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ministration alleviates
neuropathic pain after a peripheral nerve injury by
regulating microglia polarization-mediated
neuroinflammation

Xuyang Li,a Guangzhi Wu,b Miyang Lic and Zhan Zhang *b

Neuropathic pain caused by a peripheral nerve injury constitutes a great challenge in clinical treatments due

to the unsatisfactory efficacy of the current strategy. Microglial activation-mediated neuroinflammation is

a major characteristic of neuropathic pain. Oleanolic acid is a natural triterpenoid in food and medical

plants, and fulfills pleiotropic functions in inflammatory diseases. Nevertheless, its role in neuropathic

pain remains poorly elucidated. In the current study, oleanolic acid dose-dependently suppressed LPS-

evoked IBA-1 expression (a microglial marker) without cytotoxicity to microglia, suggesting the inhibitory

efficacy of oleanolic acid in microglial activation. Moreover, oleanolic acid incubation offset LPS-induced

increases in the iNOS transcript and NO releases from microglia, concomitant with the decreases in pro-

inflammatory cytokine transcripts and production including IL-6, IL-1b, and TNF-a. Simultaneously,

oleanolic acid shifted the microglial polarization from the M1 phenotype to the M2 phenotype upon LPS

conditions by suppressing LPS-induced M1 marker CD16, CD86 transcripts, and enhancing the M2

marker Arg-1 mRNA and anti-inflammatory IL-10 levels. In addition, the LPS-induced activation of TLR4-

NF-kB signaling was suppressed in the microglia after the oleanolic acid treatment. Restoring this

signaling by the TLR4 plasmid transfection overturned the suppressive effects of oleanolic acid on

microglial polarization-evoked inflammation. In vivo, oleanolic acid injection alleviated allodynia and

hyperalgesia in SNL-induced neuropathic pain mice. Concomitantly, oleanolic acid facilitated microglial

polarization to M2, accompanied by inhibition in inflammatory cytokine levels and activation of TLR4-

NF-kB signaling. Collectively, these findings confirm that oleanolic acid may ameliorate neuropathic pain

by promoting microglial polarization from pro-inflammatory M1 to anti-inflammatory M2 phenotype via

the TLR4-NF-kB pathway, thereby indicating its usefulness as therapeutic intervention in neuropathic pain.
Introduction

Neuropathic pain is a common chronic and pathological pain
that usually occurs as a direct consequence of lesion or
dysfunction of the somatosensory system in peripheral and
central nervous systems. Currently, neuropathic pain affects 7–
10% of the general population and this prevalence is estimated
to increase owing to the ageing global population worldwide.1

Patients with chronic pain oen suffer from spontaneous pain
that leads to a poor quality of life and heavy economic burden
on the individuals and society.2,3 In addition, neuropathic pain
commonly occurs in patients with other diseases such as
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cancer.4 Despite the advances in medicine and systematic
introduction of new drugs, the currently available treatment for
chronic neuropathic pain is still unsatisfactory due to the
unfavorable side effects.5,6

Neuropathic pain is marked by extensive local neuro-
inammation in the spinal cord based on the activation of glial
cells. Microglia are prominent glial cells in the spinal cord and
constitute the major immunological components of the central
nervous system. In general, microglial activation is a polarized
process that can be classied into two heterogeneous pheno-
types: classic pro-inammatory and cytotoxic M1 phenotype,
and anti-inammatory M2 phenotype. Aer a peripheral nerve
damage, microglia rapidly activates and shis into the M1
phenotype to release abundant pro-inammatory cytokines and
chemokines to generate an inammatory environment that
enhances the sensitivity of nociceptors and facilitates the
initiation and maintenance of neuropathic pain.7,8 During this
process, many key pathways are activated to trigger neuro-
inammation, such as TLR4 signaling. Accumulating evidence
This journal is © The Royal Society of Chemistry 2020
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Table 1 Primer sequences of qRT-PCR

