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Molecular mechanisms of the analgesic action 
of Wu-tou Decoction on neuropathic pain in mice 
revealed using microarray and network analysis
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Abstract
Wu-tou Decoction (WTD) is a classic herbal formula in traditional Chinese medicine for the treatment of joint diseases, neuropathic 
pain (NP) and inflammatory pain.  In this study we investigated whether WTD produced analgesic action in a mouse spinal nerve 
ligation (SNL) model and elucidated the underlying molecular mechanisms.  Mice were subjected to SNL and orally treated with WTD 
(3.15, 6.30 or 12.60 g·kg-1·d-1) for 21 d. SNL induced mechanical hyperalgesia and heat hyperalgesia characterized by rapid and 
persistent pain hypersensitivity.  In addition, the expression levels of IL-1β, TNF-α, CCL2 and CXCL1 in the spinal cord dorsal horn were 
dramatically increased on the 10th d post-surgery.  Oral administration of WTD dose-dependently suppressed both mechanical and 
heat hyperalgesia as well as the expression levels of inflammatory cytokines in the spinal cord dorsal horn on the 21st d post-surgery.  
Then whole-genome microarray analyses were conducted to detect the gene expression profiles of spinal cord dorsal horn in SNL mice 
with or without WTD treatment.  After construction of the WTD-SNL-network and topological analysis, a list of candidate target genes of 
WTD acting on SNL-induced NP was identified and found to be functionally enriched in several glial cell activation-related pathways and 
neuroinflammatory pathways.  Our data have clarified the gene expression patterns in the mouse spinal cord under the NP condition.  
We also demonstrate the analgesic action of WTD through suppression of glial cell activation and neuroinflammation, which suggest 
the potential of WTD as a promising candidate for the treatment of NP.
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Introduction
Neuropathic pain (NP) is defined as pain caused by injuries or 
diseases of the peripheral and central nervous system, accord-
ing to the International Association for the Study of Pain[1].  
Estimation of the incidence and prevalence of NP is difficult, 
owing to the lack of simple diagnostic criteria.  Although a 
growing number of studies identify several candidate targets 
for NP treatment, including ion channels, G-protein-coupled 
receptors, and kinases in neurons and glial cells localized 
along the nociceptive pathways[2, 3], NP is the most difficult 
type of chronic pain to manage in the pain clinic[4, 5] because 
the transcriptional or translational regulatory mechanisms 
underlying the expression and functional changes of these 

candidate targets have not been fully elucidated.
Research on whole-genome transcription profiling obtained 

by microarray technology can determine RNA expression 
changes in tissues under different conditions and be used to 
select candidate molecules at the genome wide level.  Such 
approaches have been extensively used to provide insights 
into the genetic mechanisms underlying the pathogenesis of 
NP.  For example, Rojewska et al[6] have confirmed changes 
in gene expression, identified by a microarray analysis, in the 
spinal cord and selected seven genes as candidate NP-related 
genes.  Vallejo et al[7] have used microarray analysis to identify 
a list of highly significant interconnected genes and pathways 
responsive to injury and/or an electric field in the spinal cord 
and dorsal root ganglion.  Jiang et al[8] have performed lncRNA 
microarray and mRNA microarray analyses and have uncov-
ered the expression patterns of lncRNAs and mRNAs in the 
mouse spinal cord under the NP condition.  These findings 
indicate the efficiency of microarray technology for the deter-
mination of the molecular mechanisms associated with the 
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development and progression of NP as well as for the discov-
ery of novel therapeutic targets in this disease.

Wu-tou Decoction (WTD), which consists of Radix Aconiti, 
Herba Ephedrae, Radix Astragali, Raidix Paeoniae Alba and Radix 
Glycytthizae, is a classic herbal formula for the treatment of 
joint diseases, NP and inflammatory pain[9-12].  Our previous 
studies have confirmed the disease-modifying anti-rheumatic 
effects of WTD on rheumatoid arthritis (RA) through regula-
tion of the imbalance in the nervous, endocrine and immune 
systems[13, 14] and have identified the pathway of PPAR-gamma 
coactivators in thermogenesis as one of the potential pharma-
cological targets of WTD for the individualized treatment of 
RA[15].  We have also revealed the analgesic effects of WTD in 
chronic inflammatory pain, which manifest partially through 
inhibition of the activities of TRPV1, TRPA1, and TRPM8[10].  
However, there is still little NP-related experimental evidence 
regarding the analgesic effects of WTD.

