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Abstract
Inflammatory pain, sustained by a complex network of inflammatory mediators, is a severe and persistent illness affecting 
many of the general population. We explore possible anti-inflammatory pathways of Polyphyllin VI (PPVI) based on our 
prior study, which showed that PPVI reduces inflammation in mice to reduce pain. Network pharmacology and RNA-Seq 
identified the contribution of the MAPK signaling pathway to inflammatory pain. In the LPS/ATP-induced RAW264.7 
cell model, pretreatment with PPVI for 1 h inhibited the release of IL-6 and IL-8, down-regulated expression of the  P2X7 
receptor(P2X7R), and decreased phosphorylation of p38 and ERK1/2 components of the MAPK pathway. Moreover, PPVI 
decreased expression of IL-6 and IL-8 was observed in the serum of the inflammatory pain mice model and reduced phos-
phorylation of p38 and ERK1/2 in the dorsal root ganglia while the reductions of expression of IL-6 and phosphorylation of 
ERK1/2 were not observed after the pre-treatment with A740003 (an antagonist of the  P2X7R). These results suggest that 
PPVI may inhibit the release of IL-8 by regulating  P2X7R to reduce the phosphorylation of p38. However, the modulation 
of PPVI on the release of IL-6 and phosphorylation of ERK1/2 may mediated by other  P2X7R-independent signals.
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Introduction

International Classification of Diseases (ICD-11) recog-
nizes chronic pain as a separate nosological entity [1]. 
More than 30% of the world's population currently suf-
fers from chronic pain [2], which has a crucial impact on 
patients' cognition, mood, emotions, and behavior [3]. 
Pathogenetic mechanisms indicate chronic pain can be 
divided into nociplastic, inflammatory, and neuropathic 
pain [4]. Numerous adverse effects of non-steroidal anti-
inflammatory drugs, which are the first-line clinical treat-
ment for inflammatory pain, call for novel analgesics 
[5–7].

Inflammatory pain is sustained by long-lasting tissue 
damage and inflammation thus outlasting the resolution 
of the primary lesion. Inflammatory mediators, in par-
ticular, mediate sensitization of both the peripheral and 
central nervous systems manifested in aberrant neuronal 
excitability [8, 9]. For example, increased expression of 
IL-8 in the Complete Freund’s adjuvant (CFA)-induced 
inflammatory pain mice model enhanced synaptic trans-
mission and caused thermal hyperalgesia; however, ther-
mal hyperalgesia disappeared after local administration 
of a non-competitive allosteric blocker of IL-8 receptor 
[10]. The  P2X7R is abundantly expressed in macrophages, 
microglia, and astrocytes [11], all of which are closely 
related to hyperalgesia [12].  P2X7R keeps low activity 
under physiological conditions due to the low ATP con-
centration. However, the concentration of ATP is increased 
in response to the nociceptive stimulus, which activates 
the  P2X7R [13–15]. In particular, activation of  P2X7R 
mobilizes several intracellular signaling pathways that 
evoke the release of inflammatory mediators [16, 17]. 
Genetic deletion of  P2X7R decreases the release of IL-1β 
and reduces pain hypersensitization in a CFA pain animal 
model [18]. Likewise, pharmacological inhibition of the 
 P2X7R produces antinociceptive effects in various chronic 
pain models [18–20]. However, increasing studies indicate 
that the activation of the  P2X7R stimulates the release of 
numerous inflammatory mediators such as IL-1β, IL-6, 
IL-8, and IL-18 in the pathological state of inflammation 
[21]. Therefore, the  P2X7R is a legitimate and promising 
target for treating inflammatory pain.

Polyphyllin VI (PPVI), a steroidal saponin, is one of the 
active ingredients of Paris Polyphylla. Clinical usage of 
PPVI is mainly focused on diverse types of malignancies 
such as non-small-cell lung cancer and hepatocellular carci-
noma [22, 23]. We found that PPVI exerts an analgesic effect 
in CFA-induced pain mice. The analgesic function of PPVI 
is arguably linked to the inhibition of  P2X3 purinoceptors 
alleviating inflammation [24]. In this study, we further clar-
ify the analgesic and anti-inflammatory mechanism of PPIV.

Materials and methods

Data preparation for network pharmacology 
analysis

The  Trad i t iona l  Chinese  Medic ine  Systems 
Pharmacology(TCMSP) database (http:// lsp. nwu. edu. cn/ 
index. php) was utilized to retrieve the targets of PPVI. Cor-
responding target names of the target proteins were obtained 
by using the UniProt protein database. We searched the Gen-
eGards database(https:// www. genec ards. org) and OMIM 
databases (http:// www. omim. org) for reported disease-
related targets by entering the keywords "inflammation" and 
"pain". The organism was limited to Homo sapiens. After 
removing the duplicated targets, inflammation and pain-
related targets were obtained.

