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Table 2. Postoperative complications and mortality in perforated and uncomplicated

cancers
No. (%)
Perforating cancer Uncomplicated cancer
(n=22) (n=826) P value
Mortality 2(9) 8(1) 0.0255
Complications
Total 11 (50) 193 (23.4) 0.0076
Anastomotic leak 2(9.1) 22 (2.7) 0.1257
Abdominal abscess 3(13.6) 3(0.4) 0.0003
Wound infection 6(27.3) 50 (6) 0.0021
Sepsis 2(9.1) 3(0.4) 0.0061
Respiratory disturbance 3(13.6) 19 (2.3) 0.0170
Cardiovascular disturbance 0 (0) 13 (1.6) >0.05
Others 0 (0) 83 (10) >0.05
1 section (so-called D2 or D3), as compared with 0% in
——D2and3(=12)  pyjients who underwent nonradical lymph node dissec-
sd:¢ T D0and1 (n=8) tion (so-called D0 or D1), respectively (P =0.0045). The
K patients who underwent a potentially curative resection
T 6 had a significantly better crude 5-year survival rate than
H those who underwent palliative resection (36.9% vs 0%;
2 4 P =0.0108).
B 38.0%
H
S 2 ° Discussion
0 0 0.0% . . X
- Perforation has been reported to occur in 3%-9% of
A 0 12 24 36 48 60 T2 84 colorectal cancers,**!* although the incidence in our
Survival (months) study was slightly lower, at 2.6%. Perforated colorectal
cancer is generally associated with a low survival rate and
1 Curative (n=13)  high postoperative mortality.”** Its outcome is worse

....... Palliative (n=7)

L6
o
5 49
= : 36.9%
g H
E 2 FS—
: 0.0%
0 b
B 0 12 24 36 48 60 72 84

Survival (months)

Fig. 1. A Survival curves for patients who underwent poten-
tially radical D2 or D3 lymph node dissection (n = 12), or
nonradical DO or D1 lymph node dissection (n = 8) (P =
0.0045, log-rank test). B Survival curves for patients who
underwent either a potentially curative resection (n = 13) or
a palliative resection (n = 7) (P = 0.0108. log-rank test)

operation, resulted in 15 patients who had a mean sur-
vival of 28 months and a 5-year survival rate of 32%.
Excluding postoperative mortality, the overall survival
was 38% following potentially radical lymph node dis-

than that of other complicated presentations including
obstruction and bleeding,’ the reasons for which are mul-
tifactorial. The survival and outcome of these patients
depends on their general condition, the severity of sepsis,
if there is locally advanced malignancy, and the presence
of metastatic disease at the time of perforation.*” The
operative mortality was 9% in our series, which com-
pares favorably to previously reported mortality rates of
30%-43%.>**? Tt is not surprising that the postoperative
morbidity and mortality rates are higher in these patients
than in those who undergo elective surgery for colorectal
cancer. Many of these patients are elderly, with a mean
age of 71.8 years in our study, and therefore likely to
suffer from cardiovascular or respiratory dysfunction
before their acute admission."” Moreover, advanced age
tends to delay diagnosis, and peritonitis may develop
rapidly in this population. Under these circumstances,
the timing of the diagnosis may determine survival.
Traditionally, Hartmann’s procedure, or resection
and double-barrel colostomy, was the surgical proce-
dure of choice, but now one-staged procedures are
often performed with a significant survival advan-
tage.”*'” Most (96%) of the patients in this series had
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left colon lesions and 15 (68%) underwent Hartmann’s
procedure, or resection and colostomy, while only four
underwent resection and primary anastomosis. A cura-
tive resection was possible in 69% of the patients, which
compares favorably with historical rates of resection
(60%-92%)."" Our rationale for attempting poten-
tially curative resection was supported by results
reported by others.™ These researchers found that the
type of surgical treatment played an important role in
prognosis. Their retrospective review of patients pre-
senting with obstructing or perforated cancers revealed
a significant decrease in hospital mortality and improve-
ment in both 3-year and S5-year survival for those
patients who underwent a potentially curative surgery
versus a staged drainage procedure.

The crude 5-year survival for patients with perfora-
tion of colorectal cancer has been reported to range
from 7% to 44%.>° Although the overall 5-year survival
rate in this study population was 17.4 %, when adjusted
to exclude operative mortality and patients with meta-
static disease at the onset, it increased to 32%.