Name Primer sequences (50–30)

iNOS Sense, 50-GGAATCTTGGAGCGAGTTGT-30

Anti-sense, 50-CCTCTTGTCTTTGACCCAGTAG-30

IBA-1 Sense, 50-GACGTTCAGCTACTCTGACTTT-30

Anti-sense, 50-GTTGGCCTCTTGTGTTCTTTG-30

IL-6 Sense, 50-ATTCCTCTGTGCCACCTTTAC-30

Anti-sense, 50-GGTCAGCACCACCATCTTATT-30

IL-1b Sense, 50-ATGGGCAACCACTTACCTATTT-30

Anti-sense, 50-GTTCTAGAGAGTGCTGCCTAATG-30

TNF-a Sense, 50-TTGCTCTGTGAAGGGAATGG-30

Anti-sense, 50-GGCTCTGAGGAGTAGACAATAAAG-30

CD16 Sense, 50-TGGACACGGGCCTTTATTTC-30

Anti-sense, 50-GAGCCTGGTGCTTTCTGATT-30

CD86 Sense, 50-CCTGGAAAGGTCTGGAGAATG-30

Anti-sense, 50-GGCAGATCAGTCCTTCCATAAA-30

Arg-1 Sense, 50-ACAGCAAAGCAGACAGAACTA-30

Anti-sense, 50-GAAAGGAACTGCTGGGATACA-30

b-Actin Sense, 50-TCTAGACTTCGAGCAGGAGATG-30

Anti-sense, 50-GAACCGCTCGTTGCCAATA-30
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corroborates the key role of aberrant TLR4 activation in the
development of neuropathic pain.9,10 Currently, controlling the
microglia activation-induced pro-inammatory response has
become a potential therapeutic strategy for neuroinammatory
diseases, including neuropathic pain.11,12

Oleanolic acid is a natural and ubiquitous pentacyclic tri-
terpenoid compound (Fig. 1A) that is widely found in edible
fruits, vegetables, and medicinal plants. Over the past decade,
oleanolic acid has been proved to fulll pleiotropic biological
functions, including anti-carcinoma, anti-oxidant, and anti-
ischemia/reperfusion injury.13,14 Moreover, oleanolic acid can
act as a potential therapeutic drug for chronic diseases.15

Recently emerging research has implicated oleanolic acid in
inammation associated diseases.16,17 For instance, adminis-
tration of oleanolic acid alleviates ovalbumin-induced airway
inammation and allergic asthma.16 Intriguingly, oleanolic acid
treatment attenuates mustard oil-induced colonic nociception
in mice.18 In addition, oleanolic acid notably ameliorates noci-
ceptive behavior associated with pain in orofacial nociception
in zebrash.19 However, the function of oleanolic acid in
chronic neuropathic pain is still undened.

In the current study, we sought to elucidate the function of
oleanolic acid on lipopolysaccharide (LPS)-induced microglial
inammation and spinal nerve ligation (SNL)-mimicked
Fig. 1 Effects of oleanolic acid onmicroglial activation upon LPS exposur
(B) BV2 microglia cells were treated with oleanolic acid (OA) ranging from
(C) Cells were administrated with various doses of oleanolic acid, prior to
by qRT-PCR. (D) After stimulation with oleanolic acid (40 mM) and/or LPS
were detected. *P < 0.05 vs. control group, #P < 0.05 vs. LPS group.

This journal is © The Royal Society of Chemistry 2020
neuropathic pain in mice. In addition, this study also deci-
phered the underlying molecular mechanism during these
processes.
e. (A) Biochemical structure and spatial conformation of oleanolic acid.
1 mM to 80 mM for 24 h. Cell viability was then evaluated by MTT assay.

