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Abstract

Neuropathic pain takes a heavy toll on individual well-being, while current therapy is far from desirable. Herein, we assessed the
analgesic effect of B-elemene, a chief component in the traditional Chinese medicine Curcuma wenyujin, and explored the
underlying mechanisms at the level of spinal dorsal horn (SDH) under neuropathic pain. A spared nerve injury (SNI)-induced
neuropathic pain model was established in rats. Intraperitoneal injection (i.p.) of B-elemene was administered for 21 consecutive
days. Mechanical allodynia was explored by von Frey filaments. The activation of the mitogen-activated protein kinase (MAPK)
family (including ERK, p38, and JNK) in spinal neurons, astrocytes, and microglia was evaluated using immunostaining 29 days after
SN surgery. The expression of GFAP, Iba-1, p-ERK, p-JNK, and p-p38 within the SDH was measured using immunoblotting. The
levels of proinflammatory cytokines (including TNF-q, IL-1B, and IL-6) were measured with ELISA. The levels of oxidative stress
indicators (including MDA, SOD, and GSH-PX) were detected using biochemical tests. Consecutive i.p. administration of
[-elemene relieved SNI-induced mechanical allodynia (with an EC50 of 16.40 mg/kg). SNI significantly increased the expression of
p-ERK in spinal astrocytes but not microglia on day 29. B-elemene reversed spinal astrocytic ERK activation and subsequent
upregulation of proinflammatory cytokines in SNI rats, with no effect on the expression of p38 and JNK in spinal glia. B-elemene
also exerted antioxidative effects by increasing the levels of SOD and GSH-PX and decreasing the level of MDA. Our results
suggest that SNI induces robust astrocytic ERK activation within the SDH in the late phase of neuropathic pain. 3-elemene exerts
remarkable analgesic effects on neuropathic pain, possibly by inhibiting spinal astrocytic ERK activation and subsequent neu-
roinflammatory processes. Our findings suggest that 3-elemene might be a promising analgesic for the treatment of chronic pain.
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Introduction

Neuropathic pain is a common type of pathological pain
resulting from nerve injury, including diabetic neuropathy,
drug-triggered neuropathy and traumatic nerve injury.' It
severely compromises the quality of life of patients and re-
mains a tough challenge to global public health.” Traditional
pharmacotherapy for neuropathic pain, including opioids,
antiepileptics, antidepressants and nonsteroidal anti-
inflammatory drugs, provides favourable analgesic effi-
cacy.” However, these drugs are limited due to side effects,
including tolerance, addiction and behaviour disorders.*®
The dilemma in looking for ideal analgesics pushes Chi-
nese scientists to draw inspiration from traditional Chinese
medicine. With the development and modernization of herbal
medicine, an increasing number of active ingredients with
analgesic properties have been identified from natural
products, providing alternative measures for pain
management.””®

B-elemene (Figures 1(a) to (c)) is a sesquiterpene com-
pound isolated from Curcuma wenyujin that has been used
for centuries in traditional Chinese medicine.””'® Owing to
its proven efficacy and safety, f-elemene has been ap-
proved by the Chinese Food and Drug Administration for
human cancer treatment, especially for solid tumours and
malignant effusions.'’'? B-Elemene exerts antitumour
effects by inhibiting tumour proliferation and metastasis,
inducing cell apoptosis, and enhancing cancer sensitivity
to chemotherapy.'® Of note, it has also been adopted to
alleviate cancer pain in the clinic,'*'> probably due to its
antioxidative and immunosuppressive potency.'® How-
ever, whether B-elemene can attenuate neuropathic pain
remains elusive.

Accumulating evidence suggests that neuropathic pain
results from neuroinflammation in the spinal dorsal horn
(SDH). It is triggered by the stimuli-dependent release of glial
activators from primary afferent neurons and is characterized
by spinal glial activation and subsequent pronociceptive
mediator production. Glial mediators, such as TNF-a, IL-1p
and IL-6, modulate excitatory synaptic transmission via glia-
neural interactions, thus leading to central sensitization.'” As
canonical intracellular signalling molecules, the mitogen-
activated protein kinase (MAPK) family, including extra-
cellular signal-regulated kinase (ERK), p38 and c-Jun
N-terminal kinase (JNK), is activated by nerve injury, link-
ing spinal glial activation and the generation of inflammatory
factors.'® Upon peripheral nerve damage, microglia (within
days) first respond, followed by astrocytes (within days to
weeks), which play a key role in the induction and

maintenance of pathological pain, respectively.'”?° As an
immunoregulation agent, B-elemene has been reported to
alleviate inflammatory brain diseases.”' >* Several lines of
evidence also implicate the involvement of MAPK in the
antineoplastic, anti-inflammatory and antioxidative activities
of B-elemene.***>® Considering these findings, we propose
that B-elemene may inhibit spinal neuroinflammation under
neuropathic pain conditions via glial MAPK pathways.

Thus, the aim of the present study was to explore the in-
volvement of spinal inflammatory mechanisms in B-elemene-
induced analgesia via a sciatic nerve injury (SNI) rat model.
First, the anti-nociceptive effect of B-elemene was assessed.
Then, the effects of B-elemene on the activation of spinal glia
(including astrocytes and microglia) and the MAPK family
(including ERK, JNK, and p38) were investigated. Next, the
effects of B-elemene on proinflammatory cytokine generation
(including TNF-a, IL-1p, and IL-6) was examined. Finally, the
potential antioxidative property of B-elemene in SNI rats was
also examined by the measurement of malondialdehyde
(MDA), superoxide dismutase (SOD), and glutathione per-
oxidase (GSH-PX).

Materials and methods

Animals and experimental design

Male Sprague—Dawley rats (200-250 g) used in this study
were provided by the Experimental Animal Center of The
Fourth Military Medical University (Xi’an, China). The rats
were housed with a 12 h light-dark cycle with free access to
food and water. All experiments were performed according
to the ethical guidelines of the International Association for
the Study of Pain®’ and approved by The Fourth Military
Medical University Committee on Animal Care and Use. All
efforts were made to minimize the number of animals used
and animal suffering. Animals selected for tissue collection
were euthanized with an overdose of 2% pentobarbital
sodium at a dose of 100 mg/kg, while those selected for
surgery were deeply anaesthetized using 2% pentobarbital
sodium (40 mg/kg).

The experimental design was as follows. Seventy-two rats
were equally divided into six groups: sham + veh, SNI + veh,
SNI + B-elemene (5 mg/kg), SNI + B-elemene (10 mg/kg),
SNI + B-elemene (20 mg/kg) and SNI + B-elemene (40 mg/
kg). Herein, B-elemene injection (Huali Jingang Pharma-
ceutical Co., Ltd, Liaoning, China) was intraperitoneally
(i.p.) according to previous literature.’®>' At Day 1, the
baseline paw withdrawal threshold (PWT) was measured via
the von Frey filaments (VFF) test. Then, neuropathic pain was
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Figure 1. Effects of consecutive i. p. 3-elemene administration on SNI-induced mechanical allodynia. (a) The botanical source of the Chinese
medicine Curcumae Radix. (b) Pieces of the Chinese medicine Curcumae Radix. (c) Chemical structure of -elemene. (d) Schematic diagram

demonstrating the timeline for the behavioural experiment. (e) Analgesic effect of beta-elemene at different doses. However, -elemene
dose-dependently alleviated mechanical allodynia in SNI rats, repeated ANOVA. (f) The AUCs of these groups were measured for statistical
analysis, one-way ANOVA. (g) and (h) show the dose-effect and log (dose)-effect curves for the analgesic effects of B-elemene, respectively.