Chinese herbal formulae, characterized by multiple com-
ponents, multiple targets and holistic regulations, have been 
widely utilized in clinics for centuries.  However, clarification 
of the complex compositions and underlying molecular mecha-
nisms of herbal formulae through traditional experimental meth-
ods based on the ”one gene, one drug, one disease” paradigm is 
difficult.  Accumulating studies indicate that Chinese herbal 
formulae achieve their particular therapeutic efficacy by modi-
fying the imbalanced disease-associated network through the 
interactions of their active components and corresponding tar-
gets.  Therefore, our research group has proposed a workflow 
that involves the integration of traditional Chinese medicine 
and network pharmacology, highlighting a “network target, 
multi-component therapeutics” paradigm to effectively reveal 
the modes of action of different Chinese herbal formulae[13-21].

In the current study, we sought to investigate whether 
WTD exhibits analgesic effects in a spinal nerve ligation (SNL) 
model in mice and to reveal the possible underlying molecu-
lar mechanisms.  Figure 1 illustrates a schematic diagram of 
our systematic strategies: first, the SNL mouse model was 
constructed, and WTD was orally administered at different 
dosages by syringe feeding; second, the analgesic effects of 
WTD on SNL mice at different time points were evaluated by 
a behavioral assessment and Enzyme-Linked Immunosorbent 
Assay (ELISA); third, tissues from the spinal cord dorsal horn 
in SNL mice were collected and subjected to whole-genome 
microarray analyses, followed by selection of the optimal 
dosage and time point for WTD administration; fourth, SNL-
induced NP-related genes and WTD-treatment dysregulated 
genes were identified by screening differentially expressed 
genes (DEGs) among different groups by using the R software 
package; and fifth, the WTD-SNL-network was constructed, 
and the candidate target genes of WTD that act on NP were 
identified according to a topological comparison, functional 
enrichment analysis and literature search.

Materials and methods
Ethics statement
The experimental protocols in the current study were 

approved by the Research Ethics Committee of the Institute of 
Chinese Materia Medica, China Academy of Chinese Medical 
Sciences, Beijing, China.  All animal studies were carried out 
in accordance with the guidelines and regulations for the care 
and use of laboratory animals of the Center for Laboratory 
Animal Care, China Academy of Chinese Medical Sciences.  
Every effort was made to minimize the number of animals 
used and any pain or discomfort experienced by the animals.

Animals and treatment
Male ICR mice (8 weeks old) were obtained from the Experi-
mental Animal Center of Beijing University, Beijing, China 
(License No SCXK-2012-0004).  The mice were housed under 
standard conditions at an ambient temperature of 22±1 ºC with 
60% humidity under an automatically controlled 12 h light/
dark cycle and were given a regular laboratory rodent diet 
and water ad libitum.  Following acclimatization for one week, 
the mice were anesthetized with sodium pentobarbital (40–50 
mg/kg, ip) and the SNL models were constructed according to 
a previous description[22].  Briefly, the L4 and L5 spinal nerves 
were exposed after the removal of a portion of the left L6 
transverse process.  In addition, the L5 spinal nerve was care-
fully isolated without injury to the L4 spinal nerve and tightly 
ligated with a 6-0 silk thread.  After the pain-related surgeries, 
mice were divided into five groups (10 per group): Sham, SNL 
group, SNL-WTD (3.15 g/kg) group, SNL-WTD (6.30 g/kg) 
group, and SNL-WTD (12.60 g/kg).  Among these, mice in the 
Sham group were subjected to similar surgical procedures, 
but no L5 SNL was carried out.  The water extract of WTD, of 
which the chemical components were identified in our previ-
ous study[10], was prepared for the treatment of the SNL mice.  
Treatment WTD was performed for 21 d via oral adminis-
tration starting on the first day that the animals underwent 
surgery.  Dosage selection for low-, middle- and high-WTD 
were nearly equivalent to 0.5, 1 and 2 times the daily dosage, 
which were 3.15 g/kg, 6.30 g/kg and 12.60 g/kg, respectively.  
In the Sham and SNL groups, WTD was replaced by an equal 
volume of distilled water.  In each group, 6 mice were used for 
the behavioral assessment and 4 mice were used for ELISA.

