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ABSTRACT

Background: Ligustilide, an active ingredient in a traditional Chinese
medicine, has anti-inflammatory and analgesic effects. The underlying
mechanisms of the anti-inflammatory pain effects of ligustilide are not
completely understood. Objective: The aim of this study to investigate
whether ligustilide conducts its analgesic effects on the complete
Freund's adjuvant (CFA)-induced inflammatory pain through regulating
the c-Jun N-terminal kinase (JNK)/c-Jun pathway in the spinal cord.
Materials and Methods: Paw withdrawal thresholds (PWTs) and paw
withdrawal latencies (PWLs) were tested to examine the analgesic effect
of ligustilide on CFA-induced inflammatory pain in rats. The change of spinal
JNK/c-Jun activation was detected by western blotting after CFA injection
with or without consecutive intrathecal ligustilide administration. After
SP600125 (JNK inhibitor) was intrathecally injected in CFA rats, PWTs and
PWLs were tested to investigate the change of ligustilide's analgesic effect.
Results: Repeated intravenous injection of ligustilide could attenuate the
pain hypersensitivity induced by CFA. CFA caused increased activation of
spinal JNK/c-Jun, which could be inhibited by ligustilide administration.
Intrathecal injection of JNK inhibitor inhibited the CFA-induced mechanical
hyperalgesia. Conclusion: Ligustilide could inhibit the upregulation of
spinal p-JNK/p-c-Jun caused by CFA, and the inhibition of JNK/c-Jun
activation is closely related to its anti-mechanical hyperalgesia effect in
inflammatory pain.
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SUMMARY
e Ligustilide, an active ingredient in a popular traditional Chinese medicine,
has effective anti-inflammatory and analgesic effects. Ligustilide inhibits

INTRODUCTION

Ligustilide is one of the main bioactive components of Danggui, which
is a popular traditional Chinese medicine and has been widely used
for treating cardio- and cerebrovascular diseases through exerting
myocardial protection.!"* Ligustilide has other positive pharmacological
effects, such as protecting neurons from neurotoxicity and reducing
memory deficits in Alzheimer’s disease.”! Recently, researchers have
found that ligustilide also has anti-inflammatory and analgesic effects
and can relieve inflammatory pain induced by acetic acid, formalin,
or complete Freund’s adjuvant (CFA).*” It has been reported that
ligustilide may conduct its anti-inflammatory effects through inhibiting
glial cell-mediated proinflammatory cytokines production in the spinal
cord.® The underlying mechanisms of the anti-inflammatory pain
effects of ligustilide are still not completely understood.

The active participation of glial cells, especially astrocytes and microglial
cells, in the induction and maintenance of chronic pain have been well
established in numerous studies on pain research.l”’ Glial cells act as
immunoresponsive cells in the central nervous system and modulate the
pathological processes of chronic pain partially through accelerating the
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the complete Freund's adjuvant-induced activation of spinal c-Jun
N-terminal kinase (JNK)/c-Jun pathway in rats. The inhibition of JNK/c-Jun
activation is closely related to the anti-mechanical hyperalgesia effect of
ligustilide.
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Abbreviations used: CFA: Complete Freund's adjuvant, JNK: c-Jun
N-terminal kinase, MAPK: Mitogen-activated protein kinase, PWT. Paw
withdrawal threshold, PWL: Paw withdrawal
latency.
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production of proinflammatory cytokines.!""!!l Activation of some cellular
events such as the mitogen-activated protein kinases (MAPKs) in the glial
cells can enhance the release of proinflammatory mediators.!"” The c-Jun
N-terminal kinase (JNK), a major member of the MAPK family, has been
demonstrated to have a critical role in intracellular signal transduction
and contribute to peripheral and central sensitization in chronic pain.!**!
Peripheral inflammation or nerve injury causes JNK activation in the
spinal astrocytes, and intrathecal administration of JNK inhibitor can
block the activation of astrocytes.!*'% Activation of JNK pathway can lead
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to increased production and release of some proinflammatory cytokines,
which act as important biological mediators in chronic pain.'®”! c-Jun,
an immediate early gene, is a well-known downstream transcription
factor of MAPK pathway and a certified substrate of JNK.I'"¥! Nerve
injury or peripheral inflammation causes increased phosphorylation of
JNK in the spinal astrocytes. P-JNK (phosphorylated JNK, the activated
form of JNK) could activate its downstream transcription factor ¢ Jun
and enhance the transcription of some pain related genes, contributing
to the development of chronic pain."”?! It has been confirmed that the
spinal JNK/c-Jun activation contributes to spinal astrocytes activation
and is required for the development of hyperalgesia and allodynia
under persistent inflammatory pain condition.”’ Given the critical role
of JNK/c-Jun pathway in regulating spinal astrocytes activation and
proinflammatory cytokines production, which have been proved to be
involved in the mechanism of ligustilide’s anti-inflammatory effects,
the current study aims at investigating whether ligustilide conducts its
analgesic effects on CFA-induced inflammatory pain through regulating
JNK/c-Jun pathway in the spinal cord.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (200-250 g) were used in the present study.
The animals had free access to food and water and were maintained on a
12 h/12 h light-dark cycle at the room temperature (RT) of 23°C + 1°C.
All the animals were housed under controlled condition to adjust to the
new surroundings for 7 days before any experimental procedure. The
experiments were performed under the guidelines of the International
Association for the Study of Pain.