The ECs of B-elemene on SNI-induced mechanical allodynia was 16.40 mg/kg. (i) No significant change in falling latency in the rotarod test
among the three groups, repeated ANOVA. (j) Effects of consecutive (i). p. B-Elemene administration on established SNI-induced mechanical
allodynia. Begin injection of beta-elemene on day 14 after surgery. n = 6 rats in each group, ¥p < 0.05, SNI + B-elemene (10 mg/kg) group

versus SNI + veh group; #p < 0.05, #p < 0.01, SNI + B-elemene (20 mg/kg) group versus SNI + veh group; *p < 0.05, *p < 0.0, **p < 0.001,
SNI + B-elemene (40 mg/kg) group versus SNI + veh group.
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induced using sciatic nerve injury. f-elemene or saline was
administered every day from Day 1 to Day 21. After SNI
surgery, the PWT was measured on Days 7, 14, 21, and 28. At
Day 21, the rotarod test was also performed to evaluate the
effect of B-elemene on motor coordination. On Day 29, the
rats were euthanized. We observed that on Day 29, both
20 mg/kg and 40 mg/kg of B-elemene could significantly
alleviate neuropathic pain, and there was no significant
difference in the PWT of rats in these two groups (Figure
1(e)). Considering the potential side effects®” of this drug, the
rats treated with a lower, effective dose (20 mg/kg) was
selected for subsequent morphological and biochemical ex-
periments. Three rats in each group were processed for
lumbar spinal cord sampling for immunoblotting and
enzyme-linked immunosorbent assay (ELISA). The others
were perfused with 4% paraformaldehyde (PFA), and the
lumbar spinal cord was sampled for immunostaining.

To test the analgesic effects of f-elemene in the later phase
of neuropathic pain, 22 rats were equally divided into four
groups: sham + veh, SNI + veh, SNI + B-elemene (20 mg/kg)
and SNI + B-elemene (40 mg/kg). B-Elemene was adminis-
trated every day from Day 14 to Day 28 after SNI surgery, and
the PWT of rats in each group was measured.

SNI surgery

The rats were deeply anaesthetized. As previously de-
scribed,”” an incision was made in the hind leg to expose the
biceps femoris muscle. Then, the sciatic nerve and its three
terminal branches (the tibial, common peroneal, and sural
nerves) were exposed. The tibial and common peroneal
nerves were tightly ligated with 6.0 silk suture and sectioned
distal to the ligation. The muscle and skin were closed in two
separate layers. For sham surgery, the sciatic nerve was only
exposed.

Behavioural tests

The mechanical threshold was examined using the VFF test.
Rats were habituated in the testing apparatus until calming
down. As previously described,** a series of VFFs with
increasing forces from 1.4 g to 26 g were applied to the lateral
plantar surface of the hindpaw 5 times, each for 5-8 s with a 5
min interval. The minimal force causing withdrawal re-
sponses at least 3 times in five stimulations was considered
the PWT. Positive signs for withdrawal behaviours included
ipsilateral rear leg vibrating, withdrawal, nibbling and
vocalization.

The area under the time-course curve (AUC) values was
used to calculate the summed effects of different treatments
from Day 1 to Day 28. To calculate the antinociception
percentage, the mean values of the AUCs of rats in the sham +
veh group (AUCgpam) and SNI + veh group (AUCgcp) were
first measured. Then, the antinociception (%) of individual
animals in the p-elemene-treated groups (AUCi) was

calculated with the following formula: antinociception (%)
= (AUC; - AUCsnD)/(AUCham-AUCgn) % 100. Next, the
intragroup mean values of antinociception (%) in the SNI +
B-elemene groups were calculated. The B-elemene dosages
were transformed into logarithmic doses with GraphPad
Prism software (CA, USA), and the nonline fit was per-
formed to build the log (dose)-effect curve.'® Based on the
log (dose)-effect curve, the median effective concentration
(EC50) of the analgesic effect of B-elemene was calculated.

Motor coordination was measured using the rotarod test.
As previously described,’ rats were habituated in the be-
havioural room until calming down. Before the test, the rats
were trained for three trials on a rotarod apparatus (Shanghai
Biowill Co. Ltd, Shanghai, China) rotating at a constant speed
of 5 revolutions per minute (rpm). In the test, rats were placed
on the rotating rod starting at 3 rpm and progressing to a
maximum of 30 rpm for three trials. The falling latency was
measured.

Immunofluorescence staining

On Day 29, the anaesthetized rats were transcardially per-
fused with 100 mL of 0.01 M phosphate-buffered saline
(PBS, pH 7.2) and then 500 mL of 0.1 M phosphate buffer
(PB, pH 7.2) containing 4% paraformaldehyde. The lumbar
4-6 segments of the spinal cord were harvested according to
the termination of dorsal roots, postfixed in 10% PFA solution
for 48 h, embedded in paraffin wax (Shanghai Huayong
Olefin Co., Ltd, Shanghai, China), and then serially cut into
5 wm thick sections on a microtome (Leica RM2016,
Shanghai, China). All sections were divided into nine series,
which were subsequently subjected to double immunofiuo-
rescence staining according to a previous study>® for p-ERK
and NeuN, p-ERK and glial fibrillary acidic protein (GFAP),
p-ERK and ionized calcium-binding adaptor molecule (Iba-
1), p-JNK and NeuN, p-JNK and GFAP, p-JNK and Iba-1,
p-p38 and NeuN, p-p38 and GFAP, and p-p38 and Iba-1.

First, paraffin sections were dewaxed, hydrated and placed
in a box filled with ethylene diamine tetraacetic acid (EDTA)
antigen repair buffer (pH 9.0, Servicebio, Hubei, China) to
repair the antigen in a microwave oven. After that, an au-
tofluorescence quenching agent (Servicebio) was added, and
the sample was sealed with 5% BSA (Servicebio) for 30 min
at room temperature (RT). An anti-incubation (Servicebio)
was added and incubated overnight at 4°C.

Then, the sections were incubated with primary antibodies
diluted in 0.01 M PBS overnight at 4°C: mouse anti-GFAP (1:
3000; GB12096; Servicebio); rabbit anti-Iba-1 (1:2500;
GB12105; Servicebio); rabbit anti-NeuN (1:5000; GB11138-
1; Servicebio). After three washes with 0.01 M PBS, the
sections were incubated with the corresponding secondary
antibodies for 1 h at RT: FITC-conjugated goat anti-rabbit
IgG (1:500; GB23303; Servicebio) and FITC-conjugated
goat anti-mouse IgG (1:500; GB22401; Servicebio). After
three washes, the sections were placed in a box filled with
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EDTA antigen repair buffer to separate the combined primary
and secondary antibodies from the tissue in a microwave
oven.

Next, the sections were reincubated with the following
primary antibodies overnight at 4°C: rabbit anti-p-ERK (1:
500; GBI11507; Servicebio); rabbit anti-p-p38 (1:500;
GB13006-1; Servicebio); and rabbit anti-p-JNK (1:300;
GB13019-1; Servicebio). After washing, these sections were
reincubated with Cy3-conjugated goat anti-rabbit IgG (1:500;
GB21303; Servicebio) for 1 h at RT. The sections were then
rinsed and cover-slipped with anti-fading solution.

The sections were observed under a confocal laser
scanning microscope (Eclipse Ti, Tokyo, Japan) with ap-
propriate laser beams and filters for FITC (excitation 488 nm;
emission 510-530 nm) and Cy3 (excitation 510-560 nm,;
emission 590 nm) after each immunostaining. Digital images
were captured using Eclipse C2 software (Nikon). Six sec-
tions from three rats (2 sections per rat, 20 X) in each group
were selected for immunofluorescence staining analysis. In
each section, two microscopic images of the SDH (100 x)
were randomly taken, and the number of cells of interest was
counted.

