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The effect of ponicidin on
CFA-induced chronic
Inflammatory pain and its
mechanism based on network
pharmacology and molecular
docking

Peng Wang'?!, Huiyi Jiang'?!, Jinzhong Yao'?!, Guangting He'?,
Tao Tao** and Zaisheng Qin'?*

!Department of Anesthesiology, Nanfang Hospital, Southern Medical University, Guangzhou,
Guangdong, China, 2The Key Laboratory of Precision Anesthesia and Perioperative Organ Protection,
Guangzhou, Guangdong, China, *Department of Anesthesiology, Zhujiang Hospital, Southern Medical
University, Guangzhou, Guangdong, China

Purpose: Inflammation is a frequent precursor to the development of chronic
pain. Ponicidin, a compound derived from traditional Chinese medicine,
possesses immunomodulatory and anti-inflammatory properties. However,
whether ponicidin mitigates inflammatory pain through its anti-inflammatory
effects and potential target molecules remains to be further explored. In this
study, we investigated the analgesic effects of ponicidin in a mouse model of
Complete Freund's Adjuvant (CFA)—induced inflammatory pain and employed
network pharmacology to predict the potential therapeutic targets of ponicidin
for pain treatment.

Methods: Initially, we established a mouse model of inflammatory pain
induced by Complete Freund's Adjuvant (CFA). Following the establishment
of the model, the analgesic effects of ponicidin were assessed using
behavioral tests, and further validation was conducted through hematoxylin
and eosin (H&E) staining, enzyme-linked immunosorbent assay (ELISA), and
immunofluorescence methods. Subsequently, we analyzed the potential
analgesic targets of ponicidin using network pharmacology approaches and
molecular docking.

Results: In this study, we observed that ponicidin has a significant alleviating
effect on CFA-induced inflammatory pain. Our results suggest that ponicidin
may alleviate inflammatory pain by reducing inflammatory responses in the spinal
cord and hind paw of CFA model mice. Furthermore, we found that ponicidin can
mitigate the activation of macrophages in the subcutaneous tissue of the hind
paw and microglia in the dorsal horn of the spinal cord. Network pharmacology
analysis suggests that ponicidin may exert its analgesic effects through a multi-
target, multi-pathway mechanism. Key transcription factors such as nuclear
factor NF-xB p105 subunit (NFKB1), RELA, SP1, signal transducer and activator
of transcription 3 (STAT3), and repressor element 1 silencing transcription
factor (REST) may be involved in the underlying mechanisms of ponicidin’s
analgesic action. Through molecular docking and experimental validation, we
have identified toll-like receptor 4 (TLR4) and hypoxia-inducible factor 1-alpha
(HIF1A) as key targets of ponicidin’s analgesic effects.
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FIGURE 1
Ponicidin alleviates complete Freund's adjuvant-induced inflammatory pain and suppresses inflammation. (A) We established an experimental
protocol for inducing inflammatory pain using CFA. (B) The 50% paw withdrawal threshold (PWT) was measured for mice in different treatment
groups. Compared to the CFA group, the CFA + Ponicidin group exhibited a significantly increased mechanical threshold on days 3, 5, and 7
post-modeling (**p < 0.01, n = 5). (C) Thermal latency was assessed for the left hind paws of mice in different treatment groups. Compared to the
CFA group, the CFA + Ponicidin group showed a significantly increased thermal latency on days 3, 5, and 7 post-modeling (**p < 0.01, n = 5). (D-F)
ELISA was used to detect the protein levels of IL-18 (D), IL-6 (E), and TNF-« (F) in the subcutaneous tissue of the mouse hind paws. Each group
consisted of 4 mice. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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day 5 (Figures 1B, C). The results of the rotarod experiments
indicate no significant differences in the mice’s motor function
(Supplementary Figure S1). These findings suggest that ponicidin
can produce a potent analgesic effect in CFA mice in the short term.

On day 3 post-CFA injection, we collected hind paw tissue
from mice to assess changes in inflammation-related cytokines.
We found that, compared to the CFA group, the CFA +
Ponicidin group showed a significant downregulation of IL-1f, IL-
6, and TNF-a in the hind paw tissue (Figures 1D-F). Collectively,
these results indicate that ponicidin can alleviate CFA-induced
inflammatory pain and suppress inflammation in the paw tissue
of mice.

Ponicidin can significantly alleviate
complete Freund'’s adjuvant-induced
peripheral inflammation

H&E staining of mouse hind paw tissues revealed significant
inflammatory infiltration and tissue structural damage in the
subcutaneous tissues of the CFA group (Figure 2A). Compared to
the CFA group, the CFA + Ponicidin group exhibited a marked
reduction in inflammatory infiltration of the subcutaneous tissues.
Subsequently, we analyzed the expression of iNOS and CD206
in the mouse hind paw tissues. The expression of iINOS was
significantly increased (Figures 2B, C), while the expression of
CD206 was significantly decreased in the hind paw tissues of the
CFA group (Figures 2D, E). In contrast, the CFA + Ponicidin group
showed a significant decrease in iNOS expression and a significant
increase in CD206 expression in the hind paw tissues (Figures 2B-
E). These results indicate that ponicidin can significantly alleviate
local subcutaneous inflammation in mice following CFA modeling.