Measurement of mechanical hyperalgesia
Mechanical hyperalgesia of mice in different groups was mea-
sured according to our previous study[10].  The 50% paw with-
drawal threshold was analyzed at 1 (1 h), 3 (0, 1, 2, 3, 4, and  
24 h), 7, 10, 14, 17 and 21 d after WTD administration.

Measurement of heat hyperalgesia
Heat hyperalgesia of mice in different groups was measured 
according to our previous study[10].  The paw withdrawal 
latency was measured at 2 (1 h), 4 (0, 1, 2, 3, 4, and 24 h), 8, 12, 
16, 18, and 20 d after WTD administration.  The interval of the 
paw withdrawal latency measurement was 5 min.

ELISA
ELISA was performed to measure the interleukin (IL)-1β, 
tumor necrosis factor alpha (TNF-α), chemokine (C-C motif) 
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Figure 1.  A schematic diagram of the systematic strategies for the determination of the pharmacological mechanisms of the herbal formula Wu-tou 
Decoction on peripheral neuropathic pain.



991
www.chinaphar.com
Zhang YQ et al

Acta Pharmacologica Sinica

ligand 2 (CCL2) and chemokine (C-X-C motif) ligand 1 
(CXCL1) levels in the isolated L5 dorsal horn from SNL mice 
by using ELISA kits purchased from Elabscience Biotechnol-
ogy Co, Ltd (Wuhan, China).  All ELISAs were performed 
according to the manufacturer's protocols and measured at 
450 nm.

Whole-genome microarray analysis
Spinal cord dorsal horn tissues were collected the mice in the 
Sham, SNL and SNL-WTD (12.60 g/kg) groups; immersed 
in TRIzol (Invitrogen, CA, USA); and immediately frozen in 
liquid nitrogen for whole-genome microarray detection.  Total 
RNA was extracted and purified using an RNeasy micro kit 
(Cat#74004, QIAGEN, GmBH, Germany) according to the 
manufacturer’s instructions, and the RNA Integrity Num-
ber (RIN) was determined to assess RNA integration by an 
Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, 
CA, USA).  The RIN is defined to help scientists estimate the 
integrity of total RNA samples.  The RNA concentration and 
purity were assayed by absorbance values at 260 and 280 nm 
by using a NanoDrop ND-2000 Spectrophotometer (Thermo 
Fisher Scientific, Inc, Wilmington, DE, USA) and Agilent Bio-
analyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).  
RNA integrity was verified by electrophoresis on 2% (m/v) 
agarose gels.  

Agilent Whole Mouse Genome Microarray 4×44K gene 
chips, including 41 174 coding gene probes, were used in 
the experiments.  The total RNA of different groups was 
individually hybridized with gene chips.  Briefly, each chip 
was hybridized with 1.65 μg of Cy3-labeled cRNA by using 
a Gene Expression Hybridization Kit (Cat# 5188-5242, Agi-
lent Technologies, Santa Clara, CA, USA) in a Hybridization 
Oven (Cat# G2545A, Agilent Technologies, Santa Clara, CA, 
USA) according to the manufacturer's instructions.  After 17 
h of hybridization, the chips were washed in staining dishes 
(Cat# 121, Thermo Shandon, Waltham, MA, USA) with a 
Gene Expression Wash Buffer Kit (Cat# 5188-5327, Agilent 
Technologies, Santa Clara, CA, USA) following the manufac-
turer's instructions.  The chips were scanned with an Agilent 
Microarray Scanner (Cat# G2565CA, Agilent Technologies, 
Santa Clara, CA, USA) with the default settings, Dye channel: 
Green, Scan resolution=5 μm, PMT 100%, 10%, 16 bit.  The 
data were extracted with Feature Extraction software 10.7 
(Agilent Technologies, Santa Clara, CA, USA).  Raw data were 
normalized by the Quantile algorithm, GeneSpring Software 
12.6.1 (Agilent Technologies, Santa Clara, CA, USA).  Microar-
ray hybridization was carried out by Shanghai Biotechnology 
Corporation, Shanghai, China.  Gene expression microarray 
data of GSE97076 were obtained from the National Cen-
ter of Biotechnology Information (NCBI) Gene Expression 
Omnibus (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE97076).