Western blotting

Spinal cord tissues were harvested in cold PBS. Both the
ipsilateral and contralateral parts of the SDH were separated.
The tissues were equally divided into two parts for immu-
noblotting and ELISA. For immunoblotting, total protein was
prepared according to our previous study.* Subsequently,
30 pg of protein from each sample was quantitatively
measured with bicinchoninic acid protein assay (Thermo
Scientific; IL, USA), subjected to 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE),
and electrophoretically transferred to polyvinylidene di-
fluoride (PVDF) membranes (Immobilon-P, Millipore, Bill-
erica, MA, United States). After blocking with 5% DifcoTM
skim milk in Tris-buffered saline with Tween (TBST) for 2 h,
the membranes were incubated overnight at 4°C with the
following primary antibodies: mouse anti-GFAP (1:1000;
YM3059; Immunoway); rabbit anti-Iba-1 (1:500; Bs-1363R;
Bioss); rabbit anti-p-ERK (1:1000; YP0101; Immunoway);
rabbit anti-p-p38 (1:1000; YP0203; Immunoway); and rabbit
anti-p-JNK (1:1000; YP0843; Immunoway). The immuno-
blots were then incubated with the following secondary
antibodies: HRP-conjugated goat anti-rabbit (1:10,000;
S004F; TDY Biotech Co., Beijing, China) or goat anti-
mouse (1:10,000; SO01F; TDY Biotech Co., Beijing,
China). To verify equal loading, we also probed the
membranes with rabbit anti-GAPDH (1:5000; TDY052C;
TDY Biotech Co., Beijing, China). Bands were visualized
using an enhanced chemiluminescence (ECL) detection
method (Amersham Pharmacia Biotech, NJ, USA) and
exposed to film. The scanned images were quantified and
analysed with ImageJ software (National Institutes of

Health, MD, USA). The protein levels were normalized
against those of GAPDH and expressed as fold changes
relative to the sham group.

Measurement of oxidative stress indicators

The levels of MDA, SOD and GSH-PX activities in the SDH
were determined with commercial kits (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China). The procedures
were performed in accordance with the corresponding kit
protocols.”’

ELISA

The levels of TNF-a, IL-1p and IL-6 in the SDH were
measured using commercial ELISA kits (Nanjing Jiancheng
Bioengineering  Institute) according to  standard
procedures.

Data analyses

Data are presented as the means + standard errors of the
means (SEM) and were analysed by researchers who were
blinded to the experimental design. Repeated-measure of
analysis of variance (ANOVA) followed by LSD post hoc
tests was used for multiple comparisons for consecutive
behavioural tests (SPSS 17.0). One-way ANOVA followed
by LSD post hoc tests were used in immunoblotting, im-
munostaining and ELISA analyses. p < 0.05 was considered
statistically significant.

Results

Consecutive i. p. of B-elemene relieved SNI-induced me-
chanical allodynia in a dose-dependent manner

To explore the effect of B-elemene on SNI-induced me-
chanical allodynia, the drug was firstly administrated in the
early phase of neuropathic pain (from Day 1 to Day 21 on a
daily basis) (Figure 1(d)). As shown in Figure 1(e), SNI-
treated rats exhibited a significantly lower PWT than sham
rats. Lower doses of f-elemene (5 and 10 mg/kg) exhibited
mild, but not significant (except the dose of 10 mg/kg on Day
21) analgesic effects in SNI-treated rats, while higher doses
(20 and 40 mg/kg) exhibited remarkable analgesic effects,
which persisted until 7 days after drug withdrawal on Day 28.
The effect of B-elemene on SNI-induced PWT changes was
also counted in accordance with the dose-response and log
(dose)-response curves (Figures 1(g) and (h)), through which
the ECso of B-elemene was calculated. Since the ECsq of
B-elemene was 16.40 mg/kg, the dose at 20 mg/kg (close to
ECsy) was chosen for subsequent experiments on its anal-
gesic mechanisms.

In addition, in order to test the analgesic role of beta-
elemene on established neuropathic pain, we started the
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injection of B-elemene in the later phase of neuropathic pain
(from Day 14 to Day 28 on a daily basis) after SNI surgery,
and measured the PWT of animals in each group on Day 21
and 28. Interestingly, f-elemene at the dose of 40 mg/kg
showed significant analgesic effects 14 days after initial
administration (p <0.01), and B-elemene at the dose of 20 mg/
kg exhibited significant analgesic effects on Day 21 after
administration (Figure 1(j)). Fewer side effects are always
expected for an ideal analgesic. To determine whether [3--
elemene (20 mg/kg) elicited locomotion dysfunction in SNI
rats, rotarod and open field tests were performed to examine
animal locomotion coordination. For rotarod test, there was
no significant group difference in the falling latency during
the three trials among the three groups (Figure 1(i), P> 0.05).

p-ERK was primarily expressed in spinal astrocytes of SNI
rats on Day 29

Accumulating evidence supports the notion that spinal
MAPKSs contribute to the development of neuropathic pain.
After nerve injury, p38, JNK and ERK are differentially
activated in spinal neurons and glial cells, leading to neural
plasticity and neuroinflammatory processes.'® Since the main
purpose of this study was to explore the role of spinal MAPKs
in B-elemene-induced analgesia, the expression of activated

MAPKSs (the phosphorylated form) in different types of spinal
cells of SNI rats on Day 29 was first clarified. Our immu-
nostaining data showed that 29 days after SNI injury, more
p-ERK-positive cells expressed GFAP (82.18 + 2.61% of
total p-ERK-expressing cells) than Iba-1 (28.11 + 2.52%)
within the ipsilateral SDH but not NeuN (Figure 2 and Figure
3); p-JNK-positive cells expressed both NeuN (54.41 +
2.95% of total p-JNK-expressing cells) and GFAP (32.73 +
2.81%) but not Iba-1 (Supplemental Figure 1 and Figure 4);
and p-p38-positive cells expressed both NeuN (62.84 =+
1.65% of total p-p38-expressing cells) and Iba-1 (56.56 +
2.42%) but not GFAP (Supplemental Figure 2 and Figure 4).
All these data suggest that during the late phase of neuro-
pathic pain, different MAPK subtypes are expressed in dif-
ferent spinal cells.

[-elemene inhibited SNI-induced astrocytic ERK
activation

Since p-ERK was mainly expressed in spinal astrocytes in the
late phase of neuropathic pain, we detected the effect of
B-elemene on astrocytic ERK activation 29 days after SNI.
Immunostaining analyses showed that SNI significantly

4-1

Figure 2. p-ERK was primarily expressed in spinal astrocytes and microglia of SNI rats on Day 29. Microphotographs indicating double-
immunofluorescence histochemistry for p-ERK (green) and GFAP (a, d; red) or NeuN (b, e; red) or Iba-1 (c, f; red) immunoreactivities

within the ipsilateral spinal dorsal horn of SNI rats on Day 29. The framed areas in images (a, b and c) were magnified in images (d-f, g-i and
j-1), respectively. White arrows show double-labelled cells in the images of each set. Bars = 100 um in images (a, b and c) and 50 um in

images (d-i).
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Figure 3. Bar graphs showing the expression of p-ERK (a), p-JNK (b) and p-p38 (c) in neurons, astrocytes and microglia within the ipsilateral
spinal dorsal horn in SNI rats on Day 29. n = 6 sections from three rats in each group.
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Figure 4. B-elemene inhibited SNI-induced spinal astrocytic ERK activation. SNI induced a marked increase in the number of GFAP, p-ERK
and GFAP/p-ERK double-labelled cells (a-d, e-h) within the ipsilateral spinal dorsal horn on Day 29; 3-elemene decreased the number of
GFAP, p-ERK and GFAP/p-ERK double-labelled cells (i—) in SNI rats. The framed area in images (a, e and i) was magnified in images (b-d, e-h
and i-l), respectively. White arrows show double-labelled cells in the images of each set. Bars = 100 pm in images (a, e and i) and 40 um in
images (b-d, e-h and i-l). The numbers of GFAP, p-ERK and GFAP/p-ERK double-labelled cells among the three groups are shown in m, n and

o, respectively (n = 6 sections from three rats in each group).

increased the number of GFAP-immunoreactivity (-ir),
pERK-ir and GFAP/p-ERK double-labelled cells within the
ipsilateral SDH compared to the sham group; B-elemene
obviously decreased the number of GFAP-ir and pERK-ir as
well as GFAP/p-ERK double-labelled neurons compared to
the SNI group (Figure 4). In addition to astrocytes, SNI also
increased the number of spinal microglia. However,

B-elemene did not influence the number of Iba-1-ir or Iba-1/p-
ERK double-labelled cells in SNI rats (Figure 5). All these
data indicate that spinal astrocytes are recruited in the late
phase of neuropathic pain and that f-elemene inhibits SNI-
induced astrocytic ERK activation.

