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Celecoxib alleviates oxaliplatin-induced hyperalgesia through
inhibition of spinal ERK1/2 signaling
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Abstract: Numerous pieces of evidence have revealed that oxaliplatin (OXA) evokes mechanical and cold hypersensitivity. However,
the mechanism underlying these bothersome side effects needs to be further investigated. It is well known that cyclooxygenase-2 (COX-
2) and extracellular signal-regulated kinases (ERK1/2) signaling play crucial roles in several pain states. Our previous data showed that
Akt2 in the dorsal root ganglion (DRG) participated in the regulation of OXA-induced neuropathic pain. But it is still unclear whether
spinal ERK1/2 signaling is involved in the regulation of OXA-induced hyperalgesia, and the linkage between COX-2 and ERK1/2
signaling in mediating OXA-induced hyperalgesia also remains unclear. In this research, we investigated the possible mechanism of
celecoxib, a COX-2 inhibitor, in OXA-induced neuropathic pain. Our results show that single dose of OXA (12 mg/kg) significantly
attenuated both the tail withdrawal latency (TWL) and mechanical withdrawal threshold (MWT) at days 4 after the OXA treatment.
Administration of celecoxib (30 mg/kg/day) for 4 and 6 days inhibited the decrease in TWL and MWT, and each was significantly
higher than that of the OXA+vehicle group and was equivalent to that of the vehicles group. OXA increased the expression of cyclo-
oxygenase-2 (COX-2) mRNA and phosphorylated extracellular signal-regulated kinasel/2 (pERK1/2) protein in the lumbar 4-5 (L4-5)
spinal cord dorsal horn neurons. Administration of celecoxib for 7 days suppressed the increase in expression of COX-2 and pERK1/2
induced by OXA. Our findings suggested that COX-2 and ERK1/2 signaling in spinal cord contributed to the OX A-induced neuropathic
pain. (DOI: 10.1293/tox.2016-0032; J Toxicol Pathol 2016; 29: 253-259)
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Introduction

Oxaliplatin (OXA), a third-generation platinum-based
chemotherapy agent, is considered a central component in
the treatment of advanced colorectal cancer'. OXA treat-
ment has prolonged the lives of many people diagnosed
in advanced stages of the colorectal cancer. Despite its ef-
ficacy, there are numerous adverse effects associated with
OXA. Neurotoxicity is a common adverse effect of oxali-
platin that usually presents as peripheral neuropathy. The
development of a neuropathic syndrome impairs quality
of life and potentially results in chemotherapy dose reduc-
tions and/or early discontinuation® *. There are 2 forms of
OXA-induced neurotoxicity: acute neuropathy and chronic
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neuropathy. The acute form occurs in >90% of patients and
may begin during the infusion or within hours of comple-
tion. Chronic neuropathy is cumulative and is most com-
monly seen in patients who have received doses of 540 mg/
m? or more®.

Accumulating studies have reported the important role
of OXA in inducing cold and mechanical allodynia. Many
studies have focused on the side effects of OXA in the dorsal
root ganglion (DRG), which contains the cell bodies of the
primary sensory neurons responsible for transduction and
modulation of sensory information and transmission of it to
the spinal cord™ °. Our previous research also indicate that
celecoxib alleviates OX A-induced neuropathic pain through
inhibiting of the PI3K/Akt2 pathway in the mouse DRG’.
Recently, an increasing number of data suggested that spinal
pathological responses are evoked by OXA, contributing to
hyperalgesia. OXA contributes to neuropathic pain through
the activation of glias®®. OX A-induced mechanical allodyn-
ia is associated with spinal NMDA receptor subunit NR2B
upregulation, while selective NR2B antagonists R025-6981
and ifenprodil attenuate the OX A-induced pain behaviors'”.
Milnacipran, a serotonin—noradrenaline reuptake inhibitor,
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is effective against OX A-induced mechanical allodynia, and
the anti-allodynic effect is mainly mediated by actions on
the spinal cord'!. Moreover, bee venom acupuncture treat-
ment alleviates OXA-induced acute cold allodynia in rats
via activation of the serotonergic system, especially spinal
5-HT3 receptors'”.