PPI network diagram construction

The intersection targets of the PPVI target, inflammation-
related target, and pain-related target were obtained by 
importing the targets to JVENN: interactive Venn diagram 
viewer (http:// www. bioin forma tics. com. cn/ static/ others/ 
jvenn/ examp le. html) and creating the Venn diagram. Inter-
section targets were extracted and submitted to the STRING 
database (https:// string- db. org) to build a protein–protein 
interaction (PPI) network, and the screening condition of 
organisms was set as "Homo sapiens". The PPI network was 
imported into Cytoscape 3.8.2 for visualization.

KEGG enrichment analysis

We utilized the KEGG rest API (https:// www. kegg. jp/ kegg/ 
rest/ kegga pi. html) to retrieve the most recent gene annota-
tions from the KEGG Pathway as a backdrop for gene set 
functional enrichment analysis. To obtain the results of 
gene set enrichment in the background set, the enrichment 
analysis was performed using the R software package cluster 
profile (version 3.14.3). p values of 0.05 and an FDR of 0.25 
were deemed statistically significant when the minimum 
gene set was 5 and the largest gene set was 5000.

The docking of molecules

The structure of PPVI was obtained and downloaded from 
PubChem and converted the files to PDBQT format using 
Auto Dock Tools. The RCSB Protein Data Bank database 
was used to download the structure of target proteins. The 
water and ligands were removed from the target protein by 
importing its structure to AutoDock Tools and hydrogenation, 
dehydration, and other pretreatments were conducted to obtain 
the PDBQT format file. Vina was adopted to dock the PPVI 

http://lsp.nwu.edu.cn/index.php
http://lsp.nwu.edu.cn/index.php
https://www.genecards.org
http://www.omim.org
http://www.bioinformatics.com.cn/static/others/jvenn/example.html
http://www.bioinformatics.com.cn/static/others/jvenn/example.html
https://string-db.org
https://www.kegg.jp/kegg/rest/keggapi.html
https://www.kegg.jp/kegg/rest/keggapi.html
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with the target protein to analyze its binding activity. Finally, 
the results of docking were analyzed with PyMol software.

CFA model and administration

Animal

Adult C57BL/6 J mice(6–9 weeks, 20–25 g) were obtained from 
Guangdong Yaokang Biotechnology Co., Ltd. All mice were 
randomly located in Jinan University Laboratory Animal Center 
at a temperature and light-controlled environment(standard tem-
perature of 24 °C ± 1 °C under a 12 h light–dark cycle) with 
unrestricted access to food and water. The experiments were 
conducted mainly with adult female mice. Our research was 
approved by the Jinan University Animal Ethics Committee.

Mice were divided into six groups randomly (N = 10): 
Control group, CFA model group, CFA model + Diclofenac 
sodium(7.5 mg/kg, i.p.) group, and CFA model + different 
dosages of PolyphyllinVI (1.5, 3, and 6 mg/kg, i.p.) groups. 
The details of the CFA-induced inflammatory pain mice 
model and administration are presented in our previous arti-
cle [24]. In brief, unilateral intraplantar injection at the left 
hind paw of mice with 30 µL of CFA, the Control group was 
injected with an equal volume of saline. Behavioral tests 
including the Vonfery test and hot-plate test were used to 
evaluate the success of model construction. Five days after 
the CFA model was established drugs were administered 
once per day for a total of 7 days.

RNA sequencing (RNA‑Seq) analyses

The dorsal root ganglia (DRG) from the (L3-L5) lumbar 
region of the spinal cord of the mice in the control, CFA, 
and PPVI (6 mg/kg) groups were separated after the last 
treatment. DRGs with 4 biological replicate samples for each 
group were sent to BGI Co., LTD (Shenzhen, China), and 
the RNA-Seq was performed on the BGIseq500 platform. 
Principal component analysis (PCA) was performed by the 
R package stats (version 3.6.0). Limma (linear models for 
microarray data [25]), a differential expression screening 
method based on generalized linear models, was processed 
by the R package limma (version 3.40.6) using the RNA-
Seq data which was normalized from FPKM value to log2. 
In this process, genes with |log2FoldChange|> 1.3, p < 0.05 
were considered as differentially expressed genes(DEGs) and 
showed in the volcano plot. The hierarchical clustering of the 
top 50 DEGs was visualized in a heatmap using the R pack-
age. GO annotation and KEGG pathway enrichment analy-
sis were used to cluster the biological process (BP), cellular 
component (CC), molecular function (MF), and signaling 
pathway regulatory networks for DEGs.