Our immunostaining data showed that p-JNK was ex-
pressed in both spinal neurons and astrocytes in SNI rats.
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Then, we examined the effect of B-elemene on spinal JNK
activation. First, no change in the number of NeuN-ir cells
within the ipsilateral SDH was observed among the three
groups (Supplemental Figure 3), suggesting that neuronal
apoptosis is not involved in f-elemene analgesia. Second, no
change in the number of p-JNK-ir or NeuN/p-JNK double-
labelled cells was observed (Supplemental Figure 3). Finally,
SNI induced a significant increase in the number of GFAP/p-
JNK double-labelled cells, which was reversed by p-elemene
(Supplemental Figure 4). Since no change in the expression
of p-JNK was observed among these groups, we speculated
that the change in the number of GFAP/p-JNK double-
labelled cells may be due to the expression change in
GFAP-ir cells themselves in different groups. Thus, spinal
JNK inhibition may not be involved in B-elemene analgesia.

Finally, the effect of B-elemene on spinal p38 activation
was explored. The immunostaining data showed no change in

the number of p-p38-ir cells, NeuN/p-p38 double-labelled
cells (Supplemental Figure 5) or Iba-1/p-p38 (Supplemental
Figure 6) double-labelled cells within the ipsilateral SDH
among these groups (Supplemental Figure 5), suggesting that
spinal p38 inhibition may not be involved in B-elemene-
induced analgesic processes.

p-elemene inhibited SNI-induced upregulation of
GFAP and p-ERK in the SDH

Prior immunostaining data indicated that B-elemene inhibited
SNI-induced astrocytic activation. One caveat is that GFAP
antibodies for immunostaining might recognize solubility or
conformation changes instead of actual changes in its ex-
pression.*® Considering these findings, immunoblotting was
adopted to validate the results of GFAP immunostaining.
Immunoblotting analyses showed that SNI significantly
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Figure 6. The effects of 3-elemene on the expression of GFAP, Iba-1, p-ERK, p-JNK and p-p38 within the spinal dorsal horn in SNI rats on
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and h, One-way ANOVA, n = 3 rats in each group, *p < 0.05, SNI + veh group versus Sham + veh group; #p < 0.05, SNI + B-elemene group

versus SNI + veh group.

upregulated the expression of GFAP within the ipsilateral
SDH but not the contralateral SDH on Day 29, which was
reversed by B-elemene (Figure 6(a)). Moreover, the expres-
sion of Iba-1 was robustly upregulated within the ipsilateral
SDH in SNI rats. However, no change in the expression of
Iba-1 was observed between SNI rats treated with saline and
B-elemene (Figure 6(a)). In accordance with the immuno-
staining results, these immunoblotting data suggest that p--
elemene inhibits SNI-induced upregulation of GFAP in the
SDH.

Further analyses showed that SNI surgery remarkably
upregulated the expression of p-ERK within the ipsi-
lateral SDH, instead of the contralateral SDH, and B--
elemene robustly decreased the upregulation of p-ERK
in SNI rats (Figure 6(d)). Additionally, there was a trend
towards increased expression of p-p38 and p-JNK within
the ipsilateral SDH in SNI rats compared to sham rats,
and B-elemene did not affect the expression of p-p38 or
p-JNK in SNI rats (Figures 6(f) to (h)). In line with the
immunostaining data, these results suggest that B--
elemene inhibits SNI-induced recruitment of ERK in the
SDH.

[-elemene inhibited SNI-induced production of
proinflammatory cytokines in the SDH

Astrocyte ERK activation leads to the synthesis and release of
proinflammatory factors, which facilitates the development
and maintenance of pathological pain after nerve injury.*® To
elucidate the potential anti-inflammatory effect of $-elemene
under the conditions of chronic pain, the content of three
representative proinflammatory cytokines, including TNF-a,
IL-1p and IL-6, within the ipsilateral SDH was measured. Our
data showed that SNI surgery robustly enhanced the levels of
TNF-a (Figure 7(a), P < 0.05), IL-1B (Figure 7(b), P < 0.05)
and IL-6 (Figure 7(c), P <0.05) compared to the sham group,
which was reversed by B-elemene treatment. These data
suggest that B-elemene might mitigate neuropathic pain
through its antineuroinflammatory effects.

[-elemene inhibited SNI-induced oxidative stress in
the SDH

In parallel with neuroinflammation, mitochondrial impair-
ment also plays a crucial role in the progression of
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neuropathic pain.*' The production of reactive oxygen spe-
cies (ROS) by spinal glia further exacerbates inflammation
and contributes to neuropathic pain.**** To validate the
potential antioxidative effect of B-elemene under chronic
pain, the contents of MDA (an indicator of membranelipid
peroxidation), SOD and GSH-PX (two representative anti-
oxidases) were examined. Our data showed that SNI led to a
significant increase in the MDA content within the ipsilateral
SDH, which was reversed by B-elemene (Figure 7(d), P <
0.05). Although SNI injury did not affect the contents of SOD
and GSH-PX, B-elemene increased the levels of SOD and
GSH-PX in SNI rats (Figures 7(e) and (f), P < 0.05). These
data provide evidence that B-elemene might relieve neuro-
pathic pain by augmenting the activity of antioxidant en-
zymes and mitigating the peroxidation level.

Discussion

[-elemene as a promising medicine for the treatment
of chronic pain

Curcuma wenyujin has been a traditional medicinal herb for the
management of cardiovascular disease and pain for over one
thousand years in China. Emerging evidence suggests that C.
wenyujin possesses potent antinociceptive, anti-inflammatory,
antineoplastic and antiviral activities.***> As the major quality
control marker of C. wenyujin,”'® B-elemene has also been
considered to exhibit antitumor and anti-inflammatory
effects.'>'® In the field of pain treatment, p-elemene has
only been proven to be effective in cancer pain in Chinese
medical practice.'*'> In the present study, we first charac-
terized the antinociceptive effect of B-elemene in a rat model of
SNI-induced neuropathy. We observed that consecutive in-
traperitoneal injection (i.p.) of B-elemene dose-dependently
alleviated SNI-induced mechanical hypersensitivity without
anti-allodynic tolerance. An interesting phenomenon worth
mentioning is that B-elemene exerts delayed analgesic effects
(nearly 14 days after initial dosage) in both the early and later

phases of neuropathic pain. Such phenomenon has also been
reported under the condition of cancer pain in a 1997 clinical
study in china.*® Further studies are needed to explore the
possible neurobiological and pharmacological mechanisms
underlying this phenomenon. This delayed effects indicated
that the combination of B-elemene and rapid-acting analgesics,
such as opioids,*” may bring about better analgesic effects in
clinic.

The second advantage of B-elemene in neuropathic pain
management is its potential neuroprotective activity, since
B-elemene could promote locomotor behavioural recovery by
reducing neural apoptosis and enhancing neural regeneration
in rats with spinal cord injury.48’49 Clinical data demonstrated
that compared with chemotherapeutic drugs, f-elemene had
fewer side effects, including heart, liver, kidney and bone
marrow damage.’® In this study, neither locomotor disturbance
nor liver and kidney injury were observed in rats. All these
merits suggest that it could be an eligible candidate for chronic
pain management. The previous decade has witnessed the
blossom of the secondary development of fB-elemene. The
establishment of novel drug delivery systems improves its
bioavailability, and some B-elemene derivatives with stronger
pharmacological effects have also been synthesized,”® which
will undoubtedly provide an unprecedented opportunity for the
clinical use of B-elemene.

The antineuroinflammatory effect of f-elemene by
inhibiting astrocytic ERK activation

Accumulating data based on glial markers indicate that an
early spinal microglial reaction leads to a delayed but sus-
tained astrocytic reaction via glial-glial interactions after
peripheral nerve injury,”'>* which plays a key role in the
induction and maintenance of persistent pain states,
respectively.'*” Herein, the upregulation of GFAP and Iba-1
was verified by immunostaining and immunoblotting in SNI
rats on Day 29, in accordance with previous studies showing
the long-term activation of spinal glia during neuropathic
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pain.>*>® Furthermore, we observed that B-elemene inhibited
the expression of GFAP but not Iba-1 in SNI rats, indicating
that the spinal astrocytic mechanism may be involved in
B-elemene analgesia.