LPS exposure for 12 h. Then, themRNA levels of IBA-1 were determined
for 12 h, the corresponding effects on the protein expression of IBA-1

RSC Adv., 2020, 10, 12920–12928 | 12921
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Fig. 2 Oleanolic acid suppressed microglial inflammatory response under LPS conditions. (A) After treatment with various doses of oleanolic
acid, cells were exposed to LPS. Then, the mRNA levels of iNOS were analyzed. (B) The contents of NO production were detected. (C) The
subsequent effects on themRNA levels of IL-6 were determined. (D and E) Cells treatedwith 40 mMof oleanolic acid were stimulated with LPS for
12 h. Then, qRT-PCR assay was performed to detect the mRNA levels of IL-1b (D) and TNF-a (E). (F–H) ELISA analysis was conducted to measure
the concentrations of IL-6 (F), IL-1b (G), and TNF-a (H) in supernatants from microglia under oleanolic acid and/or LPS conditions. *P < 0.05 vs.
control group, #P < 0.05 vs. LPS group.
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Materials and methods
Animals and ethics statement

Experiments were carried out on male wild type C57BL/6 mice
(10–12 weeks old, weight 20–25 g). All mice were bought from
the Center of Laboratory Animals, the Fourth Military Medical
University of China. Before experiments, the mice were housed
at standard laboratory conditions (constant temperature of 22�
1 �C with 12 h light–dark cycles) and had ad libitum access to
food and water. All animal procedures were conducted in
accordance with the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals, and approved by
the Institutional Animal Care and Use Committee of China-
Japan union hospital of Jilin university. All efforts were made
to minimize animal suffering during the experimental
procedures.
Neuropathic pain model construction and drug
administration

Spinal nerve ligation (SNL) surgery was performed to induce
neuropathic pain model as previously reported.20 Briey, the
12922 | RSC Adv., 2020, 10, 12920–12928
mice were anesthetized with sodium pentobarbital and
barbered along the back with skin sterilization by chlorhex-
idine. Aer removal of L6 transverse process to expose the
ventral ramus of the L4 and L5 spinal nerves, the L5 spinal nerve
was identied and tightly ligated with 6-0 silk threads without
damage to the other nerves. Mice were then randomly divided
into 5 groups (n ¼ 10 in each group). In the control group, the
le L5 spinal nerve was isolated without ligation. Group 2 was
conducted with SNL treatment. The other groups served as SNL
+ oleanolic acid (OA, >97% purity) (Sigma, St. Louis, MO, USA)
groups wherein the mice were separately injected (i.p.) with
2 mg kg�1, 5 mg kg�1, and 10 mg kg�1 of oleanolic acid aer
SNL surgery for 5 consecutive days.
Behavior tests for tactile allodynia and heat hyperalgesia

For the pain behavior test, tactile allodynia was assessed inmice
subjected to SNL using a series of von Frey hairs (Stoelting, Kiel,
WI, USA).21 Mice were habituated to the testing environment for
2 days before SNL to measure pain thresholds (baseline). Before
the experiment, mice were acclimated for 1 h inside a Plexiglas
box on a steel mesh oor. Then, a series of von Frey laments
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Treatment with oleanolic acid affected microglial polarization. (A and B) After pretreatment with oleanolic acid for 10 h, cells were
exposed to LPS. Then, themRNA levels of M1 phenotypemarker CD16 (A) and CD86 (B) were determined by qRT-PCR. (C and D) The subsequent
effects on the M2 phenotype marker Arg-1 transcript (C) and IL-10 concentration (D) were assessed. *P < 0.05, #P < 0.05.
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with logarithmically increasing stiffness (0.02–2.56 g) were
perpendicularly applied to stimulate the plantar surface of the
hindpaw with 3–5 s for each group. The minimal value that
caused at least 3 responses of paw withdrawal was recorded as
the paw withdrawal threshold (PWT).

To evaluate heat hyperalgesia, mice from various groups
were put in glass boxes and allowed to adapt for 1 h before the
tests. Aerwards, heat sensitivity of mice hind paws was
measured using a radiant heat apparatus (390G Plantar Test
Apparatus, IITC Life Science Inc., Woodland Hills, CA, USA)
through the detection of paw withdrawal latency (PWL). During
this process, the radiant heat intensity was adjusted to
approximately 12 s with a cutoff of 20 s to avert tissue damage.
Cell culture

Murine BV2 microglial cell line was bought from the Institute of
Cell Biology, Chinese Academy of Sciences (Shanghai, China).
For culture, the cells were incubated in Dulbecco's modied
Eagle medium (DMEM; Invitrogen, CA, USA) supplemented
with 10% fetal bovine serum (Thermo Fisher Scientic, Wal-
tham, MA, USA) and 1% penicillin/streptomycin. All the cells
were maintained at 37 �C with an atmosphere of 5% CO2.
Cell treatment