Cell culture and cell viability assay

RAW264.7 cells (Procell CL-0190, Wuhan Procell Life Tech-
nology Co., Ltd.) were grown in DMEM culture medium (con-
taining 10% FBS, 1% penicillin, and 1% streptomycin) at 37 °C 
in a 5%  CO2 incubator. RAW264.7 cells were plated into 6 
well plates and incubated for 24 h. The following experimen-
tal groups were set: Control group, LPS/ATP group(LPS 1 μg/
ml, ATP 3 μM), A740003 group(10 μM, a  P2X7R blocker), 
and PPVI groups(1.5 μM, 3 μM, 6 μM). RAW264.7 cells were 
pretreated with 10 μM A740003 or 1.5 μM, 3 μM, 6 μM PPVI 
for 1 h before LPS/ATP administration. The cells were first 
incubated with LPS for 24 h and then with ATP for 0.5 h.

The cytotoxicity of PPVI on RAW264.7 cells was 
assessed by 3-(4,5-di-2-yl)-2,5-tetrazolium bromide 
(MTT) assay. The cells were seeded in 96-well plates 
cultured for 24 h and treated with different concentra-
tions of PPVI (0.75, 1.5, 3, 6, and 12 μM) (PPVI, Shang-
hai Yuanye, concentration ≥ 99%). 24 h later, 10 µL MTT 
was added to each well and incubated for 4 h. Removed 
the supernatant and added 150 µL DMSO into the super-
natants and the absorbance was measured at 490 nm.

Measurement of inflammatory mediator levels

Determination of the level of IL-6 and IL-8 in CFA mice 
serum and RAW264.7 cell supernatants using Enzyme-
Linked Immunosorbent Assay (ELISA) kits according to 
kit manufacturer's instructions.

Western blotting

The procedure of protein extraction was described in 
detail [24]. 20 µg per sample of proteins were separated 
by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) and deposited onto a polyvi-
nylidene fluoride (PVDF) membrane after the concen-
tration of proteins was determined. The membranes 
were blocked with 5% milk for 1 h before incubation 
with the primary antibody at 4 °C overnight, which is 
as follows, Anti-p-38(1:2000), Anti-p-p-38(1:2000), 
Anti-ERK1/2(1:2000), Anti-p-ERK1/2(1:2000), Anti- 
 P2X7R (Abcam, 1:2000). After response with the 
primary antibody, the blotted PVDF membrane was 
treated with horseradish peroxidase (HRP) conjugated 
secondary antibody (Proteintech, 1:2000). The ECL 
chemiluminescence(Meilunbio) western blotting detec-
tion technique was performed with a gel imaging system 
and the band intensity was analyzed via ImageJ.



452 Purinergic Signalling (2024) 20:449–463

1 3

Statistical analysis

Protein bands were analyzed in grayscale using ImageJ, 
and test results were expressed as mean ± standard devia-
tion, one-way ANOVA (0ne-wayANOVA) using GraphPad 
Prism, and Duncan's method was used for multiple compari-
sons, with p < 0.05 being considered as a significant differ-
ence, and p < 0.01 and p < 0.001 being considered as highly 
significant differences.

Results

Intersection targets of Polyphyllin VI, inflammation, 
and pain

A total of 301 potential interaction targets of PPVI were 
extracted from the TCMSP database. We entered "inflam-
mation" and "pain" into the GeneGards and OMIM data-
bases, removed the duplicated targets, and collected a total 
of 10,951 targets related to inflammation and 12,251 targets 
related to pain. The overlap of PPVI, inflammation, and pain 
targets as revealed is shown in Fig. 1. 102 common targets 
were thus identified for the construction of the PPI network.

Construction and analysis 
of PPVI‑inflammation‑pain targets network

The intersection targets were submitted into the STRING 
database to construct the PPI network, as shown in Fig. 2A, 
in which the orb represents the specific target, the connect-
ing line between the orbs represents the correlation between 
the two targets, and different types of correlation are distin-
guished by different colors; the higher the correlation, the 
thicker the edges are. The PPI network was visualized by 
Cytoscape software; the analysis of the number of edges 
corresponding to different targets is shown in Fig. 2B, in 
which the larger the shape and the darker the color shows 
that the corresponding target has a higher degree of associa-
tion with other targets in the protein interaction network. 
The four targets, SRC(Proto-oncogene tyrosine-protein 
kinase Src), F2(coagulation factor II), ALB(Albumin), and 
MAPK1(Mitogen-activated protein kinase 1) are located in 
the core of the network, indicating that they play a key regu-
latory role in the protein interactions network.