Glial p-ERK expression after nerve injury is highly dynamic.
Transient ERK activation in neurons (within hours) drives mi-
croglial ERK activation (first week) via neuronal-glial commu-
nication in the early phase. Then, astrocytic ERK is recruited by
glial-glial interactions in the late phase. The sequential activation
of ERK in microglia and astrocytes is important for the initiation
and maintenance of neuropathic pain, respectively.'®”’ ERK
activation is essential for glial intracellular signalling that leads to
the production of proinflammatory cytokines, chemokines and
growth factors and then the sensitization of dorsal horn neurons.
Drugs aimed at inhibiting ERK activation exhibit desirable an-
algesic effects.'>"® Herein, we observed that in the late phase of
SNI, p-ERK was mainly expressed in astrocytes, and SNI induced
obvious ERK activation in astrocytes instead of microglia, further
verifying the role of astrocytes in the maintenance of pathological
pain. Additionally, astrocytic ERK activation was reversed by
B-elemene, suggesting that it may exert analgesic effects through
astrocytic ERK pathways.

p-JNK is expressed in spinal astrocytes but not mi-
croglia. Nerve injury induces a slow (3 days after opera-
tion) but persistent activation of JNK (3 weeks later) in
spinal astrocytes,””°® which contributes to the mainte-
nance of neuropathic pain via the release of chemokines.®'
Herein, no increase in the expression of p-JNK (albeit a
trend of increase in the number of p-JNK-ir cells) was seen
29 days after SNI surgery. This difference may be due to
the observation time, since prior data mainly focused on
spinal p-JNK expression within 3 weeks after
operation.’”°%-¢2:% Considering these findings, we spec-
ulated that spinal JNK activation may return to normal at
this time point. There is controversy as to the expression of
p-JNK in neurons. Most studies indicated that p-JINK was
not expressed in spinal neurons,®*:°"-%* except one reported
by Wang XW et al.®* In line with Wang’s result, our data
supported that p-JNK was expressed in both spinal as-
trocytes and neurons.

p-p38 is exclusively expressed in spinal microglia. Nerve
injury induces an early (peaking at 3 days after operation),
short-term activation of JNK (until 3 weeks later) in spinal
microglia,’®® which contributes to the induction of
neuropathic pain via the release of multiple pronociceptive
mediators.'® In accordance with prior data, we observed
that spinal microglial p38 activation returned to baseline 29
days after nerve injury. One major limitation of the present
study is the observation time (29 days later), which is past
the time window for spinal p38 and JNK activation after
nerve injury. Thus, we could not exclude the possibility
that the inhibition of glial p38 and JNK activation is in-
volved in B-elemene analgesia. Additionally, B-elemene
also modulates the inflammatory response of neutrophils®®
and macrophages,®” which have been suggested to

orchestrate the induction of neuropathic pain within the
SDH.'” Therefore, the effect of p-elemene on these cells
and signalling molecules in the early phase of SNI urgently
needs to be ascertained.

Astrocytic activation finally leads to the production and
release of proinflammatory cytokines, among which TNF-a,
IL-1B and IL-6 are the most representative. These astrocytic
mediators increase neuronal excitability and synaptic strength
via postsynaptic recruitment of AMPARs and NMDARs in
dorsal horn neurons through astrocytic-neural interactions.®®
Several lines of evidence have shown that B-elemene can
inhibit the inflammatory processes of infectious, autoimmune
and traumatic brain diseases by inhibiting the production of
proinflammatory cytokines.?'>* Herein, we observed that
B-elemene reversed the upregulation of spinal TNF-a, IL-1§
and IL-6 in SNI rats, demonstrating the anti-inflammatory
effects of B-elemene under the condition of neuropathic pain.
Notably, Gong LY et al. reported that f-elemene could alleviate
cancer pain by downregulating spinal NR2B expression.”” In
light of these findings, we propose that B-elemene may indi-
rectly inhibit spinal sensitization by inhibiting astrocyte-related
inflammatory processes. As mentioned before, spinal neural
activation precedes that of microglia and astrocytes.”” How-
ever, we do not observe the direct effect of B-elemene on neural
activation and excitatory synaptic transmission within the
SDH, which is a top priority in our future studies.

The antioxidative effect of B-elemene under the condition
of neuropathic pain

Apart from neuroinflammation, oxidative stress is another
mechanism underlying the generation of neuropathic pain.”
Oxidative stress results from the imbalance in redox homeo-
stasis, including the overproduction of free radicals together with
the overconsumption of the antioxidase system.”' ROS accu-
mulation not only induces neuronal sensitization directly ™" but
also facilitates glial activation during neuropathic pain. Activated
microglia are the major source of ROS within the SDH upon
external stress. After nerve injury, NADPH oxidase (NOX)-
derived ROS production is essential for spinal microglial acti-
vation and subsequent neuroinflammatory processes,*’?
forming a positive feedback loop for oxidative stress, since
the microglial inhibitor minocycline can also attenuate ROS
production during neuropathic pain.”* The accumulation of ROS
further leads to astrocytic activation.”®’> Accordingly, phar-
macotherapies aimed at enhancing the antioxidant system have
been reported to effectively alleviate glial MAPK activation and
subsequent proinflammatory mediator production during neu-
ropathic pain.”>"®

The antioxidative role of -elemene has been explored with
respect to cardiovascular diseases. Previous studies have shown
that B-elemene remarkably reduced H,O,-induced loss in en-
dothelial cell viability via its antioxidative and antiapoptotic
activities.”**®  Moreover, B-elemene inhibited monocyte-
endothelial cell interactions by enhancing the antioxidative de-
fence system and suppressing vascular oxidative stress and
proinflammatory cytokine production, thus reducing the
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progression of atherosclerosis.”*' In the present study, we ob-
served that B-elemene also exerted antioxidative effects during
neuropathic pain, as reflected by the enhancement of the anti-
oxidative defence system (SOD and GSH-PX) and the reduction
in lipid peroxidation (MDA). In light of these findings, we
speculate that the inhibition of free radical production from spinal
microglia may be another mechanism by which B-elemene in-
hibits SNI-induced astrocytic activation.

Conclusions

The results of the present study have demonstrated that
pathological activation of astrocytes in the SDH is involved in
the late phase of neuropathic pain. B-elemene reversed spinal
neuroinflammation processes, possibly by inhibiting astrocytic
ERK activation, thus ameliorating neuropathic pain (Figure 8).
Additionally, B-elemene exerted antioxidative effects under
neuropathic pain. Our findings provide new insights into the
analgesic mechanisms of f-elemene via anti-inflammatory and
antioxidative actions within the SDH and suggest B-elemene as
a novel promising drug for the treatment of chronic pain.

Author contributions

JZ, YQL and JJW designed the study and approved the final version
of the manuscript. LTM performed the experiments. YB and PC
wrote the manuscript. LTM, KXR and BYF performed the data
analysis. JC and TZ participated in some of the immunostaining

tests. BYF, HY'Y and YQ participated in some of the immunoblotting
tests. All authors have read and approved the final manuscript.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was supported by the Discipline Innovation and Development Plan
project of the Second Affiliated Hospital of the Fourth Military
Medical University (No. 2021LCYJ016 to JZ), the National Natural
Science Foundation of China (No. 81620108008 to YQL) and the
National Natural Science Foundation of China (No. 82101318 to YB).

ORCID iD

Li-Tian Ma @ https://orcid.org/0000-0002-7177-4439

Supplemental Material

Supplemental material for this article is available online.