Ponicidin can significantly alleviate
complete Freund'’s adjuvant-induced
neuroinflammation at the spinal cord level

We investigated the impact of ponicidin on the production of
CGRP in the spinal cord. Our findings revealed that compared to
the CFA group, the CFA + Ponicidin group exhibited a significant
decrease in CGRP levels in the dorsal horn of the spinal cord,
suggesting that the antinociceptive mechanism of ponicidin may
involve the inhibition of spinal CGRP production (Figures 3A, B).
We also examined the impact of ponicidin on the activation of
spinal neurons. Our findings revealed that compared to the CFA
group, the CFA + Ponicidin group exhibited a significant reduction
in spinal cFos levels (Supplementary Figure S2), suggesting that
ponicidin may exert analgesic effects by suppressing the activation
of spinal neurons. Subsequently, we analyzed the changes in Ibal-
positive microglia in the L4-5 dorsal horn of the spinal cord. We
observed that microglia in the L4-5 dorsal horn were significantly
activated following the induction of inflammatory pain by CFA
(Figures 3C, D). Compared to the CFA group, the number of
activated microglia was markedly reduced in the CFA + Ponicidin
group (Figures 3C, D). These results indicate that ponicidin may
suppress spinal neuroinflammation by inhibiting the production
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of CGRP and the activation of microglia in the spinal cord of
CFA mice.

Common targets of ponicidin and pain

We identified 2,277 pain-related targets from four disease
databases. From two traditional Chinese medicine databases, we
obtained 195 drug targets associated with ponicidin. By intersecting
these datasets using a Venn diagram, 84 common targets between
ponicidin and pain were discovered (Figure 4A). These targets are
considered candidate targets for the analgesic effects of ponicidin.

PPl network and topological analysis of common
targets of ponicidin and pain

We constructed a PPI network and imported the PPI network
of 69 core genes with a node degree greater than zero into
Cytoscape for topological analysis (Figures 4B, C). The top 10
targets, listed in order of node degree, are Heat Shock Protein 90-
alpha (HSP90AAI, node degree = 16), Caspase 3 (CASP3, node
degree = 11), TLR4 (node degree = 11), HIFIA (node degree
= 10), Nuclear Factor NF-kappa-B p105 subunit (NFKBI, node
degree = 9), Serine/Threonine Protein Kinase mTOR (mTOR, node
degree = 8), Phosphatidylinositol 3-kinase regulatory subunit alpha
(PIK3R1, node degree = 8) Mitogen-Activated Protein Kinase 1
(MAPKI, node degree = 7), Phosphoinositol-4,5-Bisphosphate 3-
Kinase Catalytic Delta Isoform (PIK3CD, node degree = 7), AKT
Serine/Threonine Kinase 2 (AKT2, node degree = 6), and Protein
Kinase C Delta (PRKCD, node degree = 6). We hypothesize that
these proteins are the core targets through which ponicidin exerts
its significant therapeutic effects in pain management.

GO and KEGG pathway enrichment analysis
of common targets of ponicidin and pain

We performed functional annotation clustering on the
common targets of ponicidin and pain using the DAVID database.
Ponicidin was mainly enriched in response to positive regulation
of transcription from RNA polymerase II promoter and protein
phosphorylation in the biological process (BP) category. For
cellular component (CC), ponicidin was mainly enriched in the
plasma membrane, an integral component of the membrane, and
nucleoplasm. For molecular function (MF), it was mainly enriched
in ATP binding, G-protein coupled receptor activity, and protein
serine/threonine/tyrosine kinase activity (Figure 5A).

Additionally, 10 KEGG-enriched pathways were obtained
after the intersection with Metascape (Figure 5B, pathways
arranged by p-value) and KEGG database. In addition, KEGG
enrichment pathways were obtained in the KEGG database
(Figure 5C, taxonomic arrangement of pathways and number of
enriched genes). Enriched pathways included Pathways in cancer,
Alzheimer’s disease, Neuroactive ligand-receptor interaction, and
Pathways of neurodegeneration- multiple diseases. Subsequently,
we employed Cytoscape 3.9.1 to visualize the relationships
between the top 10 targets by node degree and the top 20
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Ponicidin significantly alleviates complete Freund’s adjuvant-induced peripheral inflammation. (A) H&E staining was conducted to assess tissue
morphology. (B) Immunofluorescence analysis revealed the presence of CD206 -positive cells (green) in the subcutaneous tissue of the hind paw
from mice with CFA-induced inflammatory pain. DAPI nuclear staining is shown in blue (scale bar: 100 um). (C) Quantitative analysis indicated a
significant decrease in the mean grayscale value of CD206 in the CFA/NC group compared to the sham and CFA/Ponicidin groups. Data are
presented as mean + SEM. *p < 0.05, **p < 0.01. (D) Immunofluorescence analysis showed the presence of iINOS-positive cells (green) in the
subcutaneous tissue of the hind paw from mice with CFA-induced inflammatory pain. DAPI nuclear staining is shown in blue (scale bar: 100 um). (E)
Quantitative analysis demonstrated a significant increase in the mean grayscale value of iINOS in the CFA/NC group compared to the sham and