The en bloc curative operation, potentially including
radical lymph node dissection, or so-called D2 or D3,
may be warranted, in accordance with other reports.*'41°
In the present series, patients with stage IV disease at
diagnosis and those who died within the 30-day postop-
erative period were excluded from the total 15 patients
who underwent potentially curative resection, yielding
13 patients. This group of 13 patients was found to have
a mean survival of 30 months and a 5-year survival rate
of 36.9%; significantly better than that of those who
underwent a noncurative resection (0%, P = 0.0108).
This 5-year survival rate of 36.9% compared favorably
with data on patients with colorectal cancer reported
from Japan and with the reported 13.2% 5-year survival
rate of patients with stage IV disease.®

The results of the present study show that patients
presenting with perforated cancers tend to have
advanced disease, a low curative resection rate, a high
postoperative mortality rate, and poor overall survival.
Hence, intensive treatment, including sepsis manage-
ment and surgery, is usually warranted. Adjuvant che-

motherapy is effective for advanced colorectal cancer’
and may therefore be routinely recommended for
patients with perforated colorectal cancer.
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Mexiletine Reverses Oxaliplatin-Induced Neuropathic Pain in Rats
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Abstract. Oxaliplatin is a platinum-based chemotherapy drug characterized by the development
of acute and chronic peripheral neuropathies. Mexiletine, an orally available Na’-channel blocker,
has widely been used in patients with chronic painful diabetic neuropathy. In the present study, we
examined the effect of mexiletine on oxaliplatin-induced neuropathic pain in rats. Mexiletine (100,
but not 10 and 30, mg/kg, p.o.) completely reversed both mechanical allodynia and cold hyperal-
gesia induced by oxaliplatin (4 mg/kg, i.p., twice a week). Lidocaine (30, but not 3 and 10, mg/kg,
i.p.) also significantly relieved both pain behaviors. These results suggest that mexiletine may be
effective in relieving the oxaliplatin-induced neuropathic pain clinically.

Keywords: mexiletine, oxaliplatin, neuropathic pain

Oxaliplatin, a third-generation platinum-based chemo-
therapy drug, is a key drug in the treatment of colorectal
cancer. Unlike other platinum compounds, oxaliplatin
induces an acute painful neuropathy, which appears soon
after administration (1). The patients suffer from extrem-
ity and perioral paresthesias and in particular from severe
cold hypersensitivity. After multiple cycles the patients
develop a clinically different peripheral neuropathy that
is characterized by a sensory axonal nerve damage
closely resembling that induced by cisplatin. This chronic
neuropathy can become very disabling and is, in fact,
often a dose-limiting toxicity. For this reason, peripheral
neuropathy associated with the administration of oxali-
platin is a major clinical problem in chemotherapy.

Mexiletine, an orally available Na'-channel blocker,
has been reported to be effective on chronic painful dia-
betic neuropathy in clinical trial (2), and it is prescribed
for treating patients with these symptoms. In animal
models, acute administration of mexiletine has been re-
ported to relieve the mechanical allodynia in rats treated
with vincristine, a chemotherapeutic agent, and strepto-
zotocin-induced diabetic rats (3, 4). No experimental
study, however, has been conducted to date to determine
the effect of mexiletine on pain behavior in a rat model
of oxaliplatin-induced neuropathy. In the present study,
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we examined the effect of mexiletine on the oxaliplatin-
induced mechanical allodynia and cold hyperalgesia after
the development of neuropathy in rats.

Male Sprague-Dawley rats weighing 200 —250 g
(Kyudo Co., Saga) were used in the present study. Rats
were housed in groups of four to five per cage, with lights
on from 08:00 to 20:00 h. Animals had free access to
food and water in their home cages. All experiments
were approved by the Experimental Animal Care and
Use Committee of Kyushu University according to the
National Institutes of Health guidelines, and we followed
IASP Committee for Research and Ethical Issues guide-
lines for animal research (5).

Oxaliplatin (Elplat®) was obtained from Yakult Co.,
Ltd. (Tokyo). Mexiletine hydrochloride was purchased
from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Lido-
caine (Xylocaine® 2% for intravenous injection) was
obtained from Astra Zeneca K K. (Osaka). Oxaliplatin
was dissolved in 5% glucose solution. The vehicle-treated
rats were injected with 5% glucose solution. Oxaliplatin
(4 mg/kg) or vehicle was injected intraperitoneally (i.p.)
twice a week for 4 weeks (Days 1, 2, 8,9, 15, 16, 22, and
23). Mexiletine was dissolved in sterile water and admin-
istered orally. Lidocaine was dissolved in saline and ad-
ministered i.p. The doses of these drugs were chosen
based on previous reports (3, 4, 6). Behavioral tests were
performed blindly with respect to drug administration.