DEG screening 
Significant DEGs of the sham vs SNL groups and SNL vs SNL-
WTD (12.60 g/kg) groups were identified using the criteria of 

a |log2-fold change (FC)|>0.5 and P value <0.05.  Hierarchical 
clustering analysis was performed to screen DEGs using the 
heat map package in R (version 1.0.2, R Core Team, Vienna, 
Austria).  Cluster analysis of the DEGs was performed by 
Cluster 3.0 based on the Euclidean distance.

Collection of known NP-related genes 
Known NP-related genes were obtained from the following 
two databases: (1) the DrugBank database[23] (http://www.
drugbank.ca/, version 5.0).  We used only the drug-target 
interactions whose drugs are FDA approved for the treatment 
of NP and whose targets are human genes/proteins.  In total, 
we obtained 385 known therapeutic targets of NP.  (2) The 
Online Mendelian Inheritance in Man (OMIM) database[24] 
(http://www.omim.org/, last updated: October 31, 2014).  We 
searched the OMIM database with the keyword “neuropathic 
pain” and found 540 known NP-related targets.  After delet-
ing redundancies, 880 known NP-related genes remained and 
were used in this study.  The list of known NP-related genes is 
provided in Supplementary Table S1.

Network construction and analysis
Gene-gene interaction networks were constructed on the basis 
of the public database STRING (Search Tool for Known and 
Predicted Protein-Protein Interactions, version 10.0, http://
string-db.org/).  Gene-gene interactions with a combined 
score higher than the median value of all of the combined 
scores were selected in this study.  The interaction networks 
were visualized by Navigator software (version 2.2.1).  A node 
was defined as a gene in the network; edge was defined as 
the interaction between two genes; and hub was defined as 
a node of topological importance.  Four topological features, 
the node degree, betweenness, closeness and k-coreness, were 
calculated to evaluate the topological importance of a node 
in the interaction networks.  The definitions of the four net-
work topological features are provided in Supplementary File 
S1-section1.

Function and pathway enrichment analyses
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses were performed based on the Database 
for Annotation, Visualization and Integrated Discovery52 
(DAVID, http://david.abcc.ncifcrf.gov/home.jsp, version 6.7) 
and pathway data obtained from the FTP service of KEGG 
(http://www.genome.jp/kegg/, last updated: Oct 16, 2012).  
Only KEGG pathways with P-values <0.05 (corrected using 
the Bonferroni method) were selected.

Statistical analysis
Statistical analysis were performed using SPSS statistical 
software (Version 13.0, SPSS, Inc, Chicago, IL, USA).  All 
experiments were performed in triplicate.  The data are rep-
resented as the mean±SEM.  Differences among groups in the 
behavioral assessment were statistically analyzed by two-
way ANOVA followed by Bonferroni post-tests.  Differences 
among the groups in ELISA were assessed by t tests.  P-values 



992
www.nature.com/aps

Zhang YQ et al

Acta Pharmacologica Sinica

less than 0.05 were considered significant.