CFA/Ponicidin groups. Data are presented as mean 4+ SEM. *p < 0.05, **p < 0.01.
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FIGURE 3
Ponicidin significantly alleviates complete Freund's adjuvant-induced neuroinflammation. (A) Immunofluorescence analysis revealed the expression
of CGRP in the spinal cord dorsal horn of mice with CFA-induced inflammatory pain (stained red) (scale bar: 200 um). (C) Immunofluorescence
analysis demonstrated the presence of Ibal-positive microglia (stained green) in the spinal cord dorsal horn of mice with CFA-induced inflammatory
pain (scale bar: 200 wm). (B, D) Quantitative results showed a significant increase in the mean grayscale values of CGRP and Ibal in the CFA/NC
group compared to the sham and CFA/Ponicidin groups. Data are presented as mean + SEM. *p < 0.05, **p < 0.01.
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The plot of intersection and interaction between drug and disease targets and PPI network. (A) Purple represents targets of pain, yellow represents
targets of ponicidin, and yellow-green represents targets of ponicidin comorbid pain. (B) After removing out the targets with a node degree of 0 and
performing a topological analysis of the PPl network, the weight of the targets is represented by the size and color depth of the nodes. (C) PPI
network analysis was performed on overlapping targets.
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GO and KEGG analysis. (A) After GO and Metascape analysis of 84 key targets, the top 10 results of the two rankings were taken as the same. (B)

KEGG pathways enriched in the Metascape platform (the size of the nodes indicates the number of enriched genes, and the color depth indicates the
size of p-value). (C) Results of KEGG enrichment analysis (different colors indicate the different systems of action, and the pathways in each system
are arranged in descending order by the number of enriched genes).
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FIGURE 6

Enrichment network diagram of the top 10 (11 in total) core targets in the PPl network and KEGG pathways and MCODE cluster analysis and protein
function module. (A) Intersection of the top 10 in KEGG enrichment analysis and the top 10 in PPl analysis. (B) MCODE cluster analysis was
performed on 84 targets. (C) Pathway enrichment results for MCODE2. Gene names in purple indicate genes belonging to the top 10 node degrees
(11 in total) in the PPI network. (D) Pathway enrichment results for MCODE3.
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pathways (Figure 6A). Our analysis revealed that these genes are
predominantly involved in pathways associated with inflammation
and oxidative stress.

MCODE analysis of common targets of
ponicidin and pain

We imported the 84 targets into Metascape for MCODE
clustering analysis, yielding five functional modules (Figure 6B).
Notably, the MCODE2 module (score = 2.0, depicted in purple
in Figure 6C) encompasses six of the top 10 nodes by degree in
the PPI network, while the MCODE3 module (score = 1.25, also
depicted in purple in Figure 6D) contains one such node. This
suggests a close association between these two functional modules
and the analgesic effects of ponicidin. The pathways enriched
in MCODE?2 include prostate cancer, RANKL-RANK signaling
pathway, and chemical carcinogenesis—receptor activation. The
key genes involved are HSP90AAI (degree = 16), NFKBI (degree
=9), mTOR (degree = 8), PIK3R1 (degree = 8), MAPKI (degree
= 7), and AKT2 (degree = 6). MCODE3 is primarily enriched
in pathways related to the response to reactive oxygen species,
oxygen levels, and oxidative stress, with HIFIA (degree = 10)
identified as a key gene. Furthermore, we identified the top 10
transcription factors associated with ponicidin’s analgesic effects,
complete with P-values (Figure 7A). Utilizing Metascape, we also
obtained ponicidin-associated disease phenotypes with P-values
(Figure 7B). The top 10 enriched phenotypes related to ponicidin-
induced diseases are predominantly linked to analgesics, with the
target diseases ranked as follows: second for neuralgia, fourth for
hyperalgesia, and ninth for inflammation (Figure 7B).

Molecular docking verification

We imported the 3D structures of the top 10 targets from
the PPI network into Autodock for docking with ponicidin.
The binding energies of each target from the docking results
are presented in Table 2. Ponicidin exhibited favorable docking
outcomes with the corresponding proteins, with key amino acids
primarily interacting through hydrogen bonds. The relatively low
docking energy values suggest that the compound can stably bind
to the receptor proteins and exert its effects. We selected TLR4 and
HIF1A, which had the lowest binding energies, for visualization
(Figures 7C, D) and subsequent experimental validation.

Validation of molecular docking results by
qPCR

To evaluate the outcomes of the systematic network
pharmacology analysis, we employed qPCR to examine the
mRNA expression levels of TLR4 and HIF1A, which were
identified in the molecular docking results, within an acute
inflammatory model induced by LPS stimulation in BV2 cells. The
mRNA expression levels of TLR4 and HIF1A were significantly
reduced in the ponicidin group compared to the LPS group
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(Figures 7E-G). The validation results were consistent with the
predicted outcomes.

Discussion

Ponicidin, a diterpenoid compound isolated from traditional
Chinese herbs such as Rabdosia rubescens and Isodon japonicus,
has been identified as a potential analgesic agent. However, its
efficacy in treating pain patients remains to be elucidated. In this
study, we observed that ponicidin has a significant alleviating
effect on CFA-induced inflammatory pain. Our results suggest
that ponicidin may alleviate inflammatory pain by reducing
inflammatory responses in the spinal cord and hind paw of CFA
model mice. Furthermore, we found that ponicidin can mitigate the
activation of macrophages in the subcutaneous tissue of the hind
paw and microglia in the dorsal horn of the spinal cord.