In vitro, BV2 cells were pre-administrated with various concen-
trations of oleanolic acid (OA, >97% purity) (1, 10, 20, 40, 80 mM)
for 10 h. Subsequently, 1 mg mL�1 of LPS was supplemented for
further incubation for 12 h.
This journal is © The Royal Society of Chemistry 2020
MTT assay for cell viability

Cell viability was evaluated by the MTT assay as previously
described.22–24 Cells were seeded in 96-well plates and were then
exposed to the indicated doses of oleanolic acid for 24 h. Then,
the cells were maintained in DMEMmedium containing 100 mL
of MTT reagent (5 mg mL�1, Sigma, St. Louis, MO, USA).
Approximately 4 h later, 100 mL of dimethyl sulfoxide solution
was supplemented to dissolve the crystal formazan. The
absorbance at 570 nm was captured using a microplate reader
(Bio-Rad, Hercules, CA, USA) to analyze the cell viability.
Recombinant vector construction and transfection

To overexpress TLR4 in BV2 cells, mice TLR4 cDNA was
amplied using PCR. Then, the prepared TLR4 cDNA was
subcloned into the pcDNA3.1(+) plasmid (Invitrogen) to
synthesize the recombinant pcDNA3.1-TLR4 plasmids. Subse-
quently, transfection was conducted as previously reported.25

Briey, the BV2 cells were transfected with the pcDNA3.1-TLR4
vectors using Lipofectamine 2000 reagent (Invitrogen). The cells
that transfected with the empty vectors were dened as the
negative control. The transfection efficacy was then evaluated by
western blotting.
Quantitative RT-PCR

L4-5 spinal segmental tissues were collected frommice aer deep
anesthetization with sodium pentobarbital (100 mg kg�1 i.p.).
Then, total RNA isolation from the tissues and cells was prepared
using the TRIzol reagent (Invitrogen). Subsequently, reverse
RSC Adv., 2020, 10, 12920–12928 | 12923
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Fig. 4 Activation of the TLR4-NF-kB pathway was involved in oleanolic acid-mediatedmicroglial inflammation. (A and B) The protein expression
levels of TLR4 and p-p65 NF-kB were analyzed in microglia exposed to oleanolic acid and LPS. (C and D) Cells were transfected with
recombinant TLR4 vectors and the subsequent protein levels of TLR4 and p-p65 NF-kB were determined. (E–G) The mRNA levels of CD16 (E),
CD86 (F), and Arg-1 (G) were analyzed by qRT-PCR. (H–J) ELISA assay was carried out to evaluate the releases of IL-6 (H), IL-1b (I), and TNF-a (J)
in the supernatants. *P < 0.05 vs. control group, #P < 0.05 vs. LPS group, $P < 0.05 vs. LPS + OA group.
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transcription was performed to synthesize cDNA using the High-
Capacity cDNA Reverse Transcription Kits (Applied Biosystems,
Foster City, CA, USA). Then, qRT-PCR was conducted as reported
previously25 to determine the transcripts of iNOS, IBA-1, IL-6, IL-
1b, TNF-a, CD16, CD86, and arginase-1 (Arg-1) using a SYBR®
Premix Ex Taq™ II Kit (Takara, Otsu, Japan). All the procedures
were performed according to the manufacturers' protocols and
reacted on an Applied Biosystems 7300 Real-Time PCR System
(Applied Biosystems; Foster City, CA, USA). The specic primers
for these genes are shown in Table 1. b-Actin served as an internal
reference to quantify the target gene expression; all the results
were calculated by using 2�DDCt.
Measurement of nitric oxide (NO) concentration

Microglia were treated with the indicated doses of oleanolic
acid prior to LPS exposure. Then, the cells were reacted with
Griess reagent (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) for 10 min. The absorbance at 550 nm was
captured to evaluate the contents of NO from the cells by
referring to a freshly prepared nitrite standard curve.
ELISA assay for inammatory cytokine levels