GO and KEGG enrichment analysis of potential 
anti‑inflammatory and analgesic targets of PPVI

GO enrichment analysis was conducted to reveal the role of 
PPVI on inflammation and pain. The resulting BP (Fig. 3A) 
is mainly enriched in small molecule metabolism, drug 
metabolism, hormone response, and oxidative metabolism. 

The CC analysis (Fig. 3B), shows enrichment in the cyto-
sol, vesicles, extracellular region, and extracellular space. 
Finally, MF is shown in Fig. 3C, which mainly involves 
catalytic activity, small molecule binding, anion binding, 
and same-protein binding, etc. KEGG-enriched pathways 
are shown in Fig. 3D and include, chemical carcinogenesis, 
MAPK signaling pathway, P13K-Akt signaling pathway, gly-
colysis/glycolysis, cytochrome P450 metabolism of xenobi-
otics and other biological processes occupied the top.

Molecular docking of PPVI with related target 
proteins

Molecular docking was applied to verify the binding of PPVI 
to seven key target proteins (Table 1). Results show that 
PPVI is structurally compatible with the protein, and mostly 
bound to amino acid residues such as tryptophan, histidine, 
and leucine in proteins through hydrogen bonding and π-π 
bonding interactions. ALB was the highest-scoring dock-
ing protein, followed by the  P2X7R, with binding energies 
of -9.4 kcal/mol and -9.3 kcal/mol, respectively, indicating 

Fig. 1  Venn diagram of targets of PPVI, pain, and inflammation
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excellent binding ability (Fig. 4A, B). Thus PPVI can bind 
to the active sites of these targets.

Analysis of the DEGs in the DRG 
during the CFA‑induced inflammatory pain mice 
model

First, we performed PCA on the RNA-Seq data, and the 
results after excluding abnormal samples are shown in 
Fig. 5. PCA analysis revealed distinct partitioning of control 
and PPVI groups with CFA groups.

DEGs were identified by the threshold of |log2Fold-
change|> 1.3 and p < 0.05 by the limma package in R, as 
shown in Table 2 and Fig. 6. Compared to the control group, 
1332 DEGs were found in the CFA group, the expression 
levels of 962 genes were up-regulated and 370 genes were 
down-regulated. Compared with the CFA group, 4291 DEGs 
were found after PPVI treatment, of which 1164 were up-
regulated and 3127 were down-regulated. Volcano curves 
(Fig. 6A, B) and heatmaps (Fig. 6C, D) were constructed by 
R to visualize the DEGs.

Enrichment analysis of DEGs

Then, GO and KEGG enrichment analyses were conducted 
for genes up-regulated by CFA versus control and genes 
down-regulated by PPVI versus CFA to determine the 
BP, MF, CC, and signaling pathways associated with the 
DEGs, as shown in Fig. 7. BP including “regulation of mem-
brane potential”, “axonogenesis”, “regulation of metal ion 

transport”, “regulation of monoatomic ion transmembrane 
transport”, and “calcium ion transport” were enriched. The 
results include “postsynaptic specialization”, “postsynaptic 
membrane”, “asymmetric synapse”, “transporter complex”, 
and “cell projection membrane”, which is CC concentrated 
in. The top 5 of MF are “channel activity”, “passive trans-
membrane transporter activity”, “monoatomic ion channel 
activity”, “metal ion transmembrane transporter activity”, 
and “GTPase regulator activity”. KEGG analysis showed 
that the signaling pathways enriched mainly included the 
“cGMP-PKG signaling pathway”, “Hippo signaling path-
way”, “MAPK signaling pathway”, “cAMP signaling path-
way”, and “Calcium signaling pathway”.

The BP (Fig. 8A) of DEGs was mainly in “axonogen-
esis”、 “cell junction assembly”, “regulation of membrane 
potential”, “positive regulation of cell projection organiza-
tion”, and “regulation of neurogenesis”. The top 5 of CC 
(Fig. 8B) are “postsynaptic specialization”, “asymmetric 
synapse”, “distal axon”, “cell leading edge”, and “post-
synaptic membrane”. The results of MF (Fig. 8C) include 
“metal ion transmembrane transporter activity”, “GTPase 
regulator activity”, “nucleoside-triphosphatase regula-
tor activity”, “monoatomic ion channel activity”, “protein 
serine/threonine kinase activity”. The results of the KEGG 
analysis (Fig. 8D) including the “cGMP-PKG signaling 
pathway”, “mTOR signaling pathway”, “Oxytocin signaling 
pathway”, “MAPK signaling pathway”, “cAMP signaling 
pathway” were enriched.