It is well known that cyclooxygenase-2 (COX-2) and ex-
tracellular signal-regulated kinases (ERK1/2) signaling play
crucial roles in several pain states'® ', In the present study,
we explored the expression levels of COX-2 and ERK1/2 in
L4-5 segments of the spinal cord, from which the hind limb
receives innervations, of OX A-treated mice. The roles of the
COX-2 inhibitor celecoxib in OXA-induced pain behaviors
and its underlying mechanisms were also investigated. It is
hoped than our novel understanding of OXA-induced neu-
rotoxicity in cancer therapy will provide a new therapeutic
strategy to prevent hyperalgesia.

Materials and Methods

Animals

Adult Male C57BL/6] mice (10 weeks old; 49-51 pas-
sages from the original colony) were provided by the Center
of Laboratory Animal Science of Nanchang University. The
mice were fed a standard laboratory diet under controlled
temperature and a 12-h light/dark cycle at 20-22°C. All ex-
perimental procedures were approved by the Institutional
Animal Care and Use Committee of the Medical College
of Nanchang University and were performed in accordance
with the principles outlined in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Experimental protocols

Mice were randomly divided into 3 groups, with 10
mice in each group: a vehicles group, an OXA+vehicle
group, and an OXA+celecoxib (30 mg/kg/day) group. In
the OXA+vehicle group and the OXA+celecoxib group, the
mice were injected intraperitoneally with single doses of
12 mg/kg body weight of OXA (Qilu Pharmaceutical Co.,
Ltd, Jinan, China) dissolved in 5% glucose solution on day 0
(d0). Celecoxib was dissolved in 0.5% methylcellulose vehi-
cle (Sigma-Aldrich, St Louis, MO, USA) and was delivered
twice daily by oral gavage for 7 days, beginning on d1. The
same volume of 5% glucose solution was intraperitoneally
injected in the vehicles group. The mice in the vehicles and
the OXA-+vehicle groups were delivered the same volume
of 0.5% methylcellulose according to the procedure for the
OXA+celecoxib group. The dosage of celecoxib (30 mg/kg/
day) was chosen according to a previous report’. This dose
of celecoxib was an effective level against the neuropathic
pain-induced by OXA. The pain behaviors were tested once
every 2 days from dO before OXA administration to d8.
They were tested every day beginning 24h after first dose
of celecoxib.

OXA treatment is a well characterized model used for
studying neuropathic pain. Based on the OXA concentra-
tion used, there are generally two ways to induce hyperal-

gesia: long-term treatment with a low dose of OXA for !> !¢

and short-term treatment with high dose of OXA” . In this
study, the dosage of OXA was chosen according to a previ-
ous report®. A single dose of a high concentration of OXA
was used to induce hyperalgesia. In brief, single doses of 12
mg/kg body weight of OXA were injected intraperitoneally.
At d8, all the mice were deeply anesthetized with pento-
barbital sodium (100 mg/kg sodium pentobarbital, i.p.) and
sacrificed by decapitation.

Cold-sensitivity detection

The behavioral signs of cold allodynia were measured
by a tail immersion test in cold water. Each mouse was light-
ly immobilized in a plastic holder, and its tail was dipped in
cold water. The tail was immersed in 4°C water, and then
the tail withdrawal latency (TWL) was counted. The tail im-
mersion test was repeated 3 times at 5 min intervals. The
average latency was taken as a measure for the severity of
cold allodynia. All behavioral tests were performed blind.

Mechanical-sensitivity detection

Mechanical allodynia measurement was carried out as
previously described'®. In brief, the mechanical withdrawal
threshold (MWT) was determined to evaluate mechanical
hyperalgesia using calibrated von Frey filaments (BME-
403, Institute of Biomedical Engineering, Tianjin, China).
The measurement was repeated 3 times at 30 s intervals. The
average was taken as the mechanical withdrawal threshold.
All behavioral tests were performed blind.