ELISA assay was performed to determine the cytokine levels as
previously described.23,26 The concentrations of IL-6, IL-1b, TNF-
12924 | RSC Adv., 2020, 10, 12920–12928
a, and IL-10 in the supernatant from BV2 cells and spinal cord
tissue homogenate were analyzed according to the instructions
of the commercially available ELISA kits (Invitrogen).
Western blotting

Western blotting was performed as previously described.24,26Briey,
total protein concentration from the cells and L4–L5 spinal
segments was extracted by homogenizing in a RIPA buffer (Thermo
Fisher Scientic). The BCA protein assay kit (Beyotime, Shanghai,
China) was applied to quantify the protein concentration. Then,
equal amounts of protein were loaded in each lane and separated
by 12% SDS-PAGE. Aer transfer to the PVDF membrane, 5% non-
fat milk was added to interdict non-specic binding for 2 h. For
immunoblotting, the membrane was incubated with primary
antibodies against mice IBA-1 (1 : 1500), TLR4 (1 : 1000), p-p65 NF-
kB (1 : 5000), and p65 NF-kB (1 : 1000) (all from Abcam, Cam-
bridge, MA, USA) overnight at 4 �C. Aer incubation with horse-
radish peroxidase-conjugated secondary antibody, the
immunoreactive proteins were visualized by ECL reagent (Beyo-
time) and quantied by ImageJ soware (Bethesda, MD, USA).
Statistical analysis

All the data were obtained from at least three separate experi-
ments and analyzed by the SPSS19.0 soware. The values are
This journal is © The Royal Society of Chemistry 2020
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given as mean � SD. Differences between the groups were
compared using Student's t-test for two groups and ANOVA,
followed by the SNK post hoc test for three or more groups. The
criterion for statistical signicance was P < 0.05.
Results
Treatment with oleanolic acid restrains microglial activation
upon LPS conditions without cytotoxicity

To evaluate the potential cytotoxicity of oleanolic acid, micro-
glial cells were exposed to various doses of oleanolic acid for
24 h. MTT assay conrmed that oleanolic acid ranging from 1 to
80 mM concentration showed little cytotoxicity to microglia
(Fig. 1B). Moreover, oleanolic acid dose-dependently sup-
pressed the mRNA levels of microglia marker IBA-1 in microglia
exposed to LPS and reached its climax at 40 mM-treated groups;
however, there was no difference between the 40 mM- and 80
mM-treated groups (Fig. 1C). Simultaneously, administration
with 40 mM of oleanolic acid inhibited LPS-induced protein
expression of IBA-1 in the microglia (Fig. 1D).
Oleanolic acid suppresses inammatory response in LPS-
activated BV2 cells

Accumulating evidence supports the critical role of microglial
activation-mediated neuroinammation in neuropathic pain.
We, therefore, investigated the function of oleanolic acid in
microglial inammation in vitro and the results corroborated
that LPS exposure increased the transcript of iNOS in BV2
microglial cells, which was inhibited by oleanolic acid in a dose-
dependent manner (Fig. 2A). Concomitantly, oleanolic acid also
restrained LPS-induced release of inammatory mediator NO
(Fig. 2B). Furthermore, LPS-activated microglia presented high
mRNA levels of pro-inammatory cytokine IL-6 (Fig. 2C), IL-1b
(Fig. 2D), and TNF-a (Fig. 2E), and these increases were sup-
pressed following pretreatment with 40 mM of oleanolic acid.
Importantly, oleanolic acid reduced LPS-induced production of
IL-6 (Fig. 2F), IL-1b (Fig. 2G), and TNF-a (Fig. 2H) from the
microglia.
Fig. 5 Injection with oleanolic acid ameliorated allodynia and hyper-
algesia in SNL-mimicked neuropathic pain models. (A) Mice were
administrated with oleanolic acid (OA; 2, 5, and 10 mg kg�1) after SNL
for 5 consecutive days. The mechanical allodynia on 1, 3, 5, and 7
d post-SNL was evaluated by Von Frey test. (B) The heat hyperalgesia
was also performed to assess the pain behavior. *P < 0.05 vs. control
group, #P < 0.05 vs. SNL group.
Oleanolic acid shis microglial polarization from M1 to M2
phenotype in LPS-stimulated BV2 cells