The mechanical allodynia was assessed by the von
Frey test. Rats were placed in a clear plastic box
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(20 x 17 % 13 cm) with a wire mesh floor and allowed to
habituate for 30 min prior to testing. von Frey filaments
(The Touch Test Sensory Evaluator Set; Linton Instru-
mentation, Norfolk, UK) of 1 - 15 g bending force were
applied to the midplantar skin of each hind paw with
each application held for 6 s. Fifty percent paw with-
drawal thresholds were determined by up-down methods
.

The cold hyperalgesia was assessed by the acetone test
described by Flatters and Bennett (8). Rats were placed
ina clear plastic box (20 x 17 x 13 cm) with a wire mesh
floor and allowed to habituate for 30 min prior to testing.
A 50-uL aliquot of acetone (Wako Pure Chemical, Ltd.,
Osaka) was sprayed onto the plantar skin of each hind
paw three times with a Micro Sprayer® (Penn Century
Inc., Philadelphia, PA, USA), and the number of with-
drawal responses was counted for 40 s from the start of
the acetone spray.

We confirmed the incidence of mechanical allodynia
and cold hyperalgesia on Days 24 and 3, respectively.
We carried out the drug evaluation on the next day. In the
case of mexiletine, the von Frey and acetone tests were
performed immediately before (0 min) and at 60, 120,
and 180 min after administration. In the case of lidocaine,
the von Frey and acetone tests were performed immedi-
ately before (0 min) and at 30, 60, and 120 min after
administration.

Values were expressed as the mean+ S.EM. The
values were analyzed by Student’s r-test or one-way
analysis of variance (ANOVA) followed by the Tukey-
Kramer’s post-hoc test (StatView; Abacus Concepts,
Berkeley, CA, USA) to determine differences among the
groups. A probability level of P <0.05 was accepted as
statistically significant.

Oxaliplatin (4 mg/kg, i.p.) significantly reduced the
50% paw withdrawal threshold compared with the vehicle
in the von Frey test on Day 24 (P <0.01, Figs. 1A and
2A). Oxaliplatin at the same dose significantly increased
the number of withdrawal responses compared with ve-
hicle in the acetone test on Day 3 (P < 0.01, Figs. 1B and
2B). The incidence of mechanical allodynia and cold
hyperalgesia was 92% and 81%, respectively. Acute ad-
ministration of mexiletine (100 mg/kg, p.o.) completely
reversed the reduction of 50% paw withdrawal threshold
by oxaliplatin at 60 min after administration in the von
Frey test (P <0.01, Fig. 1A). Moreover, mexiletine (100

at 30 min after administration in the von Frey test
(P <0.05, Fig. 2A). Moreover, lidocaine (3, 10, and 30
mg/kg, i.p.) significantly inhibited the increase of number
of withdrawal responses by oxaliplatin at 30 min after
administration in the acetone test (P <0.01, Fig. 2B).
These effects of lidocaine had disappeared by 120 min
after administration. In addition, mexiletine (100 mg/kg,
p.o.) and lidocaine (30 mg/kg, i.p.) had no effect on the
50% paw withdrawal threshold in the von Frey test and
the number of withdrawal responses in the acetone test in
intact rats (data not shown).

Our data in this study revealed that acute administra-
tion of mexiletine completely reversed both mechanical

(A) von Frey test

10

=)

—O— Oxaliplatin +Sterile water (6)

—@— Oxaliplatin +Mexiletine 10 mg/kg (6)

—A— Oxaliplatin + Mexiletine 30 mg/kg (6)

—A&— Oxaliplatin + Mexiletine 100 mg/kg (6)
—
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Time after mexiletine injection (min)
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Oxalipltin EN -
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3.0

*

ber of withdrawal responses
s p
Vehicle[3 |
Oxatiplatin [ I

Oxaliplatin +Mexiletine 10 mg/kg (6)
—0— Onaliplatin + Mexiletine 30 mg/kg (6)
E ~—&— Onaliplatin + Mexiletine 100 mg/kg (6)
0.0 " ——
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Time after mexiletine injection (min)
Fig. 1. Effect of mexiletine on mechanical allodynia in the von Frey

test (A) and cold hyperalgesia in the acetone test (B) in oxaliplatin-
treated rats. Oxaliplatin (4 mg/kg) was ad: d i.p. twice a week
for 4 weeks (Days 1, 2, 8, 9, 15, 16, 22, and 23). We confirmed the

mg/kg, p.o.) completely reversed the increase of b

of withdrawal responses by oxaliplatin at 60 and 120 min
after administration in the acetone test (P < 0.05, Fig.
1B). These effects of mexiletine disappeared by 180 min
after administration. Similarly, acute administration of
lidocaine (30 mg/kg, i.p.) significantly inhibited the re-
duction of 50% paw withdrawal threshold by oxaliplatin