Model of inflammatory pain

For inducing peripheral inflammation, the rats received a subcutaneous
injection of CFA (100 ul, Sigma) into the plantar surface of the left hind
paw. The injection was performed under brief anesthesia with sevoflurane.
The same dose of normal saline (NS, 100 pl) was injected as control.

Intravenous drug administration

The ligustilide, which was used for intravenous injection in the present
study, was extracted from Danggui. Danggui was purchased from Gansu
Province, China. The procedure of extracting ligustilide from Danggui
was performed according to the method described by Kuang et al.??
In brief, the essential oil of Danggui was extracted by petroleum ether.
From the oil, ligustilide was isolated by silica gel column chromatography
and was identified using electron impact ionization MS, '"H NMR, and
BC NMR spectrometric technique. In the present study, the purity of
ligustilide was found to be >98% based on the percentage of total
peak area by the high-performance liquid chromatography analysis.
The ligustilide was mixed with 2% Lutrol F68 poloxamer 188 (BASF
Corporation) for intravenous injection. The same dose of 2% Lutrol F68
poloxamer 188 was injected as vehicle control. The ligustilide and vehicle
were delivered into the tail vein of the rat by a 5-gauge needle.

Intrathecal drug administration

The inhibitor of JNK, SP600125 (Abcam, ab120065), was dissolved in
10% dimethyl sulfoxide (DMSO) and was used for intrathecal injection
in this study. The procedure of intrathecal injection was performed
under inhalational anesthesia: 1.375% isoflurane mixed in the flow of
oxygen was continuously delivered into a Plexiglas observation chamber
in which the rat was placed. When the rat lost its righting reflex, it was
taken out and put on an operation panel with its nose placed in a nose
cone, into which isoflurane was continually administrated. The lower
back of the rat was shaved and sterilized. At the rat’s intervertebral space
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of L4-5, lumbar puncture was operated. When the rat showed a sudden
slight flick of the tail, SP600125 (50 ug in 20 ul DMSO) was slowly
injected into the subarachnoid space. The same dose of DMSO (20 ul)
was injected as vehicle control.

Measurement of mechanical hyperalgesia

The mechanical allodynia of rats was measured by paw withdrawal
threshold (PWT). The rats were placed separately in transparent plastic
cages with wire mesh bottom and were allowed 30 min for habituation.
The PWT value of rat was tested using von Frey hairs with logarithmically
incrementing stiffness (0.6, 1, 1.4, 2, 4, 6, 8, 10, 15, and 26 g). We used
the von Frey filament (began with 2 g) to press the plantar surface of
the rat’s left hind paw for 5-6 s. If the rat showed paw withdrawal or
paw-licking response, which was taken as positive response, we switched
to alower filament (1.4 g). If the rat showed no positive response, a higher
filament (4 g) was used. The 50% withdrawal threshold was assayed
according to the Dixon’s up—down method described by Chaplan et al.l*’!
We performed three measurements on each rat and recorded the average
value of three measurements as the final PWT.