Microglia adopt two distinct activation phenotypes: a classical
neurotoxic M1 phenotype and a neuroprotective anti-
inammatory M2 phenotype. Therefore, we next explored
whether oleanolic acid effects microglial polarization. As pre-
sented in Fig. 3A and B, LPS stimulation elevated the transcripts
of CD16 (Fig. 3A) and CD86 (Fig. 3B), the markers of M1
microglial phenotype. Intriguingly, oleanolic acid pretreatment
notably antagonized LPS-induced increases in CD16 and CD86
mRNA levels. Concomitantly, LPS exposure suppressed the
transcript of Arg-1, a sensitive marker of M2 microglial pheno-
type (Fig. 3C). However, oleanolic acid enhanced the expression
of Arg-1 (Fig. 3C) and anti-inammatory IL-10 levels (Fig. 3D)
relative to the LPS-treated groups.
This journal is © The Royal Society of Chemistry 2020
TLR4-NF-kB signaling is involved in the protective efficacy of
oleanolic acid against microglial polarization-mediated
inammation

The aberrant activation of TLR4-NF-kB signaling is involved in
pain and inammation-related diseases, including neuropathic
pain. Herein, LPS treatment increased the protein expression of
TLR4 and p-p65 NF-kB in the microglia (Fig. 4A and B). Never-
theless, these increases were inhibited aer oleanolic acid
administration, indicating the suppressive effect of oleanolic
acid on LPS-evoked activation of the TLR4-NF-kB pathway in
microglia. Notably, transfection with recombinant TLR4 (rTLR4)
vector dramatically elevated the expression of TLR4 and p-p65
NF-kB (Fig. 4C and D). Intriguingly, reactivating TLR4 signaling
by rTLR4 transfection reversed the inhibitory effects of oleanolic
acid against LPS-induced M1 phenotype marker CD16 (Fig. 4E)
and CD86 (Fig. 4F). However, oleanolic acid-increased the M2
phenotype marker Arg-1 mRNA, which was overturned aer
restoring the TLR4 pathway in LPS-treated microglia (Fig. 4G).
Simultaneously, the increased levels of IL-6 (Fig. 4H), IL-1b
(Fig. 4I), and TNF-a (Fig. 4J) from the microglia upon LPS treat-
ment were attenuated by oleanolic acid administration, which
was reversed following rTLR4 transfection.
Oleanolic acid exerts anti-nociceptive effects against SNL-
induced neuropathic pain

To further elucidate the therapeutic potential of oleanolic acid
in neuropathic pain in vivo, SNL was performed to construct the
RSC Adv., 2020, 10, 12920–12928 | 12925
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Fig. 6 Oleanolic acid administration alleviated neuroinflammation and microglial polarization in mice. (A) Mice were injected with the indicated
doses of oleanolic acid starting from 1 h after SNL surgery. The protein levels of microglial marker IBA-1 were analyzed in spinal cord tissues of
mice at 7 d post-SNL. (B and C) ThemRNA levels of CD86 (B) and Arg-1 (C) were detected by qRT-PCR. (D–I) The subsequent effects on IL-6 (D),
IL-1b (E), TNF-a (F), and IL-10 (G) concentrations, TLR4 pathway activation (H and I) were also measured. *P < 0.05 vs. control group, #P < 0.05 vs.
SNL group.
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neuropathic pain model. As shown in Fig. 5A, mice noticeably
decreased the paw withdrawal threshold at days 1, 3, 5, and 7
aer SNL, which was dose-dependently offset aer oleanolic
acid treatment. In addition, administration with oleanolic acid
also antagonized SNL-induced down-regulation of thermal pain
thresholds of paw withdrawal latency (Fig. 5B). Thus, these
ndings indicate the benecial efficacy of oleanolic acid against
neuropathic pain.
Oleanolic acid suppresses microglial activation-mediated
neuroinammation in mice aer SNL treatment

