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Background: Neuropathic pain (NP) is a syndrome of pain mediated by distinct pathophy-
siological processes, and current treatments are not fully satisfactory. Emodin is an effective
component of Chinese traditional medicine and has an alleviating effect on NP, but the
pharmacological mechanism is not clear.

Methods: We used isobaric tags for relative and absolute quantitation (iTRAQ) technique
integrated with liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis to
identify potential targets of emodin in a rat peripheral nerve chronic constriction injury (CCI)
model.

Results: A total of 177 differentially expressed proteins were identified among the sham
group, CCI group, and emodin group, with a threshold of 1.2-fold change and a P value <
0.05. Among them, 100 differentially expressed proteins (51 up-regulated and 49 down-
regulated) were identified in the CCI group compared with sham group. Moreover, 108
differentially expressed proteins (65 up-regulated and 43 down-regulated) were identified in
the emodin group with the CCI group as reference. The enrichment analysis of Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) revealed an
important role of calcium signaling pathway, neurotransmitter regulation, and long-term
potentiation (LTP) in emodin-treated CCI model. Real-time quantitative fluorescence PCR
(qRT-PCR) and Western blot analysis revealed that emodin decreased expression of calcium
signaling related proteins, including calmodulin (CaM) dependent protein kinase II (CaMK
1), phospholipase CB1 (PLCB1), protein kinase C (PKC), protein kinase C (PKA), and
tropomyosin-related kinase B (TrkB), compared with the CCI group.

Conclusion: Overall, these findings indicated that emodin might alleviate NP by regulating
the calcium signaling pathway.
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Introduction

Neuropathic pain (NP) refers to pain evoked by lesions or diseases in the somato-
sensory nervous system with prevalence in the general population of close to
10%.'? The primary clinical features of NP include allodynia, hyperalgesia, and
spontaneous pain, frequently accompanied by insomnia, depression, and anxiety.
These have a substantial impact on the patient’s daily life. Peripheral sensitization,
central sensitization, activation of glia and other nonneuronal cells, and impairment
of endogenous inhibitory mechanisms have been proven to be the underlying
mechanism of NP.* Currently, the pharmacotherapy of NP primarily involves
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antidepressants, anticonvulsants, opioids, and tramadol.*
However, the therapeutic effects are not always satisfac-
tory and side effects are common.”’ Due to the large
number of affected individuals and the limited medication
options, the development of new analgesics remains an
important task.

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is
an effective constituent of the traditional Chinese medicine
Rheum palmatum. Many pharmacological studies reported
that emodin could be utilized in the treatment of several
neurological disorders. For example, emodin inhibited
aggregation of amyloid-B peptide 142 and ameliorated
cognitive deficits in Alzheimer's disease transgenic
mice.® Emodin also served as a neuroprotective agent in
an ischemic stroke rat model by activation of the extra-
cellular signal-regulated kinase-1/2 (ERK1/2) signaling
pathway.9 In particular, emodin was reported to affect
NP in a rodent model. We found that emodin alleviated
NP of rats induced by chronic constriction injury (CCI)."°
The pharmacological study revealed that emodin could
inhibit NP transmission mediated by P2X(2/3) receptor
in primary sensory.'' Additionally, emodin suppressed
the release of calcitonin-gene-related peptide in trigeminal
ganglia of rats with trigeminal neuralgia.'”> However, the
molecular mechanism underlying the effect of emodin on
NP in the spinal cord has been scarcely investigated,
especially in a systematic manner.

In recent years, isotope relative and absolute quantita-
tive labeling (iTRAQ) technique has been widely used in
the research of proteomics due to its advantages of high
throughput, excellent stability, remarkable accuracy, and
unrestricted sample source. Therefore, potential mechan-
isms underlying emodin analgesia could be identified by
this new method. The aim of this study was to explore the
analgesic targets of emodin in CCI model using proteomic
techniques and bioinformatics analysis.

Materials and Methods

Animals

Thirty 7-week-old male Sprague-Dawley rats, weighing
180-220 g, were provided by Animal Experimental
Center of Guangzhou University of Chinese Medicine
(SCXK 2013-0034), and housed in a pathogen-free animal
laboratory with free access to water and food under a 12
h light/dark cycle. The rats were randomly divided into the
sham group, CCI group, and emodin group (n=10 for each
group). All steps of the experiment were reviewed and

approved by the Animal Use and Ethic Committee of the
First Affiliated Hospital of Guangzhou University of
Chinese Medicine. All experimental procedures were per-
formed according to the Guidance Suggestions for the
Care and Use of Laboratory Animals issued by the
Ministry of Science and Technology of China.