Measurement of thermal hyperalgesia

The thermal hyperalgesia was measured by paw withdrawal
latency (PWL), which was assayed according to the method described
by Hargreaves et al.?! The rats were placed in transparent plastic
boxes separately and were allowed 30 min to adapt the environment.
The planter surface of the each rat’s left paw was exposed to a beam of
radiant heat through the glass plate. If the rat showed paw withdrawal or
paw-licking response, which was taken as positive response, the radiant
heat source was cutoft and the total irradiating time was recorded. If the
rat showed no paw withdrawal or paw-licking response till 30 s, radiant
heat source was automatically cutoff to prevent potential skin injury, and
the “30 s” was recorded. We performed three measurements on each rat
and recorded the average value of three measurements as the final PWL.

Western blotting

The rats were rapidlykilled after deep anesthesia. The L4-5 segments of the
spinal cord were quickly extracted and were immediately homogenized
in lysis buffer which contains phenylmethylsulfonyl fluoride (100:1) for
30 min. The samples were then centrifuged at 10,000 rpm for 15 min
at 4°C. The supernatants of the samples were collected and the protein
concentration was estimated according to the Bradford method.*!
The samples were heated at 100°C for 5 min mixed with 1x loading
buffer. Protein samples and the marker (26616, Thermo Scientific)
were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel and were transferred onto polyvinylidene difluoride
membranes. The membranes were blocked with 5% nonfat dry milk
for 1 h at RT. The membranes were then incubated at 4°C overnight
with rabbit anti-JNK antibody (ab59227, 1:1000, Abcam), rabbit
anti-p-JNK (ab124956, 1:5000, Abcam), rabbit anti-p-c-Jun (Ser73,
1:1000, cell signaling), and mouse anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (60004-1-Ig, 1:1000, Proteintech) primary
antibodies. After primary incubation, the membranes were washed
for 3 x 5 min with Tris-buffered saline Tween-20 (TBST). Membranes
containing JNK, p-JNK, and p-c-Jun were incubated with secondary
antibody-goat anti-rabbit peroxidase (horseradish peroxidase [HRP],
1:2500; A0208, Beyotime) at RT for 2 h. Membranes containing GAPDH
were incubated with goat anti-mouse peroxidase (HRP, 1:2500, RS0001,
Ruiying Biological) at RT for 2 h. Then, the membranes were extensively
washed again for 3 x 5 min with TBST. The specific bands of protein
signals were detected by enhanced chemiluminescence solution. The
western blot densitometry analysis was performed by Quantity One 4.6.2
(Molecular Imager ChemiDocXRS+ Imaging System, Bio Rad, USA).
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Statistical analysis

All data were expressed as mean + standard deviation (SD). Statistical
analyses were performed using GraphPad Prism 5 (GraphPad
Software, Inc., San Diego, CA, USA). Student’s t-test was used to
compare differences between two groups of samples. One-way
repeated analysis of variance (ANOVA) and two-way repeated
ANOVA, followed by Bonferroni test, were adopted to compare
differences among more than two groups. The criterion for statistical
significance was P < 0.05.

RESULTS

Ligustilide prevented the mechanical and thermal
hyperalgesia caused by complete Freund’s adjuvant
peripheral injection

Peripheral subcutaneous injection of CFA is a well-established model
of chronic inflammatory pain.? In the present study, we examined
the effect of ligustilide on CFA-induced thermal and mechanical
hyperalgesia. At 1 h after CFA or NS injection, ligustilide (60 mg/kg)
or vehicle was intravenously injected in rats. The ligustilide or vehicle
was given for 3 consecutive days. PWT and PWL were measured on
day 1, 3, and 5 after CFA injection. As shown in Figure la and b,
CFA caused both mechanical and thermal hyperalgesia from day 1
after injection. However, compared to the vehicle group, consecutive
ligustilide administration for 3 days inhibited the CFA-induced
hyperalgesia. Both the inhibition of mechanical and thermal
hyperalgesia lasted for more than 2 days after the last injection of
ligustilide [Figure la and b].