Previous literature has reported that the anti-inflammatory
effects of ponicidin are associated with the inhibition of
macrophages and the production of pro-inflammatory cytokines
(22). Our findings indicate that ponicidin can effectively suppress
the infiltration of inflammatory cells and the release of pro-
inflammatory cytokines in the hind paw. Local inflammation is
characterized by an increase in pro-inflammatory M1 macrophages
and a decrease in anti-inflammatory M2 macrophages, leading
to the secretion of a large number of inflammatory cytokines
(23, 24). Our immunofluorescence results from the mouse hind
paw show that ponicidin can effectively inhibit the expression of
iNOS and increase the expression of CD206 in the tissue. Our study
suggests that ponicidin may suppress local inflammatory responses
by modulating the ratio of M1/M2 macrophages in the hind paw
tissue. CGRP is a member of the calcitonin peptide family and is
predominantly distributed within the nervous system, particularly
in nociceptive or primary afferent neurons (25). Extant literature
documents the regulatory role of CGRP in various chronic pain
conditions, with inhibition of CGRP alleviating pain (26, 27). CGRP
is also known to upregulate the expression of pro-inflammatory
factors such as TNF-o and iNOS (28). Our study indicates that
following CFA-induced inflammatory pain, there is a significant
increase in CGRP levels in the spinal cord dorsal horn, which
can be markedly reduced by ponicidin. These findings suggest
that ponicidin exerts its analgesic effect by inhibiting the release
of spinal CGRP, and this action may be associated with the
suppression of pro-inflammatory cytokine release.

Microglia in the spinal cord are crucial for the initiation
and maintenance of inflammatory pain (29). Activation of spinal
microglia triggers the release of pro-inflammatory factors such as
IL-1B, IL-6, and TNF-«, which in turn further induce microglial
activation (30). Furthermore, the activation of microglia can
amplify the effects of pro-inflammatory factors and sustain central
sensitization (31). Our research demonstrates that following CFA-
induced inflammatory pain, microglia in the spinal cord dorsal
horn are significantly activated. Notably, ponicidin can significantly
suppress the activation of microglia in the spinal cord dorsal horn
of mice with inflammatory pain. Therefore, ponicidin may alleviate
inflammatory pain by reducing neuroinflammation through the
inhibition of spinal microglial activation.
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FIGURE 7

Protein function module and analysis of target-drug docking simulation and validation by qPCR. (A) Bar graph of transcription factors enrichment
analysis (colored by p-values). (B) Summary of enrichment analysis in DisGeNET (colored by p-values). (C, D) Analysis of target-drug docking
simulation. (E) Cytotoxicity profile of Ponicidin on BV-2 microglia. The data are presented as mean + SD from three independent experiments. *p <
0.01 and ***p < 0.001. Two-way ANOVA followed by Tukey test was employed to determine the statistical differences between groups. (F, G) Effects
of Ponicidin on the production of TLR4 and HIF1A in LPS-induced BV-2 microglia. The data are presented as mean + SD from three independent
experiments. ***p < 0.001. One-way ANOVA followed by Tukey test was employed to determine the statistical differences between groups.
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TABLE 2 Binding afnity of target-ponicidin in the treatment of pain via
molecular docking.

Target name PDB ID Binding energy (kcal/mol)
TLR4 7AAH —8.08
HIF1A 4H6] —7.01
MAPK1 8AOJ —6.94
HSP90AAL 5180 —6.62
PRKCD 1YRK —6.15
PIK3R1 5GJT —6.11
NFKB1 7LEC —5.85
MTOR 750Q —5.74
AKT2 106L —5.69
CASP 2DKO —5.68

Our study suggests that ponicidin may inhibit inflammatory
pain by suppressing the activation of macrophages in the hind paw
tissue and microglia in the spinal cord. However, the mechanisms
underlying the analgesic effects of ponicidin remain unclear.
Thus, by employing network pharmacology methods, we identified
and analyzed 84 potential targets of ponicidin for the treatment
of pain. Among these, the top 11 targets were associated with
various signaling pathways involved in inflammatory responses.
These pathways encompass innate immunity, the AGE-RAGE
signaling pathway, neutrophil extracellular trap formation, and
the PI3K-AKT pathway. Previous research has demonstrated that
the RAGE signaling pathway can induce neuroinflammation in
neuropathic pain (32, 33). The involvement of the neutrophil
extracellular trap formation signaling pathway in chronic pain
has also been reported (34). These findings suggest that
inflammation is a significant common phenotype in both pain
and ponicidin. Metascape integrates biological information from
multiple databases (35), and we utilized it to investigate the
interactions and potential functions among common targets.
The top 11 common targets, identified by node degree, were
predominantly enriched in MCODE2 and MCODE3, which are
associated with functions and pathways related to oxidative stress
and cancer. The top 10 diseases enriched by the 84 targets related
to ponicidin include Neuralgia, Hyperalgesia, and Inflammation.
The top five enriched transcription factors among the 84 common
targets are NF-k B1, RELA, SP1, STAT3, and REST.

RELA (NF-kB p65) and NF-xBI (NF-kB p50) are principal
of the NF-«B family, forming the p65/p50
heterodimer, which modulates inflammatory responses within

components

the nervous system (36-38). Activation of NF-kB induces the
expression of NLRP3 and pro-inflammatory mediators such as
IL-6, COX2, and TNF-«, thereby promoting neuroinflammation
and pain development (39). The mitogen-activated protein kinase
(MAPK) pathway can modulate the NF-« B pathway and is involved
in the regulation of pain states (40).