References

1. Jensen TS, Baron R, Haanpai M, Kalso E, Loeser JD, Rice AS,
Treede RD. A new definition of neuropathic pain. Pain 2011;
152(10): 2204-2205.


https://orcid.org/0000-0002-7177-4439
https://orcid.org/0000-0002-7177-4439

Ma et al. 13
2. Doth AH, Hansson PT, Jensen MP, Taylor RS. The burden of 15. LiX M, Qi S, Zhang WZ. Clinical study of elemene injection in
neuropathic pain: a systematic review and meta-analysis of combination with microwave hyperthermia for the treatment of
health utilities. Pain 2010; 149(2): 338-344. cancer pain (in Chinese). Chin J Clinicians 2012; 40(09): 55-56.

3. Finnerup NB, Attal N, Haroutounian S, McNicol E, Baron R, 16. Liu Y, Ma J, Zhao Q, Liao C, Ding L, Chen L, Zhao F, Qiu F.
Dworkin RH, Gilron I, Haanpda M, Hansson P, Jensen Guaiane-type sesquiterpenes from Curcuma phaeocaulis and
TSPharmacotherapy for neuropathic pain in adults: a system- their inhibitory effects on nitric oxide production. J Natural
atic review and meta-analysis. Lancet Neurol 2015; 14(2): Products 2013; 76(6): 1150-1156.

162-173. 17. JiRR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-

4. Vardy J, Agar M. Nonopioid drugs in the treatment of cancer driven chronic pain. Nat Reviews Drug Discovery 2014; 13(7):
pain. J Clinical Oncology: Official Journal Am Soc Clin Oncol 533-548.

2014; 32(16): 1677-1690. 18. Ji RR, RWt Gereau, Malcangio M, Strichartz GR. MAP kinase

5. Sisignano M, Baron R, Scholich K, Geisslinger G. Mechanism- and pain. Brain Research Reviews 2009; 60(1): 135-148.
based treatment for chemotherapy-induced peripheral neuro- 19. Li T, Chen X, Zhang C, Zhang Y, Yao W. An update on reactive
pathic pain. Nat Reviews Neurol 2014; 10(12): 694-707. astrocytes in chronic pain. J Neuroinflammation 2019; 16(1): 140.

6. Davis MP, Walsh D, Lagman R, LeGrand SB. Controversies in 20. Chen G, Zhang YQ, Qadri YJ, Serhan CN, Ji RR. Microglia in
pharmacotherapy of pain management. Lancet Oncol 2005; pain: detrimental and protective roles in pathogenesis and
6(9): 696-704. resolution of pain. Neuron 2018; 100(6): 1292—1311.

7. Luo Y, Wang CZ, Sawadogo R, Tan T, Yuan CS. Effects of 21. Meng X, Li N, Zhang Y, Fan D, Yang C, Li H, Guo D, Pan S.
Herbal Medicines on Pain Management. Am Journal Chin Beneficial Effect of B-Elemene alone and in combination with
Medicine 2020; 48(1): 1-16. hyperbaric oxygen in traumatic brain injury by inflammatory

8. Wang R, Han L, Gao Q, Chen D, Wang Y, Zhang X, Yu X, pathway. Translational Neuroscience 2018; 9: 33-37.

Zhang Y, Li Z, Bai C. Progress on active analgesic components 22. Pan C, Si Y, Meng Q, Jing L, Chen L, Zhang Y, Bao H.
and mechanisms of commonly used traditional chinese med- Suppression of the RAC1/MLK3/p38 Signaling Pathway by
icines: a comprehensive review. J Pharm Sci: Publ Can Soc B-Elemene Alleviates Sepsis-Associated Encephalopathy in
Pharm Sci Societe canadienne des Sci pharmaceutiques 2018; Mice. Front Neuroscience 2019; 13: 358.

21(1): 437-480. 23. Zhang R, Tian A, Shi X, Yu H, Chen L. Downregulation of IL-

9. Chen SL, You J, Wang GJ. Supercritical fluid extraction of beta- 17 and IFN-gamma in the optic nerve by beta-elemene in
elemene under lower pressure. Se Pu = Chin Journal Chro- experimental autoimmune encephalomyelitis. /nt  Im-
matography 2001; 19(2): 179-181. munopharmacology 2010; 10(7): 738-743.

10. Barrero AF, Herrador MM, Quilez del Moral JF, Arteaga P, 24. Zhang R, Tian A, Zhang H, Zhou Z, Yu H, Chen L. Ame-
Meine N, Pérez-Morales MC, Catalan JV. Efficient synthesis of lioration of experimental autoimmune encephalomyelitis by
the anticancer B-elemene and other bioactive elemanes from B-elemene treatment is associated with Th17 and Treg cell
sustainable germacrone. Org Biomolecular Chemistry 2011; balance. J Molecular Neuroscience : MN 2011; 44(1): 31-40.
9(4): 1118-1125. 25. LiuM, Mao L, Daoud A, Hassan W, Zhou L, Lin J, Liu J, Shang

11. Li QQ, Lee RX, Liang H, Wang G, Li JM, Zhong Y, Reed E. J. B-elemene inhibits monocyte-endothelial cells interactions
B-Elemene enhances susceptibility to cisplatin in resistant via reactive oxygen species/MAPK/NF-kB signaling pathway
ovarian carcinoma cells via downregulation of ERCC-1 and in vitro. Eur Journal Pharmacology 2015; 766: 37-45.
XIAP and inactivation of JNK. Int Journal Oncology 2013, 26. Chen J, Wang R, Wang T, Ding Q, Khalil A, Xu S, Lin A, Yao
43(3): 721-728. H, Xie W, Zhu Z. Antioxidant properties of novel dimers

12. Li QQ, Wang G, Zhang M, Cuff CF, Huang L, Reed E. beta- derived from natural B-Elemene through Inhibiting H(2)O(2)-
Elemene, a novel plant-derived antineoplastic agent, increases Induced Apoptosis. ACS Medicinal Chemistry Letters 2017;
cisplatin chemosensitivity of lung tumor cells by triggering 8(4): 443-448.
apoptosis. Oncol Reports 2009; 22(1): 161-170. 27. Zhu TZ, Li XM, Luo LH, Xu YH, Cao P, Liu Y, Liang GB.

13. Zhai B, Zhang N, Han X, Li Q, Zhang M, Chen X, Li G, B-Elemene inhibits proliferation through crosstalk between glia
Zhang R, Chen P, Wang W. Molecular targets of -elemene, a maturation factor 3 and extracellular signal-regulated kinase 1/2
herbal extract used in traditional Chinese medicine, and its and impairs drug resistance to temozolomide in glioblastoma
potential role in cancer therapy: A review. Biomed Phar- cells. Mol Medicine Reports 2014; 10(2): 1122-1128.
macotherapy = Biomedecine Pharmacotherapie 2019; 114: 28. Zhan YH, Liu J, Qu XJ, Hou KZ, Wang KF, Liu YP, Wu B.
108812. B-Elemene induces apoptosis in human renal-cell carcinoma

14. Yuan JH LY, Li JW, Zhang SB, Mao SS, Cui RH. Elemene 786-0 cells through inhibition of MAPK/ERK and PI3K/Akt/
injection in combination with oxycodone hydrochloride mTOR signalling pathways. Asian Pac Journal Cancer Pre-
sustained-release tablets in the treatment of moderate-to-severe vention : APJCP 2012; 13(6): 2739-2744.
cancer pain and its effect on patients’ immune function (in 29. Zimmermann M. Ethical guidelines for investigations of ex-

Chinese). Mod J Integrated Traditional Chin West Med 2019;
28(24): 2673-2676.

perimental pain in conscious animals. Pain 1983; 16(2):
109-110.



Molecular Pain

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Liu J, Zhang Z, Gao J, Xie J, Yang L, Hu S. Downregulation
effects of beta-elemene on the levels of plasma endotoxin,
serum TNF-alpha, and hepatic CD14 expression in rats with
liver fibrosis. Front Medicine 2011; 5(1): 101-105.

Chen W, Lu Y, Wu J, Gao M, Wang A, Xu B. Beta-elemene
inhibits melanoma growth and metastasis via suppressing
vascular endothelial growth factor-mediated angiogenesis.
Cancer chemotherapy and pharmacology 2011; 67(4):
799-808.