Results
Identification of the NP model
As shown in Figures 2A and 2B, SNL induced rapid (1–2 
d) and persistent (>21 d) mechanical hyperalgesia and heat 
hyperalgesia in the SNL group compared with the sham group 
(all P<0.05).  In addition, we also detected the expression lev-
els of inflammatory cytokines secreted by microglia (IL-1β and 
TNF-α) and astrocytes (CCL2 and CXCL1) in the spinal cord 
dorsal horn at 10 d (maintenance phase) after SNL.  The data 
shown in Figure 3 demonstrated significantly higher expres-
sion of IL-1β, TNF-α, CCL2 and CXCL1 proteins in SNL mice 
than in sham-treated mice (all P<0.05), thus indicating that 
glial activation was induced in the spinal cord by SNL.

WTD dose-dependently attenuates SNL-induced NP
To determine whether WTD attenuates SNL-induced NP, dif-
ferent doses (3.15, 6.30 and 12.60 g/kg) of WTD were orally 
administered once per day for 21 d, and the behavioral assess-

ment was performed 1 h after each drug treatment.  As shown 
in Figure 2A, WTD (3.15–12.60 g/kg) dose-dependently 
attenuated mechanical allodynia, which lasted for at least 2 h, 
with an optimal inhibitory effect 1 h post-WTD administra-
tion.  This anti-allodynia effect was maintained for at least 7 
d when the drug was administered daily.  Importantly, WTD 
decreased mechanical allodynia with a time-course effect pro-
file similar to that of the first day, thus indicating the absence 
of drug tolerance.  Although WTD (12.60 g/kg) significantly 
attenuated mechanical allodynia in SNL-induced hypersensi-
tivity, it did not alter the baseline thresholds in sham control 
mice, thus suggesting that WTD has a specific role under NP 
conditions.  In addition, we also investigated the anti-hyper-
algesia effects of WTD in a radiant heat plantar test.  Figure 
2B shows the dose-dependent inhibition of heat hyperalgesia 
by WTD (3.15–12.60 g/kg) administration, with a similar time 
course-effect compared with that of mechanical allodynia.  
Moreover, WTD (12.60 g/kg) produced no analgesic effect 
in the sham control mice in the radiant heat test, thus further 
ruling out the possibility of drug tolerance and identifying 

Figure 2.  Behavioral assessment in different groups.  (A) Changes in mechanical hypersensitivity among the Sham, SNL, sham-WTD-treatment and SNL-
WTD-treatment groups.  (B) Changes in heat hypersensitivity among the sham, SNL, sham-WTD-treatment and SNL-WTD-treatment groups.  The data 
are represented as the mean±SEM (n=6).  #P<0.05 versus the sham group; *P<0.05, **P<0.01, and ***P<0.001 versus the SNL group, respectively.
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its unique role in neuropathic pain normalization (Figure 2).  
Furthermore, WTD treatment clearly decreased the expression 
levels of IL-1β, CCL2 and CXCL1 in the spinal cord dorsal 
horn in SNL mice dose-dependently (all P<0.05, Figure 3).  

NP-related genes are implicated in glial cell activation, neuro-
immune responses and neuroinflammation
A total of 567 DEGs (331 upregulated and 236 downregulated) 
were identified in SNL and sham-operated mice (Supplemen-
tary Table S2).  Among these, 18 genes (ADCY1, ADRA2A, 
B4GALT3, BRAF, BTG2, CHRNA4, DYNC1H1, EGFR, GLO1, 
HTR1D, IL1R1, PDGFRA, PDPK1, PGR, PNPLA6, SCN1B, 
TEK, WARS) were identified as known NP-related genes.  In 
addition, unsupervised hierarchical clustering (Figure 4A) 
and scatter plot (Figure 4B) analyses of all dysregulated genes 
showed good differentiation of SNL and sham-treatment sam-
ples.