Analysis revealed substantial similarity in the enriched 
signaling pathways, whereas the up-regulated pathway in 

Fig. 2  The construction and analysis of the intersection targets of PPVI, inflammation, and pain. A Protein–protein interaction (PPI) network of 
intersection targets of PPVI, pain, and inflammation. B Intersection target network diagram generated using Cytoscape
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CFA was significantly down-regulated after the treatment 
of PPVI. Based on the results of RNA-Seq and network 
pharmacology, MAPK was found to be a common signal-
ing pathway, which may be the key target for PPVI to relieve 
inflammatory pain.

The effect of PPVI on the viability of RAW264.7 cells

The safe administration concentration range of PPVI to 
RAW264.7 cells was assessed by using MTT. The results 
showed that PPVI did not affect RAW264.7 cell viability at 

Fig. 3  The GO and KEGG enrichment analysis of the common tar-
gets of PPVI, inflammation, and pain. A–C GO enrichment analysis 
of the biological process, molecular function, and all components; 

X-axis for gene number and p-value for color. D KEGG enrichment 
analysis of the Common targets of PPVI, inflammation, and pain. 
Y-axis for pathway, X-axis for gene number, and p-value for color

Table 1  Affinities and amino 
acid sites of ligand–protein 
detected by molecular docking

Protein Ligand Binding energy
(kcal/mol)

Amino acid binding site

Polyphyllin VI P2X3 −7.8 LYS-151
P2X4 −7.7 ALA-297, TRP-164, ARG-309, ARG-295
P2X7 −9.3 LYS-17, PHE-350, ILE-21
SRC −7.7 GLN-228, VAL-177, VAL-233, SER-234
MAPK1 −8.0 THR-206, HIS-299, ASN-47
ALB −9.4 LEV-234
F2 −8.4 GLN-209, ILE-103, MET-201
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concentrations lower than 6 μM, but at 12 μM, cell viability was 
significantly reduced, as shown in Fig. 9. Therefore, the safe dose 
range of PPVI for RAW264.7 cells was considered to be 0–6 μM, 
and the low, medium, and high concentrations of PPVI for further 
experiments were determined at 1.5 μM, 3 μM, and 6 μM.

Fig. 4  Molecular docking 
models of ALB and  P2X7R. 
A is PPVI and ALB dock-
ing mode and the interaction 
plane diagram. B the PPVI and 
 P2X7R docking model and the 
interaction plane diagram

Fig. 5  PCA of 
control、CFA、PPVI group

Table 2  The number of DEGs in each group

Group Total Up-regulated Down-regulated p-value

CFA vs. control 1332 962 370  < 0.05
PPVI vs. CFA 4291 1164 3127  < 0.05
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The effect of PPVI on LPS/ATP‑induced RAW264.7 
cell in cell morphology

Then, we used the LPS/ATP-induced in vitro model of 
RAW264.7. As shown in Fig. 10B, the RAW264.7 cells 
were small and round in the Control group. By contrast, 
after incubation with the LPS/ATP for 24 h cells showed 
(Fig. 10C) enlarged cell bodies and mostly extended lamel-
lipodia from the entire periphery of the cell. In addition, 
LPS/ATTP-induced RAW264.7 cells also showed vacu-
olation and cell membrane rupture. Figure  10A, D–G 
indicated that compared with the LPS/ATP-treated cells, 
the RAW264.7 cells pre-treated with A740003 and PPVI 
(1.5 μM, 3 μM, 6 μM) displayed significant improvement of 

cell morphology(smaller and rounded) and disappearance 
of vacuolation. The results showed that PPVI inhibited the 
morphological changes and vacuolation of RAW264.7 cells 
induced by LPS/ATP and exhibited inflammatory protective 
effects at 1.5, 3, and 6 μM.