Wang B, Peng XX, Sun R, Li J, Zhan XR, Wu LJ, Wang SL,
Xie T. Systematic review of B-clemene injection as adjunctive
treatment for lung cancer. Chinese journal of integrative
medicine 2012; 18(11): 813-823.

Liu S, Mi WL, Li Q, Zhang MT, Han P, Hu S, Mao-Ying QL,
Wang YQ. Spinal IL-33/ST2 Signaling Contributes to Neu-
ropathic Pain via Neuronal CaMKII-CREB and Astroglial
JAK2-STAT3 Cascades in Mice. Anesthesiology 2015; 123(5):
1154-1169.

Wan FP, Bai Y, Kou ZZ, Zhang T, Li H, Wang YY, Li YQ.
Endomorphin-2 Inhibition of Substance P Signaling within
Lamina I of the Spinal Cord Is Impaired in Diabetic Neuro-
pathic Pain Rats. Frontiers in molecular neuroscience 2016; 9:
167.

Wang L, Wang J, Yang L, Zhou SM, Guan SY, Yang LK, Shi
QX, Zhao MG, Yang Q. Effect of Praeruptorin C on 3-
nitropropionic acid induced Huntington’s disease-like symp-
toms in mice. Biomedicine & pharmacotherapy = Biomedecine
& pharmacotherapie 2017; 86: 81-87.

Liu W, Zhang SN, Hu ZQ, Feng SM, Li ZH, Xiao SF, Wang HS,
Li L. Study of Recellularized Human Acellular Arterial Matrix
Repairs Porcine Biliary Segmental Defects. Tissue engineering
and regenerative medicine 2019; 16(6): 653—665.

Bai Y, Bai Y, Wang S, Wu F, Wang DH, Chen J, Huang J, Li H,
Li Y, Wu S. Targeted upregulation of uncoupling protein 2
within the basal ganglia output structure ameliorates dyskinesia
after severe liver failure. Free radical biology & medicine 2018;
124: 40-50.

Wu X, Zhang F, Xiong X, Lu C, Lian N, Lu Y, Zheng S.
Tetramethylpyrazine reduces inflammation in liver fibrosis and
inhibits inflammatory cytokine expression in hepatic stellate
cells by modulating NLRP3 inflammasome pathway. [UBMB
life 2015; 67(4): 312-321.

Eng LF, Ghirnikar RS, Lee YL. Glial fibrillary acidic protein:
GFAP-thirty-one years (1969-2000). Neurochemical research
2000; 25(9-10): 1439-1451.

Milligan ED, Watkins LR. Pathological and protective roles of
glia in chronic pain. Nature reviews Neuroscience 2009; 10(1):
23-36.

Carrasco C, Naziroglu M, Rodriguez AB, Pariente JA. Neu-
ropathic pain: delving into the oxidative origin and the possible
implication of transient receptor potential channels. Frontiers
in physiology 2018; 9: 95.

Mosley RL, Benner EJ, Kadiu I, Thomas M, Boska MD, Hasan
K, Laurie C, Gendelman HE. Neuroinflammation, Oxidative

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Stress and the Pathogenesis of Parkinson’s Disease. Clinical
neuroscience research 2006; 6(5): 261-281.

Kim D, You B, Jo EK, Han SK, Simon MI, Lee SJ. NADPH
oxidase 2-derived reactive oxygen species in spinal cord mi-
croglia contribute to peripheral nerve injury-induced neuro-
pathic pain. Proceedings of the National Academy of Sciences
of the United States of America 2010; 107(33): 14851-14856.
Zhou Y, Xie M, Song Y, Wang W, Zhao H, Tian Y, Wang Y, Bai
S, Zhao Y, Chen X. Two Traditional Chinese Medicines
Curcumae Radix and Curcumae Rhizoma: An Ethno-
pharmacology, Phytochemistry, and Pharmacology Review.
Evidence-based complementary and alternative medicine :
eCAM 2016; 2016: 4973128-30.

Zhou J, Qu F, Zhang HJ, Zhuge XH, Cheng LZ. Comparison of
anti-inflammatory and anti-nociceptive activities of Curcuma
wenyujin Y.H. Chen et C. Ling and Scutellaria baicalensis
Georgi. African journal of traditional, complementary, and
alternative medicines : AJTCAM 2010; 7(4): 339-349.
Shu-kui Qin LW, He Ze-ming, Qian Jun, Chen Ying-xia, Ma
Yong-quan. Clinical study of elemene milk in the treatment of
bone metastases. Cancer prevention and treatment 1997; 24(1):
51-53.

Raffa RB, Pergolizzi JV Jr., LeQuang JA, Taylor R Jr., Colucci
S, Annabi MH. The fentanyl family: A distinguished medical
history tainted by abuse. Journal of clinical pharmacy and
therapeutics 2018; 43(1): 154-158.

Wang J, Li H, Ren Y, Yao Y, Hu J, Zheng M, Ding Y, Chen
YY, Shen Y, Wang LL. Local Delivery of B-Elemene Improves
Locomotor Functional Recovery by Alleviating Endoplasmic
Reticulum Stress and Reducing Neuronal Apoptosis in Rats
with Spinal Cord Injury. Cellular physiology and biochem-
istry : international journal of experimental cellular physi-
ology, biochemistry, and pharmacology 2018; 49(2):
595-609.

Wang J, Li H, Yao Y, Ren Y, Lin J, Hu J, Zheng M, Song X,
Zhao T, Chen YY. -Elemene Enhances GAP-43 Expression
and Neurite Outgrowth by Inhibiting RhoA Kinase Activation
in Rats with Spinal Cord Injury. Neuroscience 2018; 383:
12-21.

Zhai B, Zeng Y, Zeng Z, Zhang N, Li C, Zeng Y, You Y, Wang
S, Chen X, Sui X. Drug delivery systems for elemene, its main
active ingredient P-elemene, and its derivatives in cancer
therapy. International journal of nanomedicine 2018; 13:
6279-6296.

Tanga FY, Raghavendra V, DeLeo JA. Quantitative real-time
RT-PCR assessment of spinal microglial and astrocytic acti-
vation markers in a rat model of neuropathic pain. Neuro-
chemistry international 2004; 45(2-3): 397-407.

Cavaliere C, Cirillo G, Rosaria Bianco M, Rossi F, De Novellis
V, Maione S, Papa M. Gliosis alters expression and uptake of
spinal glial amino acid transporters in a mouse neuropathic pain
model. Neuron glia biology 2007; 3(2): 141-153.

Svensson M, Eriksson NP, Aldskogius H. Evidence for acti-
vation of astrocytes via reactive microglial cells following



Ma et al.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

hypoglossal nerve transection. Journal of neuroscience re-
search 1993; 35(4): 373-381.

Zhang J, De Koninck Y. Spatial and temporal relationship
between monocyte chemoattractant protein-1 expression and
spinal glial activation following peripheral nerve injury.
Journal of neurochemistry 2006; 97(3): 772-783.

Leinders M, Knaepen L, De Kock M, Sommer C, Hermans E,
Deumens R. Up-regulation of spinal microglial Iba-1 expres-
sion persists after resolution of neuropathic pain hypersensi-
tivity. Neuroscience letters 2013; 554: 146—150.

Inyang KE, Szabo-Pardi T, Wentworth E, McDougal TA,
Dussor G, Burton MD, Price TJ. The antidiabetic drug met-
formin prevents and reverses neuropathic pain and spinal cord
microglial activation in male but not female mice. Pharma-
cological research 2019; 139: 1-16.

Zhuang ZY, Gerner P, Woolf CJ, Ji RR. ERK is sequentially
activated in neurons, microglia, and astrocytes by spinal
nerve ligation and contributes to mechanical allodynia in
this neuropathic pain model. Pain 2005; 114(1-2):
149-159.

Ji XT, Qian NS, Zhang T, Li JM, Li XK, Wang P, Zhao DS,
Huang G, Zhang L, Fei Z. Spinal astrocytic activation con-
tributes to mechanical allodynia in a rat chemotherapy-induced
neuropathic pain model. PloS one 2013; 8(4): ¢60733.