CCl Model and Emodin Treatment

We prepared the CCI model as previously described by
Bennett and Xie.'* The rats in each group were anesthe-
tized with chloral hydrate (300 mg/kg) before surgery. The
left nervus ischiadicus was exposed at the middle of the
thigh and ligated with four silk ligatures proximal to the
trifurcation. In the sham group, the nervus ischiadicus was
simply exposed without ligation. In the CCI group, how-
ever, the skin of the middle thigh of the left lower limb of
rats was incised, and the nervus ischiadicus trunk was
exposed. At 5 mm above the trifurcation, four ligations
were made using 4-0 silk threads with a distance of
1-2 mm. Furthermore, the rats in the emodin group were
administered emodin (Chengdu Must Bio-Technology
Purity:  99.48%, MUST-
16110712) via gavage once a day for 15 days (50 mg/kg)

Corporation, Lot number:
on the first day after the nerve ligation. Emodin was
dissolved to 6.25 g/L in 0.05% CMC-Na.

Behavioral Tests

The measurement of pain-related behaviors in each group
was performed by the researchers blinded to the groups
before the CCI surgery and 3, 7, 11, and 15 days post-
surgery. Mechanical withdrawal threshold (MWT) and
thermal withdrawal latency (TWL) were measures in our
study. MWT was determined by the withdrawal threshold
of hind paw using the electronic von Frey anesthesiometer
(IITC Life Science Instruments, Woodland Hills, CA,
USA). The rats were placed in a clear plastic cage
(22cmx12cmx22cm) with a wire mesh floor for 30 min
prior to testing. The detector with a tip was approached
below to the plantar surface of the rats. Lifting or licking
the paw was regarded as a positive response and data were
written down and averaged as MWT. To assess thermal
sensitivity, thermal withdrawal latency (TWL) was mea-
sured with the Thermal Paw Stimulation System (IITC
Life Science Instruments, Woodland Hills, CA, USA).
The rats were acclimatized in transparent plastic enclo-
sures on the surface of an elevated glass platform for 30
minutes. The heat stimulus was focused on the left plantar
hind paw. TWL referred to the reaction time for the

submit your manuscript

614

Dove

Journal of Pain Research 2021:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Chen et al

stimulated animal to lift or lick its paw, with a cut-off time
of 20 s to prevent injury. Average of TWL for five trials
with an interval of 5 min was calculated.

Sample Preparation

On the 15th day after behavioral tests, the rats in each
group were anesthetized by intraperitoneal injection of
chloral hydrate (300 mg/kg). The ipsilateral L4-L6 spinal
cord was isolated and stored at —80°C. To extract protein
of the samples, each tissue sample was added with lysis
buffer (8 M urea, 2 mM EDTA, 10 mM DTT, 1% protease
inhibitor cocktail) and homogenized adequately with
a tissue grinder to collect the supernatant. Afterwards the
supernatant was precipitated with cold acetone and redis-
solved by urea buffer (8 M urea, 100 mM TEAB). The
protein concentration was determined by the Modified
Bradford Protein Assay Kit (Sangon Biotech, Shanghai,
China). The rats were killed by cervical dislocation.

Liquid Chromatography with Tandem

Mass Spectrometry (LC-MS-MS) Analysis
Protein mixture was digested and labeled by iTRAQ
before HPLC fractionation. One hundred micrograms of
protein sample were treated with 10 mM DTT for 60 min
at 37°C, alkylated with 55 mM iodoacetamide for 30 min
under room temperature, diluted with 100 mM TEAB, and
then digested by trypsin with the mass ratio of 1:50 at 37°
C overnight. Each sample was labeled with the iTRAQ
(AB Sciex, Waltham, MA, USA) reagent as follows: the
sham group: 116 tags, the CCI group: 117 tags, and the
emodin group: 118 tags.

The labeled peptides were then fractioned using high
pH reverse-phase high performance liquid chromatogra-
phy (HPLC; Waters, Milford, MA, USA) with Waters
XBridge Peptide BEH C18 (Waters, Milford, MA, USA).
Mobile phase A was 2% acetonitrile (ACN) and mobile
phase B was 98% ACN. In short, the peptides were sepa-
rated into 60 fractions with a gradient of 2% to 98% ACN
in pH 10 at a speed of 0.5 mL/min. Then the peptides were
combined into 12 fractions, dried by vacuum centrifuga-
tion, and desalted by Ziptip CI8 (Merck Millipore,
Billerica, Massachusetts, USA). Finally, the samples
were dried under vacuum and kept at —20°C.