Ligustilide inhibited complete Freund’s
adjuvant-induced increased activation of c-Jun
N-terminal kinase and c-Jun in the spinal cord

In the current study, we detected the change of JNK activation in the
spinal cord on day 3 after CFA injection and explored whether ligustilide
administration could affect the change of spinal JNK/c-Jun activation.
As shown in Figure 2a and ¢, western blotting showed that compared
to the “control + vehicle” group, CFA injection caused an upregulation
of the expression of spinal p-JNK (the activated state of JNK through
phosphorylation) and p-c-Jun (phosphorylation of c-Jun) in the
spinal cord. The upregulation of spinal p-JNK/p-c-Jun was inhibited
by ligustilide treatment for 3 consecutive days after CFA injection
[Figure 2a-c].

Intrathecal injection of SP600125 blocked the
expression of spinal p-c-Jun N-terminal kinase
and p-c-Jun and inhibited the complete Freund'’s
adjuvant-induced mechanical hyperalgesia

To confirm the specific role of JNK/c-Jun activation in the maintenance
of CFA-induced inflammatory pain, we applied intrathecal injection
of SP600125 (a pharmacological inhibitor of JNK) on day 3 after
subcutaneous CFA injection in rats. Compared to the “CFA + DMSO”
group, western blotting showed a reduction of spinal p-JNK and p-c-Jun
level at 3 h after SP600125 administration [Figure 3a and b]. The PWTs
and PWLs of rats were also measured at 3 h after SP600125 injection.
As shown in Figure 3¢, compared to the “CFA + DMSO” group, the
mechanical hyperalgesia caused by CFA injection was partially inhibited
by SP600125 administration in the “CFA + SP600125” group. However,
SP600125 administration had no effect on the CFA-induced thermal
hyperalgesia [Figure 3d], suggesting that the spinal JNK/c-Jun pathway
played an important role in CFA-induced mechanical allodynia.

DISCUSSION

Chronic pain is one of the most intractable diseases worldwide.?”?*! By
now, pharmacotherapy, such as opioids and nonsteroid anti-inflammatory
drugs, still remains the main treatment for chronic pain. However, these
drugs were limited by the high incidence of side effects.?) Therefore, it
is necessary to exploit new therapeutic drugs for chronic pain and study
their underlying analgesia mechanisms comprehensively.

Ligustilide, extracted from Danggui, has been proved to have
anti-inflammatory effects and is effective in ameliorating inflammatory
pain.’® Previous studies have shown that ligustilide had neuroprotective
and anti-inflammatory effects by inhibiting spinal glial cell-mediated
proinflammatory cytokines production.®?! Many researches supported
the role of ligustilide in inhibiting neuroinflammation, which has been
found to contribute to the development and maintenance of inflammatory
pain. Inhibition of glial cell-mediated neuroinflammation was involved
in the underlying mechanism of the analgesic effects of ligustilide.*** A
recent study conducted by Qian et al. showed that ligustilide ameliorated
CFA-induced inflammatory pain through inhibiting Toll-like
receptor (TLR4) in the spinal cord.® Another study reported that
spinal TLRs promoted the release of proinflammatory cytokines in
astrocytes, the process of which could be mediated by JNK activation.**
Furthermore, it has been reported that in a lipopolysaccharide-induced
inflammatory pain model, ligustilide conducted its anti-inflammatory
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Figure 1: Ligustilide inhibited the mechanical and thermal hyperalgesia caused by CFA. (a and b) Consecutive ligustilide administration inhibited the
mechanical and thermal hyperalgesia caused by CFA. Both the inhibition lasted for more than 2 days after the last injection of ligustilide. Data were all
expressed as mean + standard deviation ##P < 0.001, compared with the “Control + Vehicle” group. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the