Further analysis conrmed that oleanolic acid suppressed the
expression of IBA-1 in the spinal cord at 7 days aer SNL,
indicating the inhibitory effects of oleanolic acid on microglial
activation (Fig. 6A). Moreover, oleanolic acid injection inhibited
SNL-increased expression of CD86 (Fig. 6B) but increased the
expression of Arg-1 (Fig. 6C) in neuropathic pain mice induced
by SNL surgery. Simultaneously, SNL increased the concentra-
tions of M1 phenotype pro-inammatory cytokine IL-6 (Fig. 6D),
12926 | RSC Adv., 2020, 10, 12920–12928
IL-1b (Fig. 6E), and TNF-a (Fig. 6F), which was counteracted
aer oleanolic acid treatment. Concomitantly, injection with
oleanolic acid enhanced the production of M2 phenotype anti-
inammatory cytokine IL-10 in SNL-induced mice model
(Fig. 6G).
Oleanolic acid mutes the activation of TLR4-NF-kB pathway in
SNL-induced models

As shown in Fig. 6H, SNL-induced mice models exhibited
higher protein expression of TLR4 and p-p65 NF-kB relative to
the control groups. Notably, oleanolic acid administration
noticeably restrained the activation of this pathway by
decreasing the expression of TLR4 and p-p65 NF-kB in mice
aer SNL surgery.
Discussion

Injury to the peripheral nerve usually gives rise to intolerable
neuropathic pain that leads to persistent and spontaneous pain
This journal is © The Royal Society of Chemistry 2020
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in patients. Notably, gaining favorable management of neuro-
pathic pain remains a great challenge in clinical treatments due
to the unsatisfactory efficacy of the current strategy, such as
non-steroidal anti-inammatory drugs.6 In the current study,
oleanolic acid, a biologically active triterpenoid, shied LPS-
induced microglial polarization from M1 type to M2 pheno-
type and therefore, the attenuatedmicroglial activation-induced
inammation by suppressing the TLR4-NF-kB signaling.
Notably, injection with oleanolic acid alleviated SNL-induced
neuroinammation as well as mechanical and heat hypersen-
sitivity in mice. Thus, the current research highlights oleanolic
acid as a promising therapeutic avenue for neuropathic pain
aer peripheral nerve injury.

Neuropathic pain aer nerve injury is characterized by
neuroinammation aer glial cell activation in the corre-
sponding spinal cords. Microglia are the major immune effec-
tors of glial cells in the central nervous system and can adopt
two distinct activation phenotypes: classical M1 phenotype (pro-
inammation) and alternative M2 phenotype (anti-
inammation). Convincing evidences have conrmed that
microglia play key roles in the pathogenesis of neuropathic
pain.7,12 To decipher the function of oleanolic acid in neuro-
pathic pain, we investigated its effects on microglia activation-
induced neuroinammation. Analogous to previous reports,27

LPS exposure enhanced microglial activation by increasing its
marker IBA-1 expression. Noticeably, oleanolic acid treatment
engendered not only little cytotoxicity but also suppressed LPS-
induced microglial activation.

Alterations in microglia M1/M2 polarization have been
implicated in neurodegenerative diseases, including neuro-
pathic pain. In adolescence, microglia can polarize to generate
M1 phenotype to release abundant pro-inammatory cytokines,
which is concomitant with the emergence of neuropathic pain.7

Intriguingly, facilitating phenotypic transformation from M1
phenotype to M2 phenotype has become a subject of interest
based on the potential therapeutic value against
neuroinammation-related diseases.12 In the current study, LPS
stimuli facilitated microglial polarization towards M1 pheno-
type and inhibited M2 polarization as the evidence that LPS
increased M1 type marker CD16 and CD86 levels, and reduced
the expression of M2 marker Arg-1. Intriguingly, oleanolic acid
administration shied LPS-induced M1 polarization towards
M2 polarization in the microglia. Similar to a previous study,
LPS treatment increased the production of pro-inammatory
cytokines IL-6, IL-1b, and TNF-a but inhibited the release of
anti-inammatory IL-10 levels in the microglia.28 Importantly,
oleanolic acid restrained LPS-induced pro-inammatory cyto-
kine expression, whereas it increased the IL-10 levels. Thus,
these ndings suggest that oleanolic acid may attenuate
microglial activation-induced neuroinammation by regulating
LPS-triggered microglial phenotype transformation from M1 to
M2 polarization.