Previous research has indicated that the transcription factor
Spl is involved in the regulation of neuropathic pain (41-43).
In the spinal dorsal horn neurons of mice with the spinal nerve
ligation (SNL) model, SpI is highly expressed. Silencing Sp1 has
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been shown to alleviate pain symptoms by downregulating HDACI
and SOX10 (44). Sp1 contributes to the exacerbation of neuropathic
pain by recruiting HDAC2, which inhibits the expression of PGC-
la, leading to dysfunction in spinal dorsal horn microglia and
neurons (45).

The Signal Transducer and Activator of Transcription 3 (STAT3)
pathway plays a pivotal role in mediating inflammatory responses,
and the activation of STAT3 is significantly associated with the
development of chronic pain. The IL-6/STAT3 pathway has been
shown to facilitate the formation of neuropathic pain and comorbid
depression in spinal nerve injury (SNI) rats (46). In the spinal cord
injury (SCI) model, IL-6-induced activation of the JAK2/STAT3
signaling pathway in spinal dorsal horn microglia and astrocytes
contributes to the progression of pain (47). Additionally, TNF-
o aids in the activation of STAT3 and the enhancement of
neuronal excitability. TNF-« can directly or indirectly regulate gene
expression through the JAK/STAT3 signaling pathway, activating
the STAT3 pathway and inducing neuropathic pain (48-50).

The neuronal restrictive silencer factor/repressor element-1
silencing transcription factor (NRSF/REST) is a transcriptional
repressor that plays a significant role in the chronic pain process.
In a fibromyalgia model, NRSF/REST has been shown to reverse
hyperalgesia or allodynia through epigenetic modifications (51).
Another study demonstrated that the specific deletion of REST in
dorsal root ganglia (DRG) effectively prevented the development of
hypersensitivity in three distinct chronic pain models (CFA, SNI,
and PSNL) (52). In the SNL model, REST in DRG neurons not
only facilitates the transition from acute to chronic pain following
nerve injury but also contributes to the inhibition of Chrm2 and the
reduction of muscarinic analgesia (53).

TLR4 plays a pivotal role in innate immune responses within
both the peripheral and central nervous systems. In the central
nervous system (CNS), TLR4 is predominantly expressed in
microglial cells, where it primarily modulates the production
of pro-inflammatory cytokines (54). TLR4 is also expressed on
primary sensory neurons and neurons expressing CGRP and
transient receptor potential vanilloid 1 (TRPV1) (55). Damaged
sensory neurons may release extracellular matrix molecules and
damage-associated molecular patterns (DAMPs), which TLR4
detects, activating immune cells and thereby influencing pain
perception (54, 56). In our molecular docking results, TLR4
exhibited the highest binding affinity for ponicidin (-8.08 kcal/mol).
Given that TLR4 is mainly distributed in microglial cells in the
CNS, our findings indicate that BV2 cells show increased TLR4
mRNA expression following LPS stimulation, and ponicidin is
capable of reducing this upregulation, aligning with previous
research findings.

In this study, we employed network pharmacology and
molecular docking methods to predict the potential analgesic
targets of ponicidin. Further in vivo and in vitro experiments
are warranted to validate the analgesic targets and downstream
pathways of ponicidin.

Conclusions

In summary, ponicidin alleviates inflammatory pain by
reducing inflammatory responses in the spinal cord and hind paw
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of the CFA model mice. The results from network pharmacology
suggest that ponicidin may exert its analgesic effects through
a multi-target, multi-pathway mechanism. Through molecular
docking and experimental validation, we have identified TLR4 and
HIFIA as key targets of ponicidin’s analgesic action.
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Ponicidin does not affect the motor function of mice with CFA-induced
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Ponicidin significantly alleviates complete Freund's adjuvant-induced cFOS
level of spinal neurons. (A) Immunofluorescence analysis demonstrated the
presence of cFOS-positive neurons (stained green) in the spinal cord dorsal
horn of mice with CFA-induced inflammatory pain (scale bar: 100 um). (B)
Quantitative results showed a significant increase in the mean grayscale
values of cFOS in the CFA/NC group compared to the sham and
CFA/Ponicidin groups. Data are presented as mean + SEM. *p < 0.05, *p <
0.01.

7. Li SH, Niu XM, Peng LY, Zhang HJ, Yao P, Sun HD. ent-Kaurane
diterpenoids from the leaves of Isodon xerophilus. Planta Med. (2002) 68:946-
8. doi: 10.1055/5-2002-34926

8. Osawa K, Yasuda H, Maruyama T, Morita H, Takeya K, Itokawa H. Antibacterial
trichorabdal diterpenes from Rabdosia trichocarpa. Phytochemistry. (1994) 36:1287-
91. doi: 10.1016/S0031-9422(00)89653-3

9. Fiore NT, Debs SR, Hayes JP, Duffy SS, Moalem-Taylor G. Pain-resolving
immune mechanisms in neuropathic pain. Nat Rev Neurol (2023) 19:199-
220. doi: 10.1038/s41582-023-00777-3

10. Austin PJ, Moalem-Taylor G. The neuro-immune balance in neuropathic pain:
involvement of inflammatory immune cells, immune-like glial cells and cytokines. J
Neuroimmunol. (2010) 229:26-50. doi: 10.1016/j.jneuroim.2010.08.013

11. Grace PM, Hutchinson MR, Maier SE Watkins LR. Pathological pain and
the neuroimmune interface. Nat Rev Immunol. (2014) 14:217-31. doi: 10.1038/
nri3621