Real-time PCR quantification

The whole spinal cord was collected by pressure expul-
sion with ice cold saline. The dorsal and ventral parts of
the L4-5 spinal cord were dissected on an ice cooled glass
dish. Total RNA from L4-5 spinal cord dorsal segments was
isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s protocol. Reverse transcrip-
tion was performed using 1,000 ng total RNA as a template
and a Applied Biosystems Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, CA, USA). Real-time quan-
titative PCR for COX-2 was performed using an ABI 7500
Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA). The expression level of COX-2 was normalized
to GAPDH. The probe was purchased from Applied Biosys-
tems. All assays were performed in triplicate. The average
fold change relative to the vehicles group was calculated in
each group.

Immunohistochemistry

Spinal cord segments of L4-5 were analyzed from 6
mice in each group. The formalin-fixed, paraffin-embedded
tissues were cut, and sections (5 um thick) were used for
immunohistochemistry (IHC) detection. Six nonadjacent
sections from each specimen of the L4-5 spinal cord were
selected. IHC was carried out as previously described'’, us-
ing primary antibodies against pERK1/2 (1:100; Santa Cruz
Biotechnology, Dallas, TX, USA). A rabbit kit (PV-6001,
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Fig. 1. Effects of celecoxib on OXA-induced cold and mechanical hypersensitivity. (A) Celecoxib attenuated the cold
hypersensitivity induced by OXA. (B) Celecoxib attenuated the mechanical hypersensitivity induced by OXA.
Data are showed as the mean + SD (n = 10). *P<0.05; **P<0.01; and ***P<0.001 (all vs the OX A+vehicle group).

ZSGB-BIO, Beijing, China) was used as a secondary an-
tibody according to the maufacture’s instructions. Protein
localization was detected following incubation with diami-
nobenzidine and H,O, for 2 min. Finally, sections were de-
hydrated in graded alcohols and mounted with neutral bal-
sam. The numbers of pERK1/2-positive neurons from one
side of spinal cord dorsal horn of each mouse were counted.
Data from 6 sections of the same mouse were averaged.

Western blot

L4-5 spinal cord dorsal segments were homogenized
in radioimmunoprecipitation assay (RIPA) buffer. Sam-
ples of 30 pg of total protein were separated by 10% SDS-
polyacrylamide gel electrophoresis and transferred onto a
polyvinylidene difluoride membrane. After incubation with
primary antibody pERK1/2 (1:1,000; Santa Cruz Biotech-
nology, Dallas, TX, USA) or total extracellular signal-reg-
ulated kinasel/2 (tERK,1:1,000; Cell Signaling Technology,
Danvers, MA, USA), the membrane was incubated with
peroxidase conjugated secondary antibodies (Cell Signal-
ing Technology, Danvers, MA, USA). Immunodetection
was completed using Pierce-enhanced chemiluminescence
substrate (Thermo Scientific, Waltham, MA, USA), and the
membrane was then exposed to X-ray film. The average fold
change relative to the vehicles group was calculated in each

group.

Statistical analysis

Data are shown as the mean + SD. Comparisons of
means between two groups were carried out using a ¢-test.
Statistical comparisons were performed by analysis of vari-
ance (ANOVA) with Dunnett’s test for multiple compari-
sons. A value of P<0.05 was considered to be significant.

Results

Celecoxib attenuated the cold and mechanical hyper-
sensitivity induced by OXA

The TWL and MWT were measured to evaluate the
effects of celecoxib on pain behaviors of OXA-treated mice.
The results showed that both the TWL and MWT thresholds

significantly decreased in the OXA+vehicle group (8.50 s
and 6.83 g, respectively) when compared with the vehicles
group (11.22 s and 8.46 g, respectively) at d4 and remained
at low levels. At d8, the TWL and MWT thresholds (6.97 s
and 5.93 g, respectively) were still lower when compared
with those of the vehicles group (Fig. 1). Celecoxib signif-
icantly increased the TWL threshold (from 8.50 s to 9.95
s) beginning at d4. At d6, The TWL threshold continued
to increase. Celecoxib significantly upregulated the MWT
threshold (from 6.07 g to 7.45 g) beginning at d6. At d8,
both the TWL and MWT thresholds still were upregulated
by celecoxib (Fig. 1). The results suggested that celecoxib
alleviated the OXA-induced pain behaviors.