Then, we constructed the SNL-induced NP imbalance 
network by using the interaction information from SNL dif-
ferentially expressed genes and known NP-related genes.  
This network consists of 756 nodes and 4774 edges.  Accord-
ing to the degree values of the nodes in the network[13-15], 248 
hub genes were selected as SNL-induced NP-related genes 
(Supplementary Table S3), which contained many known 
genes involved in the pathways related to glial cell activation 
(Neuroactive ligand-receptor interaction, Calcium signaling 
pathway, Neurotrophin signaling pathway, Gap junction and 

Long-term potentiation), neuro-immune responses (Fc epsilon 
RI signaling pathway and T cell receptor signaling pathway) 
and neuroinflammation (MAPK signaling pathway, Cytokine-
cytokine receptor interaction, Jak-STAT signaling pathway, 
Chemokine signaling pathway, NOD-like receptor signaling 
pathway and Toll-like receptor signaling pathway) according 
to the pathway enrichment analysis (all P<0.05, Figure 4C).  

WTD exerts an analgesic effect on SNL-induced NP through 
suppression of glial cell activation and neuroinflammation
A total of 442 DEGs (171 upregulated and 271 downregulated) 
were identified from the comparison between WTD-treatment 
and SNL mice (Supplementary Table S4).  In addition, unsu-
pervised hierarchical clustering (Figure 5A) and scatter plot 
(Figure 5B) analyses of all dysregulated genes showed good 
differentiation of WTD-treatment and SNL samples.

Next, the WTD-SNL-network was constructed on the basis 
of the links among the WTD-treatment dysregulated genes 
and SNL-induced-NP-related genes.  This network consists of 
375 nodes and 3077 edges.  After the calculation of the 4 topo-
logical features in the network (degree, closeness, betweenness 
and k-coreness), 94 major nodes were identified because their 
‘Degree’, ‘Betweenness’, ‘Closeness’ and ‘K coreness’ were all 
larger than the corresponding median values (Supplementary 
Table S5).  Pathway enrichment analysis based on the KEGG 
pathway database showed that the major nodes in the WTD-
SNL-network were significantly associated with the path-

Figure 3.  Expression levels of IL-1β (A), TNF-α (B), CCL2 (C) and CXCL1 (D) in the spinal cord dorsal horn obtained from mice in different groups, as 
detected by ELISA.  The data are represented as the mean±SEM (n=4).  #P<0.05 versus the sham group; *P<0.05, **P<0.01 versus the SNL group, 
respectively.
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Figure 4.  NP-related genes are implicated in glial cell activation, neuro-immune responses and neuroinflammation.  (A) A heat map showing the 
hierarchical clustering of mRNAs, whose expression changes were changed by more than two-fold in the comparison between the sham group and 
the SNL group.  In the clustering analysis, up- and downregulated genes are colored in red and green, respectively.  (B) A scatter plot comparing the 
global mRNA expression profile in the spinal cord between SNL and sham mice.  Red and green lines, respectively, indicate two-fold differences in up- 
and downregulated genes.  (C) The SNL-induced NP imbalance network constructed on the basis of interaction information among SNL differentially 
expressed genes and known NP-related genes.  All nodes were hubs of the SNL-induced NP imbalance network.  Red and blue nodes, respectively, refer 
to the upregulated and downregulated genes in the SNL group compared with the sham group.  Yellow nodes refer to the known NP-related genes.

Figure 5.  WTD exerts an analgesic effect on SNL-induced NP through the suppression of glial cell activation and neuroinflammation.  (A) A heat map 
showing the hierarchical clustering of mRNAs, whose expression changes were increased by more than two-fold in the comparison between the SNL 
group and the WTD-treatment group.  In the clustering analysis, up- and downregulated genes are colored in red and green, respectively.  (B) A scatter 
plot comparing the global mRNA expression profile in the spinal cord between WTD-treated SNL mice and untreated SNL mice.  Red and green lines, 
respectively, indicate two-fold differences in up- and downregulated genes.  (C) The WTD-SNL-network constructed on the basis of the links among WTD-
treatment dysregulated genes and SNL-induced NP-related genes.  Red and blue nodes, respectively, refer to the upregulated and downregulated genes 
in the WTD treatment group compared with the SNL group.  Yellow nodes refer to the known NP-related genes.
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ways that were involved in glial cell activation (Neuroactive 
ligand-receptor interaction, Calcium signaling pathway and 
Gap junction) and neuroinflammation (Rap1 signaling path-
way, PI3K-Akt signaling pathway, cAMP signaling pathway, 
MAPK signaling pathway, Inflammatory mediator regulation 
of TRP channels and Cytokine-cytokine receptor interaction) 
(all P<0.05, Figure 5C).  Seven WTD-treatment dysregulated 
genes, including DRD2, ERBB3, FGFR1, GNAS, RXRA, S1PR1 
and VEGFA, were identified in the above NP-related path-
ways, thus suggesting that these genes may be candidate tar-
gets of WTD that act on SNL-induced NP.