12. Ellis A, Bennett DLH. Neuroinflammation and the generation of neuropathic
pain. Br ] Anaesth. (2013) 111:26-37. doi: 10.1093/bja/aet128

frontiersin.org


https://doi.org/10.3389/fmed.2025.1510271
https://www.jianguoyun.com/p/DW3kOtAQ15KbDRiqrfUFIAA
https://www.jianguoyun.com/p/DW3kOtAQ15KbDRiqrfUFIAA
https://www.frontiersin.org/articles/10.3389/fmed.2025.1510271/full#supplementary-material
https://doi.org/10.1038/s41577-019-0147-2
https://doi.org/10.15585/mmwr.mm6736a2
https://doi.org/10.1136/bmjopen-2015-010364
https://doi.org/10.1007/s13142-012-0110-2
https://doi.org/10.1016/S0367-326X(03)00107-2
https://doi.org/10.1248/cpb.51.790
https://doi.org/10.1055/s-2002-34926
https://doi.org/10.1016/S0031-9422(00)89653-3
https://doi.org/10.1038/s41582-023-00777-3
https://doi.org/10.1016/j.jneuroim.2010.08.013
https://doi.org/10.1038/nri3621
https://doi.org/10.1093/bja/aet128
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Wang et al.

13. The Human Phenotype Ontology: a Tool for Annotating and Analyzing Human
Hereditary Disease. Available at: https://pubmed.ncbi.nlm.nih.gov/18950739/ (accessed
May 15, 2024).

14. DisGeNET: a Comprehensive Platform Integrating Information on Human
Disease-Associated Genes and Variants. Available at: https://pubmed.ncbi.nlm.nih.gov/
27924018/ (accessed May 15, 2024).

15. Whirl-Carrillo M, McDonagh EM, Hebert JM, Gong L, Sangkuhl K, Thorn CE,
et al. Pharmacogenomics knowledge for personalized medicine. Clin Pharmacol Ther.
(2012) 92:414-7. doi: 10.1038/clpt.2012.96

16. UniProt: A Worldwide Hub of Protein Knowledge. Available at: https://pubmed.
ncbi.nlm.nih.gov/30395287/ (accessed May 15, 2024).

17. STRING v11: Protein-protein Association Networks with Increased Coverage,
Supporting Functional Discovery in Genome-wide Experimental Datasets. Available at:
https://pubmed.ncbi.nlm.nih.gov/30476243/ (accessed May 15, 2024).

18. Assenov Y, Ramirez E Schelhorn SE, Lengauer T, Albrecht M. Computing
topological parameters of biological networks. Bioinforma Oxf Engl. (2008) 24:282-
4. doi: 10.1093/bioinformatics/btm554

19. KEGG: Integrating Viruses And Cellular Organisms. Available at: https://pubmed.
ncbi.nlm.nih.gov/33125081/ (accessed may 15, 2024).

20. An Automated Method for Finding Molecular Complexes in Large Protein
Interaction Networks. Available at: https://pubmed.ncbi.nlm.nih.gov/12525261/
(accessed May 15, 2024).

21. Pain Regulation by Non-neuronal Cells and Inflammation. Available at: https://
pubmed.ncbi.nlm.nih.gov/27811267/ (accessed May 15, 2024).

22. Zhang X, Xu Y, Fan M, Lv X, Long J, Yang R, et al. Ponicidin-induced
conformational changes of HSP90 regulates the MAPK pathway to relieve ulcerative
colitis. ] Ethnopharmacol. (2024) 321:117483. doi: 10.1016/j.jep.2023.117483

23. Jiang M, Liu X, Zhang D, Wang Y, Hu X, Xu E et al. Celastrol treatment
protects against acute ischemic stroke-induced brain injury by promoting an IL-33/ST2
axis-mediated microglia/macrophage M2 polarization. ] Neuroinflammation. (2018)
15:78. doi: 10.1186/s12974-018-1124-6

24. Liang Y, He ], Guo B. Functional hydrogels as wound dressing to enhance wound
healing. ACS Nano. (2021) 15:12687-722. doi: 10.1021/acsnano.1c04206

25. Schou WS, Ashina S, Amin FM, Goadsby PJ, Ashina M. Calcitonin
gene-related peptide and pain: a systematic review. J Headache Pain. (2017)
18:34. doi: 10.1186/s10194-017-0741-2

26. Edvinsson L, Haanes KA, Warfvinge K, Krause DN. CGRP as the target of new
migraine therapies—successful translation from bench to clinic. Nat Rev Neurol. (2018)
14:338-50. doi: 10.1038/541582-018-0003-1

27. Reduced Expression of Pain Mediators and Pain Sensitivity in Amyloid Precursor
Protein Over-expressing CRND8 Transgenic Mice. Available at: https://pubmed.ncbi.
nlm.nih.gov/23850592/ (accessed November 4, 2024).

28. Calcitonin Gene-related Peptide Stimulation of Nitric Oxide Synthesis and Release
from Trigeminal Ganglion Glial Cells. Available at: https://pubmed.ncbi.nlm.nih.gov/
18221935/ (accessed November 4, 2024).