For nano LC-MS/MS, 2 mL of each fraction was used.
The peptide mixture was loaded onto C18-reversed phase
column (Thermo Fisher Scientific, Waltham, MA, USA) in
buffer A of 2% ACN and 0.1% formic acid (FA) and

separated with a 90 min linear gradient in buffer B of
98% ACN and 0.1% FA at a flow rate of 300 nl/min.
The eluent was automatically processed by Orbitrap Elite
Mass Spectrometry (Thermo Fisher Scientific, Waltham,
MA, USA).

The raw MS/MS data were searched against the Rattus
norvegicus protein database downloaded from Uniprot
database using Sequest software integration in Proteome
Discoverer 1.3 (Thermo Fisher Scientific, Waltham, MA,
USA) to identify proteins. The following options were
used: peptide mass tolerance of 20 ppm, MS/MS tolerance
of 0.1 Da, and the false discovery rate (FDR) of < 0.01.
The differentially expressed proteins were selected with
the screen criteria of fold change (FC) >1.2 and p<0.05.
We drew a volcano plot and heat maps with R ggplot2 to
display the differentially expressed proteins among the
sham group, CCI group, and emodin group.

Bioinformatics Analysis

Gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses of
the differentially expressed proteins were performed
using R package clusterProfiler.'* The most significantly
enriched GO terms and KEGG pathways were screened
and displayed by P-value.

Real-Time Quantitative Fluorescence
PCR (qRT-PCR)

qRT-PCR was applied to examine the gene expression of
phospholipase CB1 (PLCp1), protein kinase C (PKC), pro-
tein kinase C (PKA), calmodulin (CaM) dependent protein
kinase II a (CaMK II o), CaM dependent protein kinase 11
6 (CaMK 1I §), neurotrophic tyrosine kinase receptor type
2 (NTRK2). Based on the manufacturer’s instructions,
total RNA was extracted with the TRIzol reagent
(Ambion, Texas, USA) and converted to cDNA by the
HiScript Transcriptase  (Vazyme, Nanjing,
China). Then qRT-PCR was performed under standard
GAPDH was used as
Primer sequences were listed in Table 1.

Reverse

conditions. internal standard.

Western Blot Analysis

Western blot analysis was used to examine the protein
expression of PLCB1, PKC, PKA, CaMK 1II o, CaMK 1I 3,
and tropomyosin-related kinase B (TrkB). Protein was
extracted using RIPA lysis buffer from the samples of spinal
cord. BCA Protein Quantitation Kit (Beyotime, Beijing,
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Table | Sequences of the Primers

Gene Primer Sequence (5'-3") PCR Products

Rat GAPDH Forward ACAGCAACAGGGTGGTGGAC 253bp
Reverse TTTGAGGGTGCAGCGAACTT

Rat PKA Forward TTGAAGGACCTGCTTCGGAA 188bp
Reverse AAGTTACTCGTGTCCCCAGG

Rat PKC Forward TCCCTGATCCCAAAAGTGAG 229bp
Reverse AACTTGAACCAGCCATCCAC

Rat NTRK2 Forward CACCAACCATCACATTTCTC 262bp
Reverse TGTCTCTCGTCCTTCCCATA

Rat CaMK Il o Forward GAAGATGTGCGACCCTGGAA 203bp
Reverse GGTACTGAGTGATGCGGATGTAG

Rat CaMK Il 6 Forward GCATAGCATACATTCGGCTCAC 109bp
Reverse TTCTGCCACTTCCCATCACG

Rat PLCSI Forward ATCCGAGGCTCCAAGTGAAA 196bp
Reverse GAGCTCTTCAATGGTCTGCG

China) was used to detect protein concentrations. The boiled
protein supernatant mixed with the sample buffer was sub-
jected to 12% SDS-PAGE electrophoresis and then trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, Massachusetts, USA). The rabbit polyclonal
anti-PKA (1:1000, Proteintech, Wuhan, China), rabbit poly-
clonal anti-PKC (1:1000, Proteintech, Wuhan, China), rabbit
polyclonal anti-PLCB1 (1:1000, ABclonal, Wuhan, China),
rabbit polyclonal anti-PKA, rabbit polyclonal anti-CaMK II
a (1:1000, Cell Signaling Technology, Beverly, MA, USA),
rabbit polyclonal anti-CaMK II 6 (1:1000, Proteintech,
Wuhan, China), rabbit polyclonal anti-TrkB (1:1000,
Proteintech, Wuhan, China), and polyclonal anti-GAPDH
(1:1000, Hangzhou Xianzhi Biotechnology Co., Hangzhou,
China) were applied as primary antibodies and incubated at
4°C overnight. The secondary antibodies, goat anti-rabbit
(1:50,000, Boster Biological Technology, China), were incu-
bated for 1 h at room temperature. The PVDF membranes
were washed with TBST five times with a 5-min interval,
visualized with enhanced chemiluminescent (ECL) reagent
(Thermo Fisher Scientific, Waltham, USA), and exposed to
X-ray film.