Celecoxib decreased pERK1/2-positive neurons in the
L4-5 spinal cord dorsal horn

The immunoreactivity of pERK1/2 was detected us-
ing immunohistochemistry. The results showed that OXA
increased the number of pERK1/2-positive neurons from
8.67 to 30.67 neurons and that administration of celecoxib
efficiently decreased the number of pERK1/2-positive neu-
rons from 30.67 to 15.17 neurons (Fig. 2). The results imply
that ERK1/2 signaling may be involved in the regulation of
OXA-induced hypersensitivity.

Celecoxib suppressed the OXA-induced COX-2 mRNA
expression

COX-2 mRNA was detected by real-time PCR. COX-
2 mRNA expression was significantly upregulated (2.10
folds) in the OXA+vehicle group as compared with the ve-
hicles group. Administration of celecoxib significantly sup-
pressed the expression of COX-2 mRNA compared with the
OXA+vehicle group (Fig. 3).

Celecoxib downregulated the level of OXA-induced
PERKI/2 protein

To investigate the potential mechanism of celecoxib in
reversing of OXA-induced hyperalgesia in term of protein
level, the pERK1/2 protein was measured by Western blot.
The level pERK1/2 protein significantly increased to 261%
in the OXA+vehicle group as compared with the vehicles
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. 3. OXA increased the COX-2 mRNA in L4-5 spinal cord dorsal

horn. COX-2 mRNA was detected by real-time PCR. Data are
shown as the mean = SD (n = 6). ¥*P<0.01; ***P<0.001 (both
vs the vehicles group). #P<0.01 (vs the OX A+vehicle group).
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Fig. 4. Celecoxib decreased the expression of pPERK1/2 protein in the
L4-5 spinal cord dorsal horn of OXA-treated mice. pERK1/2
protein was measured by Western blot. Data are shown as the
mean + SD (n = 4). *¥*P<0.05; **P<0.01 (both vs the vehicles
group). ¥P<0.05 (vs the OX A+vehicle group).
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group. Administration of celecoxib significantly decreased
pERK1/2 protein expression (Fig. 4). These data further il-
lustrated that the spinal COX-2 and pERK /2 pathway me-
diated OXA-induced hypersensitivity.

Discussion

The present study demonstrated the following novel
findings: (1) Administration of oxaliplatin (OXA) increased
spinal cyclooxygenase-2 (COX-2) mRNA and ERK1/2 pro-
tein. (2) Celecoxib suppressed the COX-2 and ERK1/2 path-
way in the spinal cord of OXA-treated mice. (3) Celecoxib
alleviated OX A-induced hyperalgesia through inhibition of
spinal pERK1/2 protein. These results reveal a critical role
of spinal COX-2 and ERK1/2 signaling in OXA-induced
neuropathic pain.

Neuropathic pain, arising from lesions to peripheral
nerves, is present in many neurological diseases and occurs
in patients with diabetes, cancer, and AIDS. Moreover, it is
frequently induced by chemotherapy?. It is caused by an
injury to the peripheral or central nervous system. Charac-
teristic features of neuropathic pain are hyperalgesia, allo-
dynia, and spontaneous pain. Numerous pieces of evidence
have shown that upregulation of spinal pain mediators and
related receptors contributes to neuropathic pain®" %2,