29. Kidd BL, Urban LA. Mechanisms of inflammatory pain. Br ] Anaesth. (2001)
87:3-11. doi: 10.1093/bja/87.1.3

30. Sheng W, Zong Y, Mohammad A, Ajit D, Cui J, Han D, et al. Pro-
inflammatory cytokines and lipopolysaccharide induce changes in cell morphology,
and upregulation of ERK1/2, iNOS and sPLA,-IIA expression in astrocytes and
microglia. ] Neuroinflammation. (2011) 8:121. doi: 10.1186/1742-2094-8-121

31. Joosten EA. [Pain, nociception and inflammation; insights into the mechanisms
and possible therapeutic approaches]. Ned Tijdschr Tandheelkd. (2016) 123:458-
62. doi: 10.5177/ntvt.2016.10.16100

32. Receptor for Advanced Glycation End Products (RAGE) Regulates Sepsis but
not the Adaptive Immune Response. Available at: https://pubmed.ncbi.nlm.nih.gov/
15173891/ (accessed May 15, 2024).

33. Shibasaki M, Sasaki M, Miura M, et al. Induction of high mobility group box-1 in
dorsal root ganglion contributes to pain hypersensitivity after peripheral nerve injury.
Pain. (2010) 149:514-21. doi: 10.1016/j.pain.2010.03.023

34. NET-Triggered NLRP3 Activation and IL18 Release Drive Oxaliplatin-Induced
Peripheral Neuropathy. Available at: https://pubmed.ncbi.nlm.nih.gov/36255412/
(accessed May 15, 2024).

35. Metascape Provides a Biologist-oriented Resource for the Analysis of Systems-Level
Datasets. Available at: https://pubmed.ncbi.nlm.nih.gov/30944313/ (accessed May 15,
2024).

Frontiersin Medicine

10.3389/fmed.2025.1510271

36. Kaltschmidt B, Kaltschmidt C. NF-kappaB in the nervous system. Cold Spring
Harb Perspect Biol. (2009) 1:a001271. doi: 10.1101/cshperspect.a001271

37. Giridharan S, Srinivasan M. Mechanisms of NF-kB p65 and strategies for
therapeutic manipulation. J Inflamm Res. (2018) 11:407-19. doi: 10.2147/JIR.S140188

38. Sandireddy R, Yerra VG, Areti A, Komirishetty P, Kumar A. Neuroinflammation
and oxidative stress in diabetic neuropathy: futuristic strategies based on these targets.
Int ] Endocrinol. (2014) 2014:674987. doi: 10.1155/2014/674987

39. Lee KM, Jeon SM, Cho HJ. Tumor necrosis factor receptor 1 induces interleukin-
6 upregulation through NF-kappaB in a rat neuropathic pain model. Eur J Pain Lond
Engl. (2009) 13:794-806. doi: 10.1016/j.ejpain.2008.09.009

40. Ji RR, Gereau RW, Malcangio M, Strichartz GR. MAP kinase and pain. Brain Res
Rev. (2009) 60:135-48. doi: 10.1016/j.brainresrev.2008.12.011

41. Goémez K, Sandoval A, Barragin-Iglesias P, Granados-Soto V, Delgado-
Lezama R, Felix R, et al. Transcription factor Spl regulates the expression of
calcium channel «23-1 subunit in neuropathic pain. Neuroscience. (2019) 412:207-
15. doi: 10.1016/j.neuroscience.2019.06.011

42. HDAC Inhibitors Attenuate the Development of Hypersensitivity in Models of
Neuropathic Pain. Available at: https://pubmed.ncbi.nlm.nih.gov/23693161/ (accessed
May 15, 2024).

43. Yan XT, Xu Y, Cheng XL, He XH, Wang Y, Zheng WZ, et al. SP1, MYC, CTNNBI,
CREBI, JUN genes as potential therapy targets for neuropathic pain of brain. J Cell
Physiol. (2019) 234:6688-95. doi: 10.1002/jcp.27413

44.Xie Y, Li Z, Xu H, Ma J, Li T, Shi C, et al. Downregulation of
Spl inhibits the expression of HDAC1/SOX10 to alleviate neuropathic pain-like
behaviors after spinal nerve ligation in mice. ACS Chem Neurosci. (2022) 13:1446-
55. doi: 10.1021/acschemneuro.2c00091

45. Miao J, Chen Z, Wu Y, Hu Q, Ji T. Sp1 inhibits PGC-1a via HDAC2-catalyzed
histone deacetylation in chronic constriction injury-induced neuropathic pain. ACS
Chem Neurosci. (2022) 13:3438-52. doi: 10.1021/acschemneuro.2c00440

46. Zhao YT, Deng J, Liu HM, Wei J-W, Fan H-T, Liu M, et al. Adaptation
of prelimbic cortex mediated by IL-6/STAT3/Acp5 pathway contributes to the
comorbidity of neuropathic pain and depression in rats. ] Neuroinflammation. (2022)
19:144. doi: 10.1186/s12974-022-02503-0

47. IL-6/JAK2/STAT3 Axis Mediates Neuropathic Pain by Regulating Astrocyte and
Microglia Activation After Spinal Cord Injury. Available at: https://pubmed.ncbi.nlm.
nih.gov/37863306/ (accessed May 15, 2024).

48. Dominguez E, Rivat C, Pommier B, Mauborgne A, Pohl M. JAK/STAT3
pathway is activated in spinal cord microglia after peripheral nerve injury and
contributes to neuropathic pain development in rat. J Neurochem. (2008) 107:50-
60. doi: 10.1111/j.1471-4159.2008.05566.x

49. Miscia S, Marchisio M, Grilli A, Di Valerio V, Centurione L, Sabatino G, et al.
Tumor necrosis factor alpha (TNF-alpha) activates Jak1/Stat3-Stat5B signaling through
TNFR-1 in human B cells. Cell Growth Differ. (2002) 13:13-8.