Mechanistically, this research corroborated that LPS expo-
sure activated the pathway of TLR4-NF-kB in the microglia.
Acceptably, LPS can engage with its receptor TLR4 on the
microglia and subsequently induces excessive secretion of pro-
inammatory cytokines, such as IL-1b. An increasing amount of
This journal is © The Royal Society of Chemistry 2020
research has implicated TLR4-NF-kB signaling in the patho-
genic progression of inammation-related diseases, including
inammatory and neuropathic pain.9 Intriguingly, emerging
studies conrm the aberrant activation of TLR4 pathway in rat
model of chronic neuropathic pain.9,10 We therefore investi-
gated the involvement of TLR4 signaling in oleanolic acid-
inhibited microglial inammation. As expected, oleanolic acid
treatment inhibited LPS-induced activation of TLR4-NF-kB
signaling in the microglia. More importantly, restoring this
pathway overturned the oleanolic acid-mediated shi of
microglial polarization from M1 towards the M2 phenotype,
resulting in the enhancement of microglia activation-induced
inammation. Analogously, the activation of TLR4-NF-kB
signaling induces M1microglial polarization and release of pro-
inammatory molecules.29,30

To further decipher the function of oleanolic acid in neuro-
pathic pain in vivo, spinal nerve ligation (SNL) surgery was
applied to construct the neuropathic pain model.20 It was
remarkable that injection with oleanolic acid alleviated allody-
nia and hyperalgesia in SNL-mimicked mice models. Notably,
oleanolic acid administration elevated M2 phenotype marker
Arg-1 expression and decreased M1 phenotype marker CD86
expression in the spinal cords of neuropathic pain mice,
concomitant with the decreases in pro-inammatory IL-6, IL-1b,
and TNF-a and increases in the anti-inammatory M2 pheno-
type cytokine IL-10. These results indicate that oleanolic acid
may attenuate pain in the neuropathy model by regulating
microglial polarization-mediated neuroinammation. Intrigu-
ingly, promoting microglia polarization towards M2 phenotype
relieves pain behavior in the rat model of neuropathy.8 In
addition, the activation of TLR4-NF-kB pathway in SNL-induced
mice models was also restrained following oleanolic acid
administration. Noticeably, the activation of the TLR4-NF-kB
pathway in spinal cord results in chronic morphine-induced
analgesic tolerance and hyperalgesia in rats.31 Nevertheless,
the blockage of TLR4 exerts analgesic properties by restoring
the balance between nociceptive factors in neuropathy
development.32

Conclusions

In conclusion, one noteworthy observation in the current study
was that oleanolic acid shied microglial activation from M1
phenotype to M2 phenotype and suppressed the subsequent
inammatory response in LPS-treated microglia by blocking the
TLR4-NF-kB pathway. Noticeably, administration with oleanolic
acid ameliorated the pain behavior and microglial polarization-
mediated neuroinammation, concomitant with the suppres-
sion of the TLR4-NF-kB signaling. Thus, the current study may
endorse the potential usefulness of oleanolic acid as a thera-
peutic agent against chronic neuropathic pain based on its anti-
nociceptive and anti-inammatory efficacy. Oleanolic acid is an
intracellular or extracellular intervention. However, TLR4 is
a known transmembrane protein and can be activated by
HMGB1.33,34 How does oleanolic acid regulate TLR4 signaling?
Increasing evidence corroborates the critical role of HMGB1 in
the development of neuropathic pain.34 A previous study found
RSC Adv., 2020, 10, 12920–12928 | 12927
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that oleanolic acid pretreatment alleviated hepatic ischemia
reperfusion by decreasing HMGB1 release.14 Does oleanolic acid
ameliorate neuropathic pain by regulating TLR4 signaling via
HMGB1? This question will be explored in out next study.
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