetration. Its transport rate in human 
colon cancer cells was 0.53 nm/s, suggesting good intes-
tinal absorption. Moreover, its fractional negative acces-
sible surface area (63.59%) implies moderate water 
solubility, while a topological polar surface area of 0.29 
supports adequate membrane permeability. The low 
number of rotatable bonds (number = 2) further sug-
gests a high degree of molecular rigidity and metabolic 
stability. With a predicted in vivo half-life of 4.27 h, Dan-
shenol B appears suitable for administration 2–3 times 
daily. Collectively, these parameters support its potential 
as a drug candidate. In preclinical studies, Danshenol B 
produced dose-dependent analgesic effects in the CPSP 
mouse model, with the 50 mg/kg dose demonstrating sig-
nificant efficacy via oral gavage. However, higher doses 
were not investigated, and the optimal therapeutic range 
remains to be determined. Additionally, while no overt 
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toxicity was observed at the tested dose, the possibility 
of dose-related toxicity warrants further examination. 
Future studies should aim to define the compound’s safety 
profile, therapeutic window, and pharmacodynamic char-
acteristics. Moreover, employing drug delivery strategies 
such as polymer-based carriers may enhance central ner-
vous system penetration and reduce systemic toxicity, 
thereby improving the clinical translational potential of 
Danshenol B.

In this study, we demonstrate for the first time that 
PIK3CG plays a critical role in the pathogenesis of CPSP 
and that Danshenol B exerts analgesic effects by target-
ing the PIK3CG/NLRP3 signaling pathway. While previ-
ous studies have implicated the PIK3CG/NLRP3 axis in 
pain regulation in conditions such as arthritis [61] and 
Complete Freund’s Adjuvant-induced neuropathic pain 
[62], its involvement in CPSP has not been previously 
reported. Moreover, although network pharmacology 
analyses have suggested that Danshen may exert anti-
tumor effects via the PIK3CG–Akt pathway in ovarian 
cancer [63], no prior studies have demonstrated that 
Danshenol B directly regulates PIK3CG or modulates 
pain through this signaling axis. Our findings provide the 
first evidence that the PIK3CG/NLRP3 signaling cascade 
is activated in CPSP and that its inhibition leads to sig-
nificant analgesic outcomes. Collectively, these results 
establish a previously unrecognized role for the PIK3CG/
NLRP3 signaling axis in CPSP and provide a compel-
ling rationale for targeting PIK3CG in future therapeutic 
strategies.

Although this study provides compelling preclinical 
evidence for the involvement of the PIK3CG/NLRP3 sig-
naling pathway in CPSP, its clinical relevance requires 
further investigation. Notably, elevated PIK3CG lev-
els have been detected in the peripheral blood of stroke 
patients and are correlated with poor prognosis, sug-
gesting that PIK3CG may serve as a potential therapeu-
tic target for improving post-stroke outcomes [64]. In 
parallel, NLRP3 has been implicated in a wide range of 
human disorders, including Alzheimer’s disease, Par-
kinson’s disease, and stroke [28]. However, to date, no 
studies have directly demonstrated the involvement of 
NLRP3 in human CPSP. Despite this, growing evidence 
supports a critical role for NLRP3 in human neuropathic 
pain conditions [65, 66]. Moreover, inhibition of NLRP3 
has been shown to alleviate CPSP in rodent models, fur-
ther reinforcing its potential as a therapeutic target [6]. 
These observations imply that the PIK3CG/NLRP3 axis 
may similarly contribute to CPSP pathophysiology in 
humans. Therefore, our findings provide a mechanistic 
basis for future clinical studies evaluating this signaling 
pathway as a potential therapeutic target for post-stroke 
pain management.

While transcriptomic profiling is a powerful approach 
for identifying gene expression changes following phar-
macological intervention, it may not fully reflect pro-
tein-level regulatory mechanisms. In this study, we 
deliberately chose not to perform RNA sequencing of 
VPL/VPM tissues from the Coll + Danshenol B and 
Coll + PBS groups, as our mechanistic focus centered on 
the regulation of PIK3CG at the protein level. To support 
this decision, we performed RT-qPCR to examine the 
mRNA expression of several key genes identified through 
network pharmacology analysis, including Btk, Casp1, 
Mmp9, and Pik3cg (Supplementary Fig.  10). Notably, 
none of these genes exhibited significant changes in tran-
script levels following Danshenol B treatment. This find-
ing suggests that Danshenol B may not exert its effects 
through transcriptional modulation but rather through 
post-transcriptional mechanisms, such as altered protein 
degradation or post-translational modifications. Sup-
porting this notion, our DARTS assay demonstrated that 
Danshenol B directly binds to PIK3CG and enhances its 
resistance to proteolytic degradation. Collectively, these 
results indicate that PIK3CG regulation by Danshenol 
B likely occurs at the protein level, rather than through 
changes in mRNA abundance, underscoring the impor-
tance of integrating bioinformatic predictions with bio-
chemical validation to elucidate drug mechanisms.

This study has several limitations. First, although 
molecular docking revealed strong binding affinities, 
we did not validate whether other active components 
of Danshen, such as tanshinaldehyde, sclareol, and 
MOL00715, possess therapeutic potential for CPSP. 
Second, despite the known AR-inhibitory effect of Dan-
shenol B, we did not investigate whether this mecha-
nism contributes to its analgesic effects in CPSP. Lastly, 
although Danshenol B exhibited a favorable binding 
energy with PIK3CG (–9.127  kcal/mol), it did not rep-
resent the strongest interaction identified in our dock-
ing analysis. The most favorable binding was observed 
between BTK and MOL007155 (-9.619 kcal/mol). How-
ever, due to the unavailability of commercial sources for 
MOL007155, we synthesized the compound in–house to 
further investigate its potential interaction with BTK in 
the context of CPSP.

Conclusions
Our findings revealed that Danshenol B, a component 
of Danshen, alleviates CPSP by inhibiting the PIK3CG/
NLRP3 pathway. These results suggest a potential new 
clinical application for Danshen extracts in the manage-
ment of CPSP.
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