Discussion
As common and intractable chronic pain, NP is caused by 
injuries or diseases that affect the nervous system[1].  The 
pathogenesis of NP is complicated and has not been fully 
elucidated.  Growing evidence shows that the gene expres-
sion patterns of the nociceptive system may play crucial 
roles in the development and progression of NP[6-8].  The SNL 
model has been extensively used to investigate the underly-
ing mechanisms of NP, in the current study, global expression 
changes in mRNAs of the spinal cord dorsal horn under the 
NP condition were identified on the basis of the SNL model, 
with rapid and persistent pain hypersensitivity characterized 
by mechanical hyperalgesia and heat hyperalgesia.  Among 
the 41 174 mRNAs detected in the spinal cord dorsal horn in 
the mice, 331 mRNAs were upregulated and 236 mRNAs were 
downregulated at 10 d after SNL.  In particular, 18 reported 
pain-related genes displayed differential expression patterns 
after SNL.  According to the interactions among the SNL-
induced DEGs and known NP-related genes, the SNL-induced 
NP imbalance network was constructed, and the hubs were 
screened.  After pathway enrichment analysis of the hubs, we 
found that the significantly enriched pathways of the hubs 
in the SNL-induced NP imbalance network were mainly 
involved in glial cell activation, neuro-immune responses and 
neuroinflammation, which play crucial roles in the induction 
and maintenance of NP.  Moreover, the levels of IL-1β, TNF-
α, CCL2 and CXCL1 proteins in the spinal cord dorsal horn in 
SNL mice dramatically increased on the 10th d post-surgery, 
according to our ELISA analysis, thus suggesting activation 
of microglia and astrocytes.  These data collectively indicated 
that suppression of glial cell activation, immune responses and 
inflammatory mediator production may be an effective way to 
attenuate NP.

Various therapeutic methods, such as non-pharmacological 
approaches (acupuncture and electric stimulation) and drugs 
(opioid analgesics, anti-convulsants, gabapentin, tricyclic anti-
depressants and local anesthetics), have been used to treat 
NP[5].  However, the treatment effectiveness has not been sat-
isfactory, and side effects often occur.  In recent years, several 
plant-derived analgesics have been indicated to be effective 
and non-toxic[25-28].  WTD, which contains five Chinese herbs, 
has previously been demonstrated to effectively treat joint 
diseases[9] and NP in clinics[11, 12] and inhibit chronic inflam-
matory pain in mice[10].  To determine whether it exerts an 

analgesic effect on NP, we examined the changes in mechani-
cal hyperalgesia and heat hyperalgesia in the ipsilateral paw 
in SNL mice before or after WTD administration.  Our data 
showed that orally administered intragastric WTD effectively 
attenuated mechanical hyperalgesia and heat hyperalgesia 
induced by SNL in time- and dose-dependent manners.  An 
increasing number of studies indicate that activated microglia 
and astrocytes play important roles in the maintenance of 
NP.  After their activation, glial cells may release inflamma-
tory stimulants, such as cytokines, prostaglandins and neu-
rotrophic factors, and may change the polarization features 
of the afferent neurons, thus leading to the modulation of 
pain signal transduction in the central nervous system[29, 30].  
Here, our data showed that WTD administration clearly sup-
pressed the expression of microglia-releasing cytokines (IL-
1β and TNF-α) and astrocyte-releasing cytokines (CCL2 and 
CXCL1) in the spinal cord dorsal horn in SNL mice in a dose-
dependent manner, thus suggesting an inhibitive role of WTD 
in the activation of these glial cells during the maintenance of 
NP.  Together, these findings demonstrate the analgesic effect 
of WTD on NP.