Statistical Analyses

The statistical differences between multiple groups were
ascertained using one-way ANOVA test and the post hoc
test was analyzed with Bonferroni test. P<0.05 was con-
sidered to indicate a statistically significant difference.

Results
Emodin Reversed Alteration of MWT and

TWL in CCl Model

The MWT and TWL values were decreased significantly in the
CCI group and emodin group compared to the sham group
from the 3rd day after operation (P<0.05), suggesting that CCI
model was successfully established (Figure 1A and B).
However, the MWT and TWL values in the emodin group
gradually elevated from the 7th day after operation, the MWT
and TWL values in the emodin group were significantly higher
than those in the CCI group (P<0.05), which indicated that
emodin treatment significantly reversed the changes of MWT
and TWL elicited by CCI (Figure 1A and B).

Identification of Differentially Expressed
Proteins Associated with Emodin
Treatment in NP

Proteomics was used to quantitatively analyze the expression
of differentially expressed proteins in the spinal cord samples
between the sham group, CCI group, and emodin group. Using
a threshold of 1.2-fold change and a p-value of <0.05, a total of
identified
(Figure 2A). Among them, 100 differentially expressed pro-

177 differentially expressed proteins were
teins (51 up-regulated and 49 down-regulated) were identified
in the CCI group compared with sham group. Moreover, 108
differentially expressed proteins (65 up-regulated and 43
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down-regulated) were identified in the emodin group with the
CCI group as reference (Figure 2B). The cluster heat map for
differentially expressed proteins was displayed in Figure 2C.

Bioinformatics Analysis for Differentially

Expressed Proteins
In order to better understand the biological relevance of the

differentially expressed proteins, we performed GO

enrichment analysis (Figure 3A). The top five enriched biolo-
gical functions of the differentially expressed proteins between
the CCI and emodin groups involved regulation of endopepti-
dase activity, regulation of peptidase activity, regulation of
neurotransmitter transport, regulation of neurotransmitter
secretion, and myelination (Figure 3C). The top five enriched
molecular functions of the differentially expressed proteins
between the CCI and emodin groups involved structural
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constituent of myelin sheath, endopeptidase inhibitor activity,
enzyme inhibitor activity, endopeptidase regulator activity, and
peptidase inhibitor activity (Figure 3B).

KEGG pathway enrichment analysis of the differen-
tially expressed proteins between the CCI and emodin
groups was also carried out. The differentially expressed
proteins participated in several pain-related pathways,
including long-term potentiation (LTP), calcium signaling
pathway, endocrine and other factor-regulated calcium
reabsorption and cholinergic synapse (Figure 3D). Protein-
protein interaction (PPI) networks were used to analyze
the relationships of the differentially expressed proteins
between the CCI and emodin groups (Figure 3E).

qRT-PCR and Western Blot Analysis

Confirmed Results of Proteomics Analysis

Calcium signaling pathway is the key signaling for initiating
and maintaining activity-dependent central sensitization in
NP."* Based on the results of GO and KEGG enrichment

analysis, several differentially expressed proteins between the
CCI and emodin groups were associated with calcium signal-
ing pathway. To ascertain the applicability of the the results of
iTRAQ proteomics screening, we detected the gene and pro-
tein expression of PLCB1, PKC, PKA, CaMK II a, CaMK 1T 3,
and NTRK2 (TrkB) in the sham group, CCI group, and emodin
group using qRT-PCR and Western blot. The gene and the
corresponding protein expression of PLCB1, PKC, PKA,
CaMK II o, CaMK II 8, and NTRK2 (TrkB) in ipsilateral L4-
L6 spinal cord of the CCI rats were significantly regulated
compared with the sham rats (P<0.01); while the expression
levels of PKC, PKA, CaMK II o, CaMK 1II 6, and NTRK2
(TrkB) were down-

regulated in emodin rats compared with the CCI rats (P<0.05)
(Figures 4 and 5). The PLCPB1 gene level in the emodin group
also decreased compared with that in the CCI group (P<0.05),
but the decreasing trend of PLCP1 protein level was not
statistically significant (P=0.12) (Figures 4 and 5). These
results suggested that emodin could downregulate the
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Figure 4 The gene expression of PLCB I, PKC, PKA, CaMK Il a, CaMK Il 5, and NTRK2 in spinal cord samples in the sham group, CCl group, and emodin group using qRT-