“CFA + Vehicle” group. n = 8 in each group. CFA: Complete Freund's adjuvant
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Figure 2: Ligustilide inhibited the increased activation of spinal c-Jun
N-terminal kinase caused by CFA. (a) Western blotting showed that CFA
injection caused an upregulation of p-c-Jun N-terminal kinase/p-c-Jun
in the spinal cord and administration of ligustilide blocked the increased
expression of spinal p-c-Jun N-terminal kinase/p-c-Jun induced by CFA.
(b and c) The fold change for the density of p-c-Jun N-terminal kinase
level normalized to c-Jun N-terminal kinase; and the density of p-c-Jun
normalized to glyceraldehyde-3 phosphate dehydrogenase, as shown in
Figure 2a. Data were all expressed as mean + standard deviation #*P < 0.001,
compared with“Control + Vehicle” group. **P < 0.01, ***P < 0.001, compared
with “CFA + Vehicle” group. CFA: Complete Freund’s adjuvant

effects by suppressing MAPK and nuclear factor-kappa B (NF-«B)
pathway mice.’”! JNK, also called stress-activated protein kinase, is
found to play important roles in neurodegeneration apoptosis and
inflammatory responses.?! JNK consists of three isoforms: JNK1, JNK2,
and JNK3, among which JNK1 and JNK2 are largely expressed in the
spinal cord.® A lot of evidence have shown that JNK pathway is a
crucial signaling, which contributes to the initiation and maintenance
of chronic pain through distinct mechanisms in the spinal cord. The
JNK/c-Jun cascade plays an important role in regulating the activation of
spinal astrocytes and was required for the development of hyperalgesia
and allodynia under persistent inflammatory pain condition.!*!

Based on the above researches, we hypothesized that ligustilide relieves
CFA-induced inflammatory pain through regulating activation of spinal
JNK and its downstream target c-Jun, and we have confirmed this
hypothesis in the present study. First, we examined the analgesic effect
of ligustilide on inflammatory pain caused by CFA injection in rats.
Second, we detected the change of spinal JNK and c-Jun activation after
CFA injection and found that the CFA-induced increased activation of
JNK/c-Jun could be inhibited by consecutive ligustilide administration.
To further investigate the role of spinal JNK/c-Jun pathway in
regulating mechanical and thermal hyperalgesia, we injected SP600125
(JNK inhibitor) intrathecally in CFA rats and found that blocking spinal
JNK/c-Jun could inhibit mechanical hyperalgesia, rather than thermal
hyperalgesia. This result was in accordance with a previous study
conducted by Gao et al., which also revealed that spinal JNK pathway
was critical for maintaining mechanical allodynia under chronic
inflammatory pain station.”

In conclusion, this study is the first to demonstrate that ligustilide
inhibits the activation of spinal JNK/c-Jun pathway caused by CFA in
rats, and this inhibition of JNK/c-Jun activation is closely related to
the anti-mechanical hyperalgesia effect of ligustilide. Our findings help
to provide new insights into the molecular mechanism underlying
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Figure 3: Intrathecal injection of SP600125 blocked the activation of spinal c-Jun N-terminal kinase/c-Jun and inhibited the mechanical hyperalgesia caused
by CFA. (a) Western blotting analysis of the expression of spinal p-c-Jun N-terminal kinase/p-c-Jun at 3 h after SP600125 or DMSO intrathecal injection in
rats. (b) The fold change for the density of p-c-Jun N-terminal kinase and p-c-Jun level normalized to glyceraldehyde-3-phosphate dehydrogenase, as shown
in Figure 3a. (c and d) SP600125 administration inhibited the mechanical hyperalgesia but did not change the value of paw withdrawal latency in CFA rats.
Data were all expressed as mean + standard deviation **P < 0.01, ***P < 0.001, compared with “CFA + DMSO” group. CFA: Complete Freund'’s adjuvant,

DMSO: Dimethyl sulfoxide
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ligustilide’s analgesic effects. Ligustilide may be of vital therapeutic value
in treating chronic inflammatory pain in the future.

CONCLUSION

In the present study, we demonstrated the following findings: (1) repeated
intravenous injection of ligustilide attenuated the pain hypersensitivity
induced by CFA in rats, (2) CFA caused increased activation of spinal
JNK/c-Jun, which could be inhibited by ligustilide administration,
and (3) intrathecal injection of JNK inhibitor inhibited the CFA-induced
mechanical hyperalgesia.
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