Effect of PPVI on the levels of inflammatory 
mediators

ELISA kits were used to detect the inflammatory mediators 
to verify the validity of the inflammation model. The content 
of IL-6 and IL-8 was significantly elevated in LPS/ATP-
treated cells. Compared with the LPS/ATP group, differ-
ent doses of PPVI significantly inhibited the release of IL-6 

Fig. 6  Volcano map and heatmap of DEGs. A Volcano map of our 
RNA-seq. A total of 962 upregulated and 370 downregulated DEGs 
were identified between the CFA and the control group. B Volcano 
map of our RNA-seq. A total of 1164 upregulated and 3127 down-
regulated DEGs were identified between the PPVI and the CFA 
group. C A Heatmap of top DEGs was identified between the CFA 
and the control group. D A Heatmap of top DEGs was identified 
between the PPVI and the CFA group. Volcano maps exhibit sig-

nificant DEGs, in volcano maps, red dots mean up-regulated genes, 
green dots mean down-regulated genes and black dots mean non-sig-
nificant genes. The dots in the area above the horizontal dotted line 
have a p-value < 0.05. The dots outside the two vertical dotted lines 
have a —log2FC— > 1.3. Based on the gene expression matrix, clus-
tering analysis was shown in the heatmap, yellow mean up-regulated 
genes, purple mean down-regulated genes. (—log2 FC— > 1 and 
p-value < 0.05)
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and IL-8 after pre-protection. However, the pre-treatment 
with A740003 significantly reduced the elevation of IL-8 
induced by LPS/ATP but not IL-6(Fig. 11A–B), this result 
may be attributed to PPVI may also modulate targets other 
than  P2X7R;

In addition, we examined the effect of PPVI on the serum 
levels of inflammatory mediators induced by CFA in mice. 
The serum levels of IL-6 and IL-8 inflammatory mediators 
were significantly increased in the CFA group, whereas 
PPVI significantly inhibited the release of IL-6 and IL-8 
after 7 days of continuous administration (Fig. 11C–D).

Effect of PPVI on LPS/ATP‑induced  P2X7R expression 
in RAW264.7 cells

The results of molecular docking showed that PPVI had 
extremely strong binding energy with the  P2X7R. Thus 
we used western blotting to analyse the effect of PPVI on 
the expression of  P2X7R in LPS/ATP-induced RAW264.7 
cells. The results are shown in Fig. 12: the expression of the 

 P2X7R increased after the treatment of LPS/ATP, while both 
A740003 and PPVI significantly inhibited this up-regulation.

Effect of PPVI on the expression of MAPK signaling 
cascade

Based on the results of KEGG enrichment analysis in 
network pharmacology and RNA-Seq, PPVI most likely 
exerts anti-inflammatory and analgesic effects by modu-
lating the MAPK signaling pathway. Therefore, we exam-
ined the effects of PPVI on the MAPK signaling pathway 
in both in vitro and in vivo models. The levels of p-p38 
and p-ERK1/2 increased in LPS/ATP-induced RAW264.7 
cells (Fig. 13A–C) and DRGs of mice of the CFA-induced 
pain model (Fig. 13D–F), whereas PPVI administration sig-
nificantly reduced the phosphorylation of p38 and ERK1/2. 
Interestingly, in cell experiments, A740003 significantly 
reduced the phosphorylation level of P38, but similar 
results were not observed for p-ERK1/2. These results sug-
gest that  P2X7R may modulate the release of inflammatory 

Fig. 7  GO and KEGG pathway enrichment analysis of DEGs 
between the CFA and the control group. A, B, C (Top 20) The 
Bar graph shows that DEGs of the CFA and the control group are 
enriched in several BP, CC, and MF. D (Top 30) Bubble graph shows 
that the signaling pathways are enriched by the DEGs of the CFA 

and the control group. In the bar graph, we sorted the top 20 of BP, 
CC, and MF by p-value and visualized them. In the bubble graph, the 
color represents the p-value, and the size of the bubbles represents the 
gene number
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cytokines through enhanced phosphorylation of p38 rather 
than ERK1/2.

Discussion

Neutrophils, macrophages, and glial cells have a critical 
role in the development and maintenance of chronic pain, 
according to research from recent decades [26–28]. These 
immune cells and neuroglia are affected by nociceptor sensi-
tization caused by nociceptive stimulation and inflammatory 
mediators, leading to neuroinflammation [29]. The release 
of cytokines and chemokines by reactive glial cells and sys-
tem immune cells is necessary for the development of neu-
roinflammation, and cytokines interact with nociceptors to 
exacerbate neuropathic pain [30, 31]. In this study, network 
pharmacology was utilized to combine putative interven-
tion targets of pain and inflammation in order to forecast 
the targets and mechanisms of the PPVI analgesic and anti-
inflammatory activities. SRC, F2, ALB, and MAPK1 were 

found to be the core targets of the protein interaction net-
work, while KEGG analysis was mainly concentrated on 
highlighted inflammatory signaling pathways such as MAPK 
and P13K-Akt. This conclusion is consistent with the animal 
experiments showing that PPVI alleviates pain sensitization 
in the CFA-induced pain mice model by reducing the expres-
sion of inflammatory mediators [24]. The MAPK signaling 
pathway was also present in the subsequent KEGG enrich-
ment analysis of DEGs of RNA-Seq.