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
strong cyclooxygenase (COX) inhibitors that are widely
used in the management of acute and inflammatory pain.
Two isoforms of COX, COX-1 and COX-2, are targets of
NSAIDs. A variety of studies have shown that COX-2 in-
hibitors play a pivotal role in neuropathic pain. Ibuprofen
attenuates hyperalgesia following chronic constriction in-
jury by suppressing the expression of P2X3 receptors in the
DRG?. Celecoxib produces an antihyperalgesic and antial-
lodynic effect in diabetic rats**. Furthermore, spinal COX-2
contributes to neuropathic pain. Spinal nerve ligation causes
mechanical allodynia, which is accompanied by increased
expression of spinal COX-2 immunoreactivity?. Intrathecal
administrations of the COX-2 inhibitors attenuate strepto-
zotocin-induced mechanical hyperalgesia through inhibi-
tion of spinal COX-2 protein'. It has been revealed that the
COX-2 inhibitor celecoxib can inhibit tumor growth and
enhance the anti-tumor effect of OXA through their syner-
gistic role in inhibiting different targets®.

However, the effects of spinal COX-2 on OXA-induced
neuropathic pain are poorly understood. In the present in-
vestigation, we found that administration of celecoxib could
alleviate both mechanical and cold hypersensitivity induced
by OXA through inhibition of spinal COX-2 mRNA. Our
findings may provide a clinically useful evidence for the
dual roles of celecoxib in cancer therapy: enhancing the
anti-tumor effect of OXA and alleviating OXA-induced hy-
peralgesia.

Chemotherapy-induced peripheral neuropathy could
trigger the pathophysiological changes in the spinal cord,

as evidenced by neuroinflammatory processes including the
release of pro-inflammatory cytokines?”. OXA increases
production of pro-inflammatory and neuroexcitatory cyto-
kines (TNF, IL-1b) in the dorsal horn of the spinal cord®®.
COX-2, an inflammatory mediator, increases in the spinal
cord dorsal horn neurons following L5 spinal nerve liga-
tion”. Our previous data show that OXA can increase the
expression of COX-2 in the DRG’. In the present study, we
also found that OXA increased the COX-2 mRNA expres-
sion in the spinal dorsal horn. However, administration of
2.4 mg/kg OXA for 5 consecutive days every week for 3
weeks slightly increased the expression of COX-2 pro-
tein, with no significant difference in the rat spinal cord".
Therefore, OXA increased the spinal COX-2 level in a dose-
dependent manner. The mechanisms of the OXA-induced
increase in COX-2 mRNA are still not clear and need to be
further investigated.

The mitogen-activated protein kinase (MAPK) cas-
cade is a highly conserved module that is involved in vari-
ous pathological functions, including neuropathic pain®* 3"
At least four members of the MAPK family, ERK1/2, JNK,
p38, and ERKS, have been identified®'. The role of spinal
ERKSs in nociception had been explored in the recent years.
It is reported that the immunoreactivity of pERK1/2 can be
used as a quantitative marker for sensitization or inhibition
in the pain pathway at the spinal level'.

It has been revealed that COX-2 is involved in the
regulation of MAP kinase signaling. The p-ERK Level is
downregulated after celecoxib treatment in the cirrhotic
liver model of rats*’. The COX-2 inhibitor parecoxib exerts
its analgesic effect on surgical pain through inhibition of
neuronal ERK activation in the spinal cord®. In the present
study, we investigated the role of spinal ERK1/2 signaling
in OXA-induced neuropathic pain. OXA increased the ex-
pression of pERK1/2 in the spinal dorsal horn neurons while
celecoxib alleviated the OXA-induced hyperalgesia accom-
panied by the downregulation of pERK1/2. Thus, spinal
ERK1/2 plays a vital role in OX A-induced neuropathic pain.

In conclusion, our study was the first to show that
COX-2 and pERK1/2 were increased within the spinal cord
after administration of OXA. A COX-2 inhibitor alleviated
the neuropathic pain caused by OXA through inhibition of
COX-2 and pERK1/2. These data illustrated that OXA can
induce neuropathic pain, and this role of OX A was mediated
by the COX-2 and pERK1/2 pathway.
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