Ma W, Quirion R. Partial sciatic nerve ligation induces increase
in the phosphorylation of extracellular signal-regulated kinase
(ERK) and c-Jun N-terminal kinase (JNK) in astrocytes in the
lumbar spinal dorsal horn and the gracile nucleus. Pain 2002;
99(1-2): 175-184.

Zhuang ZY, Wen YR, Zhang DR, Borsello T, Bonny C,
Strichartz GR, Decosterd I, Ji RR. A peptide c-Jun N-terminal
kinase (JNK) inhibitor blocks mechanical allodynia after spinal
nerve ligation: respective roles of JNK activation in primary
sensory neurons and spinal astrocytes for neuropathic pain
development and maintenance. The Journal of neuroscience :
the official journal of the Society for Neuroscience 2006;
26(13): 3551-3560.

Gao YJ, Zhang L, Samad OA, Suter MR, Yasuhiko K, Xu ZZ,
Park JY, Lind AL, Ma Q, Ji RR. JNK-induced MCP-1 pro-
duction in spinal cord astrocytes contributes to central sensi-
tization and neuropathic pain. The Journal of neuroscience : the
official journal of the Society for Neuroscience 2009; 29(13):
4096-4108.

Tang J, Zhu C, Li ZH, Liu XY, Sun SK, Zhang T, Luo ZJ, Zhang
H, Li WY. Inhibition of the spinal astrocytic JNK/MCP-1
pathway activation correlates with the analgesic effects of
tanshinone IIA sulfonate in neuropathic pain. Journal of
neuroinflammation 2015; 12: 57.

Mei XP, Zhang H, Wang W, Wei YY, Zhai MZ, Wang W, Xu
LX, Li YQ. Inhibition of spinal astrocytic c-Jun N-terminal
kinase (JNK) activation correlates with the analgesic effects of
ketamine in neuropathic pain. Journal of neuroinflammation
2011; 8(1): 6.

Wang XW, Hu S, Mao-Ying QL, Li Q, Yang CJ, Zhang H, Mi
WL, Wu GC, Wang YQ. Activation of c-jun N-terminal kinase

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

in spinal cord contributes to breast cancer induced bone pain in
rats. Molecular brain 2012; 5: 21.

Jin SX, Zhuang ZY, Woolf CJ, Ji RR. p38 mitogen-activated
protein kinase is activated after a spinal nerve ligation in spinal
cord microglia and dorsal root ganglion neurons and contrib-
utes to the generation of neuropathic pain. The Journal of
neuroscience : the official journal of the Society for Neuro-
science 2003; 23(10): 4017-4022.

Sieniawska E, Michel P, Mroczek T, Granica S, Skalicka-
Wozniak K. Nigella damascena L. essential oil and its main
constituents, damascenine and beta-elemene modulate in-
flammatory response of human neutrophils ex vivo. Food and
chemical toxicology : an international journal published for the
British Industrial Biological Research Association 2019; 125:
161-169.

Fang Y, Kang Y, Zou H, Cheng X, Xie T, Shi L, Zhang H. beta-
elemene attenuates macrophage activation and proin-
flammatory factor production via crosstalk with Wnt/beta-
catenin signaling pathway. Fitoterapia 2018; 124: 92—102.
Nakagawa T, Kaneko S. Spinal astrocytes as therapeutic targets
for pathological pain. Journal of pharmacological sciences
2010; 114(4): 347-353.

Gong LY CH, Zhou QF, Kong XM. B-Elemene alleviates bone
cancer-related pain in rats by modulating N-methyl-D-aspartate
receptor 2B subunit. Trop J Pharm Res 2018; 17(4): 597-603.
Salvemini D, Little JW, Doyle T, Neumann WL. Roles of
reactive oxygen and nitrogen species in pain. Free radical
biology & medicine 2011; 51(5): 951-966.

Altenhofer S, Kleikers PW, Radermacher KA, Scheurer P, Rob
Hermans JJ, Schiffers P, Ho H, Wingler K, Schmidt HH. The
NOX toolbox: validating the role of NADPH oxidases in
physiology and disease. Cellular and molecular life sciences :
CMLS 2012; 69(14): 2327-2343.

Schafer FQ, Buettner GR. Redox environment of the cell as
viewed through the redox state of the glutathione disulfide/
glutathione couple. Free radical biology & medicine 2001;
30(11): 1191-1212.

Geis C, Geuss E, Sommer C, Schmidt HH, Kleinschnitz C.
NOX4 is an early initiator of neuropathic pain. Experimental
neurology 2017; 288: 94-103.

Pabreja K, Dua K, Sharma S, Padi SS, Kulkarni SK. Mino-
cycline attenuates the development of diabetic neuropathic
pain: possible anti-inflammatory and anti-oxidant mechanisms.
European journal of pharmacology 2011; 661(1-3): 15-21.
Morgenweck J, Griggs RB, Donahue RR, Zadina JE, Taylor
BK. PPARy activation blocks development and reduces es-
tablished neuropathic pain in rats. Neuropharmacology 2013;
70: 236-246.

Chen H, Xie K, Chen Y, Wang Y, Wang Y, Lian N, Zhang K, Yu
Y. Nrf2/HO-1 signaling pathway participated in the protection
of hydrogen sulfide on neuropathic pain in rats. International
immunopharmacology 2019; 75: 105746.

Riego G, Redondo A, Leanez S, Pol O. Mechanism impli-
cated in the anti-allodynic and anti-hyperalgesic effects
induced by the activation of heme oxygenase 1/carbon



Molecular Pain

78.

79.

monoxide signaling pathway in the central nervous system
of mice with neuropathic pain. Biochemical pharmacology
2018; 148: 52-63.

Diaz AF, Polo S, Gallardo N, Leanez S, Pol O. Analgesic and
Antidepressant Effects of Oltipraz on Neuropathic Pain in Mice
by Modulating Microglial Activation. Journal of clinical
medicine 2019; 8(6): 890.

Kartha S, Weisshaar CL, Philips BH, Winkelstein BA. Pre-
treatment with Meloxicam Prevents the Spinal Inflammation
and Oxidative Stress in DRG Neurons that Accompany Painful
Cervical Radiculopathy. Neuroscience 2018; 388: 393—404.

80. Ahmad KA, Ze H, Chen J, Khan FU, Xuezhuo C, Xu J, Qilong D.

81.

The protective effects of a novel synthetic $-elemene derivative on
human umbilical vein endothelial cells against oxidative stress-
induced injury: Involvement of antioxidation and PI3k/Akt/eNOS/
NO signaling pathways. Biomedicine & pharmacotherapy =
Biomedecine & pharmacotherapie 2018; 106: 1734-1741.

Liu M, Chen X, Ma J, Hassan W, Wu H, Ling J, Shang J.
p-Elemene attenuates atherosclerosis in apolipoprotein E-
deficient mice via restoring NO levels and alleviating oxida-
tive stress. Biomedicine & pharmacotherapy = Biomedecine &
pharmacotherapie 2017; 95: 1789-1798.



	The analgesic effects of β-elemene in rats with neuropathic pain by inhibition of spinal astrocytic ERK activation
	Introduction
	Materials and methods
	Animals and experimental design
	SNI surgery
	Behavioural tests
	Immunofluorescence staining
	Western blotting
	Measurement of oxidative stress indicators
	ELISA
	Data analyses

	Results
	β-elemene inhibited SNI-induced astrocytic ERK activation
	β-elemene inhibited SNI-induced upregulation of GFAP and p-ERK in the SDH
	β-elemene inhibited SNI-induced production of proinflammatory cytokines in the SDH
	β-elemene inhibited SNI-induced oxidative stress in the SDH

	Discussion
	β-elemene as a promising medicine for the treatment of chronic pain
	The antineuroinflammatory effect of β-elemene by inhibiting astrocytic ERK activation

	Conclusions
	Author contributions
	Declaration of conflicting interests
	Funding
	ORCID iD
	Supplemental Material
	References