PCR. *P<0.05 and **P<0.01.
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expression of PLCB1, PKC, PKA, CaMK II o, CaMK 1II 6, and
NTRK2 (TrkB) in the CCI rats, which was consistent with the
results of iTRAQ proteomics screening.
Discussion

Both in vitro and vivo studies revealed the analgesic effect
of emodin in NP. However, the molecular mechanism of
spinal cord underlying the analgesic effect of emodin has
been scarcely investigated. In this study, the iTRAQ based
proteomics technique was used to identify the differen-
tially expressed proteins and explore the potential path-
ways involved in the effects of emodin.

In our study, 177 differentially expressed proteins were
identified in the ipsilateral L4-L6 spinal cord samples
among the sham group, CCI group, and emodin group.
Among them, 100 differentially expressed proteins (51 up-
regulated and 49 down-regulated) were identified in the
CCI group compared with sham group and 108 differen-
tially expressed proteins (65 up-regulated and 43 down-
regulated) were identified in the emodin group with the
CCI group as reference. GO and KEGG enrichment ana-
lysis showed that the differentially expressed proteins in

the CCI group and emodin group were enriched in several
pain-related biological processes and signaling pathways,
including neurotransmitter regulation, LTP, and calcium
signaling pathway.

Calcium signaling pathway is the key signaling for
initiating and maintaining activity-dependent central sen-
sitization in NP.'> In this study, we found that calcium
signaling pathway could be the potential target of emodin.
The association between calcium signaling pathway and
emodin has been studied in acute pancreatitis and hepatic
steatosis.!®!” However, the association between calcium
signaling pathway and emodin in NP has not been
reported. In the dorsal horn of the spinal cord, noxious
stimuli trigger an increase in intracellular Ca2+ by calcium
influx via voltage-gated calcium channels, N-methyl-
D-aspartate (NMDA) receptors, and o-Amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors as
well as release from intracellular stores in response to
activation of several metabotropic receptors.'” And intra-
cellular Ca2+ further activates downstream signaling
molecules, such as calcium/calmodulin (CaM) dependent
protein kinase II (CaMKII) o and protein kinase
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C (PKC). CaMK I is a Ca2+/CaM-dependent multifunc-
tional Ser/Thr protein kinase, which can be activated by
binding of Ca2+/CaM. CaMKIla further activates phos-
phorylated AMPA receptors, enhances excitatory postsy-
naptic potential, and triggers central sensitization and
neuropathic pain.'®'® Several studies have confirmed that
inhibition of CaMKII activity eliminated long-term poten-
tiation in spinal cord and alleviated hyperalgesia induced
by peripheral tissue and nerve injury.’>** Conventional
PKC are members of phospholipid-dependent serine/threo-
nine kinase, which could regulate cellular events following
activation of membrane bound phospholipids and Ca2+.%
Activation of PKC promotes hyperexcitability in nocicep-
tive neurons by facilitating the activated state of NMDA
receptors, decreasing inhibitory transmission of gamma-
aminobutyric acid (GABA) and glycine, and participating
in ERK activation.'® This study showed that emodin sig-
nificantly decreased the level of total CaMKII a and PKC
in the dorsal horn of the spinal cord of the CCI model. We
speculated that emodin might alleviate NP by inhibiting
the activity of CaMKII o and PKC, which play critical
roles in central sensitization and NP.

In addition, we also found that the analgesic effects of
emodin might be associated with tropomyosin-related
kinase B (TRKB), which is known as neurotrophic tyro-
sine kinase receptor type 2 (NTRK2). Recently, evidence
has emerged of an essential role of TrkB and its ligand
brain-derived neurotrophic factor (BDNF) in central sen-
sitization and NP2*?° BDNF-TrkB pathway induces
NMDA receptor activation and downregulation of potas-
sium chloride cotransporter (KCC2), thereby contributing
to NP.?*?” And inhibition of the BDNF-TrkB pathway is
a promising strategy for pain therapy.”*~ In this study, we
confirmed decreased TrkB expression in emodin-treated
group and speculated that emodin alleviated NP by the
inhibition of TrkB activity.

In conclusion, our study was the first systematic pro-
teomic analysis of NP which highlighted the relationship
between calcium signaling pathway and emodin in NP, and
further studies could aim at identifying new calcium sig-
naling molecules in emodin treatment. These findings pro-
vide insight to discover novel agents targeting calcium
signaling pathway for NP therapy.
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