50. Mori T, Miyamoto T, Yoshida H, Asakawa M, Kawasumi M, Kobayashi T, et al.
IL-1B and TNFa-initiated IL-6-STAT3 pathway is critical in mediating inflammatory
cytokines and RANKL expression in inflammatory arthritis. Int Immunol. (2011)
23:701-12. doi: 10.1093/intimm/dxr077

51. Ueda H, Kurita JI, Neyama H, Hirao Y, Kouji H, Mishina T, et al. A mimetic of
the mSin3-binding helix of NRSF/REST ameliorates abnormal pain behavior in chronic
pain models. Bioorg Med Chem Lett. (2017) 27:4705-9. doi: 10.1016/j.bmcl.2017.
09.006

52. Zhang F, Gigout S, Liu Y, Wang Y, Hao H, Buckley NJ, et al. Repressor element
1-silencing transcription factor drives the development of chronic pain states. Pain.
(2019) 160:2398-408. doi: 10.1097/j.pain.0000000000001633

53. Zhang ], Chen SR, Chen H, Pan HL. REl-silencing transcription factor
controls the acute-to-chronic neuropathic pain transition and Chrm2 receptor
gene expression in primary sensory neurons. J Biol Chem. (2018) 293:19078-
91. doi: 10.1074/jbc.RA118.005846

54. Bruno K, Woller SA, Miller YI, Yaksh TL, Wallace M, Beaton G, et al. Targeting
toll-like receptor-4 (TLR4)-an emerging therapeutic target for persistent pain states.
Pain. (2018) 159:1908-15. doi: 10.1097/j.pain.0000000000001306

55. Wadachi R, Hargreaves KM. Trigeminal nociceptors express TLR-4 and
CD14: a mechanism for pain due to infection. J Dent Res. (2006) 85:49-
53. doi: 10.1177/154405910608500108

56. Lacagnina ~ MJ, Watkins LR,
and their role in persistent pain.
58. doi: 10.1016/j.pharmthera.2017.10.006

Toll-like
(2018)

Grace PM.
Pharmacol  Ther.

receptors
184:145-

frontiersin.org


https://doi.org/10.3389/fmed.2025.1510271
https://pubmed.ncbi.nlm.nih.gov/18950739/
https://pubmed.ncbi.nlm.nih.gov/27924018/
https://pubmed.ncbi.nlm.nih.gov/27924018/
https://doi.org/10.1038/clpt.2012.96
https://pubmed.ncbi.nlm.nih.gov/30395287/
https://pubmed.ncbi.nlm.nih.gov/30395287/
https://pubmed.ncbi.nlm.nih.gov/30476243/
https://doi.org/10.1093/bioinformatics/btm554
https://pubmed.ncbi.nlm.nih.gov/33125081/
https://pubmed.ncbi.nlm.nih.gov/33125081/
https://pubmed.ncbi.nlm.nih.gov/12525261/
https://pubmed.ncbi.nlm.nih.gov/27811267/
https://pubmed.ncbi.nlm.nih.gov/27811267/
https://doi.org/10.1016/j.jep.2023.117483
https://doi.org/10.1186/s12974-018-1124-6
https://doi.org/10.1021/acsnano.1c04206
https://doi.org/10.1186/s10194-017-0741-2
https://doi.org/10.1038/s41582-018-0003-1
https://pubmed.ncbi.nlm.nih.gov/23850592/
https://pubmed.ncbi.nlm.nih.gov/23850592/
https://pubmed.ncbi.nlm.nih.gov/18221935/
https://pubmed.ncbi.nlm.nih.gov/18221935/
https://doi.org/10.1093/bja/87.1.3
https://doi.org/10.1186/1742-2094-8-121
https://doi.org/10.5177/ntvt.2016.10.16100
https://pubmed.ncbi.nlm.nih.gov/15173891/
https://pubmed.ncbi.nlm.nih.gov/15173891/
https://doi.org/10.1016/j.pain.2010.03.023
https://pubmed.ncbi.nlm.nih.gov/36255412/
https://pubmed.ncbi.nlm.nih.gov/30944313/
https://doi.org/10.1101/cshperspect.a001271
https://doi.org/10.2147/JIR.S140188
https://doi.org/10.1155/2014/674987
https://doi.org/10.1016/j.ejpain.2008.09.009
https://doi.org/10.1016/j.brainresrev.2008.12.011
https://doi.org/10.1016/j.neuroscience.2019.06.011
https://pubmed.ncbi.nlm.nih.gov/23693161/
https://doi.org/10.1002/jcp.27413
https://doi.org/10.1021/acschemneuro.2c00091
https://doi.org/10.1021/acschemneuro.2c00440
https://doi.org/10.1186/s12974-022-02503-0
https://pubmed.ncbi.nlm.nih.gov/37863306/
https://pubmed.ncbi.nlm.nih.gov/37863306/
https://doi.org/10.1111/j.1471-4159.2008.05566.x
https://doi.org/10.1093/intimm/dxr077
https://doi.org/10.1016/j.bmcl.2017.09.006
https://doi.org/10.1097/j.pain.0000000000001633
https://doi.org/10.1074/jbc.RA118.005846
https://doi.org/10.1097/j.pain.0000000000001306
https://doi.org/10.1177/154405910608500108
https://doi.org/10.1016/j.pharmthera.2017.10.006
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