Due to repeated nociceptive stimulation and infiltration 
of inflammatory mediators, receptors and ion channels in 
nociceptive neurons are continuously activated [29, 32]. 
The activation of these receptors like the  P2X7R releases 
various pro-inflammatory mediators that exacerbate inflam-
mation. Expression of the  P2X7R is up-regulated in vari-
ous pain models such as CFA [33], SNI [34], and CCI [35]. 
Activation of the P2X7R facilitates the release of various 
pro-inflammatory mediators and leads to the recruitment of 
inflammasome [36–38], which are essential for pain sen-
sitization. However, the specific regulatory mechanism of 

Fig. 8  GO Annotation and KEGG pathway enrichment analysis 
of DEGs between the PPVI and the CFA group. A, B, C (Top 20) 
The Bar graph shows that DEGs of the PPVI and the CFA group are 
enriched in several BP, CC, and MF. D (Top 30) Bubble graph shows 
that the signaling pathways are enriched by the DEGs of the PPVI 

and the CFA group. In the bar graph, we sorted the top 20 of BP, 
CC, and MF by p-value and visualized them. In the bubble graph, the 
color represents the p-value, and the size of the bubbles represents the 
gene number
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P2X7R on the release of inflammatory mediators remains 
unclear. Studies have shown that the activation of NF-κB 
induced by myeloid differentiation primary-response protein 
88 (MyD88) was enhanced by  P2X7R co-expression after 
the treatment with LPS/ATP [39]. NF-κB is the important 
transcriptional factor involved in the production of pro-
inflammatory cytokines (IL-1β, IL-18, IL-6, IL-8, and TNF-
α). At present, there are numerous of evidence that  P2X7R 
mediates the release of IL-1β and IL-18 through the NLRP3-
Caspase-1 signaling pathway [40–42]. On the contrary, the 
regulation of IL-6 and IL-8 by  P2X7R needs to be further 
clarified. It is widely believed that IL-6 and IL-8 play an 
important role in inflammatory pain. IL-6 in the red nucleus 
sustains neuropathic pain by up-regulating the expression of 
tumor necrosis factor-α (TNF-α) and Interleukin-1β (IL-1β). 
Intracerebral injection of exogenous IL-6 to naive rats low-
ered the paw withdrawal threshold(PWT) of the contralateral 
hind paw and boosted the local levels of TNF-α and IL-1β 
[43]. In addition, IL-8 modulated thermal hyperalgesia by 
enhancing prefrontal synaptic transmission in persistent 
inflammatory pain mice [10].

In this study, we utilized the RAW264.7 cell model 
induced by LPS/ATP and incubated with a  P2X7R 
inhibitor(A740003) to investigate the mechanism of the 

Fig. 9  The effect of PPVI on the viability of RAW264.7 cells. Cyto-
toxic effect of various concentrations of PPVI (0.75, 1.5, 3, 6, and 
12 mM) on RAW264.7 cells after 24 h examined by using the MTT 
assay. Values represent average + S.U. Significant differences among 
different groups are indicated as *p < 0.05, ***p < 0.001 vs. the con-
trol group

Fig. 10  The effect of PPVI 
pre-treated for 1 h on the cell 
morphology of the LPS/ATP-
induced RAW264.7 cell (n = 3). 
Red arrows indicate changes 
in cell morphology, and red 
circles indicate vacuolation 
and cell membrane rupture. 
Each group was visualized 
by an ordinary light micro-
scope (× 400 magnification). 
Values represent average ± S.D. 
Significant differences among 
different groups are indicated 
as ###p < 0.001 vs. Control; 
**p < 0.01, ***p < 0.001 vs. 
LPS/ATP group
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release of IL-6 and IL-8, as well as the regulatory effects 
of PPVI on  P2X7R. In recent years, the LPS/ATP-induced 
RAW264.7 cell model was used to explore the release of 
IL-1β regulated by NLRP3 inflammasome [44, 45]. In addi-
tion,  P2X7R was able to activate NF-κB through a MyD88-
dependent pathway after the treatment with LPS/ATP [39]. 
LPS is usually used to induce inflammation model in vivo/

vitro, and ATP activates the purinergic receptor  P2X7R. The 
combination of the LPS/ATP may provide new insight into 
the release of inflammatory mediators caused by the activa-
tion of  P2X7R.