To investigate the underlying pharmacological mechanisms 
of WTD acting on NP, we detected the gene expression profiles 
of the spinal cord dorsal horn obtained from SNL mice with or 
without WTD treatment.  As a result of the DEG analysis, 442 
out of 41 174 studied transcripts exhibited changes in abun-
dance after administration of WTD.  Of these, 171 were upreg-
ulated, and 271 were downregulated.  After the construction 
of the network of WTD-treatment dysregulated genes and 
SNL-induced NP-related genes as well as the topological cal-
culation, 94 major nodes were identified.  According to KEGG 
pathway enrichment analysis, these genes contributed to NP 
progression through a variety of glial cell activation-related 
pathways, including the Neuroactive ligand-receptor interac-
tion, Calcium signaling pathway and Gap junction, as well as 
several neuroinflammatory pathways, including the cAMP 
signaling pathway, Rap1 signaling pathway, PI3K-Akt signal-
ing pathway, MAPK signaling pathway, inflammatory media-
tor regulation of TRP channels and Cytokine-cytokine recep-
tor interactions.  cAMP signaling has been reported to play 
a critical role in the regulation of pain sensitivity.  Singhmar 
et al[31] have found that phosphorylation of cAMP1 at Ser-108 
suppresses cAMP1-to-Rap1 signaling, thus leading to inhibi-
tion of persistent inflammatory pain.  Three isoforms of AKT 
(AKT1–3) functionally regulate various cellular processes, 
such as transcriptional regulation, proliferation, apoptosis, 
and survival ability[32].  AKTs have been indicated to be down-
stream agents of PI3K signaling.  PI3K-Akt signaling is known 
to mediate NP, and the inhibitor of this signaling may dose-
dependently attenuate pain behavior[33, 34].  Phosphorylation 
of MAPKs and subsequent activation of MAPK signaling may 
regulate neuroinflammation, neuronal survival and synaptic 
activity[35].  Many studies have revealed that MAPK signaling 
may play important roles in the mediation of the pain signal-
ing cascade and may contribute to the maintenance of periph-
eral and central neuronal sensitization, as well as the activation 



996
www.nature.com/aps

Zhang YQ et al

Acta Pharmacologica Sinica

of glial cells associated with NP[36-38].  TRP channels function 
as a specialized group of somatosensory ion channels that are 
involved in the detection of physical and chemical stimuli and 
in promotion of painful sensations via nociceptor activation[39].  
Our previous study has demonstrated that the antinocicep-
tive effect of WTD in chronic inflammatory pain may partly 
result from the inhibition of the activities of several TRPs, such 
as TRPV1, TRPA1, and TRPM8[10].  Regarding NP, growing 
evidence indicates that targeting primary afferent nociceptive 
neurons that contain TRP channels may be an effective treat-
ment modality for clinical pain syndromes[40].  As a proinflam-
matory cytokine-mediated process, neuroinflammation may 
be induced by systemic tissue injuries and may involve neural-
immune responses that activate immune cells, glial cells and 
neurons, thereby leading to NP[41].  Cytokine-cytokine receptor 
interactions may play an important role during this process.  
In recent years, several clinical trials with anti-cytokine agents, 
cytokine receptor antibodies and cytokine-signaling inhibitors 
have provided hope for future success in the treatment of NP.  
Because the WTD candidate targets were demonstrated to be 
involved in the above NP-related pathways, our findings may 
provide novel insights into the molecular basis of the analgesic 
effect of WTD in NP.

Conclusions
The current study clarified the gene expression patterns in 
the mouse spinal cord under the NP condition.  The analgesic 
effects of WTD through suppression of glial cell activation and 
neuroinflammation were also demonstrated, thus suggesting 
the potential of WTD as a promising candidate for the treat-
ment of NP.  Further studies are required to determine the 
regulatory effects of WTD on the candidate targets in the treat-
ment of SNL-induced NP.
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