With the development of bioinformatics and high-
throughput omics technology, the characteristics of 
multi-target, multi-pathway, and multi-link of traditional 

Fig. 11  The effects of PPVI on the expression of IL-6 and IL-8 of 
LPS/ATP-induced RAW264.7 cells and serum of CFA-induced 
inflammatory pain mice. (A-B) The effects of PPVI on the expres-
sion of IL-6 and IL-8 of LPS/ATP-induced RAW264.7 cell (n = 3). 
(C-D) The effects of PPVI on the expression of IL-6 and IL-8 in 

serum of CFA-induced inflammatory pain mice (n = 3). Values rep-
resent average ± S.D. Significant differences among different groups 
are indicated as ###p < 0.001 vs. Control; *p < 0.05, **p < 0.01vs. 
***p < 0.001 vs. LPS/ATP group or CFA group

Fig. 12  Effects of PPVI on the 
 P2X7R protein expression of 
LPS/ATP-induced RAW264.7 
cell (n = 3). Values represent 
average ± S.D. Significant 
differences among differ-
ent groups are indicated as 
##p < 0.01, ###p < 0.001 vs. 
Control; *p < 0.05, **p < 0.01, 
***p < 0.001 vs. LPS/ATP 
group
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Chinese medicine are no longer a major problem, and the 
elucidation of potential targets and mechanisms of action 
of natural compounds has become relatively simple. At 
present, PolyphyllinI [46] and PolyphyllinVII [47] have 
been found from Paris Polyphylla to have anti-inflamma-
tory effects. In our previous studies, PPVI was identified to 
reduce the expression of inflammatory mediators(TNF-α, 
IL-1β, IL-6) and the aggregation of inflammatory cells in 
DRG and spinal cord of CFA-induced inflammatory pain 
mice [24]. However, the analgesic and anti-inflammatory 
mechanism of PPIV needs to be further clarified. In this 
study, we combined network pharmacology, RNA-Seq, 
and molecular docking to predict and explore PPVI in var-
ious aspects. Based on the essential role of the  P2X7R in 
inflammation and pain, the molecular docking with PPVI 
was analyzed. Subsequent cell experiments also found that 
PPVI inhibits the release of IL-8 of RAW264.7 induced by 
LPS/ATP based on the regulation of the phosphorylation 
of p38 instead of ERK1/2 by  P2X7R. However, the modu-
lation of PPVI on the release of IL-6 may be mediated by 
other  P2X7R-independent signals. Though PPVI inhibited 
the expression of  P2X7R in LPS/ATP-induced RAW264.7 
cells in vitro, the analgesic effects of PPVI by inhibiting 
 P2X7R needed to be further evaluated by using the DRG 
and spinal cord of CFA mice.

Conclusion

In summary, by using network pharmacology, molecu-
lar docking and RNA-Seq technologies, we identified the 
possible target genes and related signaling pathways of 
PPVI action on inflammatory pain which the PPVI showed 
strong binding energy to P2X7R and KEGG results sug-
gested that PPVI relieves pain by modulating the MAPK 
signaling pathway. In addition, PPVI down-regulates 
expression of IL-8 in LPS/ATP-induced RAW264.7 cells 
and CFA mice, by decreasing the phosphorylation of 
p-p38 and p-ERK1/2through inhibiting the activation 
of  P2X7R, instead, the down-regulation of IL-6 is in a 
 P2X7R-independent pathway. Our work provides insight into 
the potential new targets and mechanisms of PPVI action for 
the treatment of inflammatory pain.
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Fig. 13  Effects of PPVI on the phosphorylation level of p38 and 
ERK1/2 of LPS/ATP-induced RAW264.7 cells and CFA-induced 
inflammatory pain mice. A–C The effects of PPVI on phosphoryla-
tion level of p38 and ERK1/2 in LPS/ATP induced RAW264.7 cell 
(n = 3). D–F The effects of PPVI on phosphorylation level of p38 and 

ERK1/2 in serum of CFA-induced inflammatory pain mice (n = 3). 
Values represent average ± S.D. Significant differences among dif-
ferent groups are indicated as ##p < 0.01, ###p < 0.001 vs. Control; 
*p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS/ATP or CFA group
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