d of mechanical allodynia and cold hy ia on Days 24
and 3, respectively. We carried out the drug evaluation on the next
day. Mexiletine was administered orally. The von Frey and acetone
tests were performed immediately before (0 min) and at 60, 120, and
180 min after administration. Number of animals is shown in paren-
thesis. Values are expressed as the mean = SEM. P <0.01, com-
pared with vehicle; *P < 0.05, **P < 0.01, compared with oxaliplatin
alone.
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allodynia and cold hyperalgesia induced by oxaliplatin.
Mexiletine has widely been used in the treatment of
chronic painful diabetic neuropathy. It has also been re-
ported that mexiletine produced no major adverse events
and was superior to placebo to relieve neuropathic pain
in controlled clinical trials (9). Taken together, the pres-
ent results suggest that mexiletine is useful as a therapeu-
tic drug for oxaliplatin-induced neuropathic pain if it is
used with caution as needs arise.

Similarly, lidocaine, another Na'-channel blocker,
significantly relieved both pain behaviors. Ling and col-
leagues (10) have reported that single intravenous ad-
ministration of lidocaine relieved the oxaliplatin-induced

(A) von Frey test

C]
10
§ s .
EL R
§ )
—O— Oxaliplatin + Saline (6)
2 —8— Oxaliplatin + Lidocaine 3 mg/lg (6)
E —A— Onaliplatin + Lidocaine 10 mg/kg (6)
S 0 (6) N —h— Omaliplatin + Lidocaine 30 mg/kg (6)
& £ 0 30 60 120
ﬁ i Time after lidocaine injection (min)
> 3
2
=]
(B) Acetone test

w
>

cold allodynia in rats. Our finding is essentially consis-
tent with the previous finding. Moreover, we found that
mexiletine and lidocaine at the effective dose had no ef-
fect on pain behavior in intact rats. Therefore, the ame-
liorative effects of mexiletine and lidocaine were not at-
tributable to non-specific sedative effects or a deficit of
motor function. These findings suggest that the reduced
pain behavior by Na'-channel blockers reflects a thera-
peutic effect on oxaliplatin-induced neuropathic pain.
Asano et al. (11) reported that mexiletine at the dose of
20 mg/kg did not affect pain-related responses in normal
mice. They also indicated that activation of the descend-
ing B-endorphinergic system is involved in the antinoci-
ceptive effect of mexiletine. The f-endorphinergic system
is generally accepted as an antinociceptive system, which
selectively has antinociceptive effect on painful condi-
tions. In the in vitro studies, application of oxaliplatin to
dorsal root ganglion (DRG) neurons resulted in an in-
crease of the Na® current (12). Interestingly, the effect of
oxaliplatin is antagonized by the Na‘-channel blocker
carbamazepine (12). Therefore, mexiletine and lidocaine
exhibit effective relief on the oxaliplatin-induced neuro-
pathic pain, but may be ineffective in reducing pain-re-
lated behaviors in intact rats.

In the present study, mexiletine reversed mechanical
allodynia and cold hyperalgesia to the same degree. Li-
docaine also relieved both pain-related behaviors. Re-
cently, we demonstrated that oxalate and platinum me-
tabolite are involved in the cold hyperalgesia and
mechanical allodynia, respectively (6). Oxalate alters
voltage-gated Na* channels (13) and its effect may be
involved in the cold hyperalgesia. On the other hand, the
mechanical allodynia may be due to the peripheral nerve
injury by platinum metabolite. The change in the expres-
sion of Na" channels is observed after peripheral nerve
injury of the rat DRG neurons (14). Taken together with
these findings, the present results suggest that mexiletine
and lidocaine may reverse the mechanical allodynia and

Number of withdrawal responses
=
12 =
=4

10 *  —O— Oxaliplatin + Saline (6)
—@— Oaliplatin + Lidocaine 3 mg/kg (6)
05 —4— Oxaliplatin + Lidocaine 10 mg/kg
l l29) —A— Oraliplatin + Lidocaine 30 mg/kg (6)
0.0 A
2§ 0 30 60 120
& k| Time after lidocaine injection (min)
S
]
8
Fig. 2. Effect of lidocaine on hanical allodynia in the von Frey

test (A) and cold hyperalgesia in the acetone test (B) in oxaliplatin-
treated rats. Oxaliplatin (4 mg/kg) was ad d i.p. twice a week
for 4 weeks (Days 1, 2, 8, 9, 15, 16, 22, and 23). We confirmed the
incid: of mechanical allodynia and cold hyperalgesia on Days 24
and 3, respectively. We carried out the drug evaluation on the next
day. Lidocaine was administered i.p. The von Frey and acetone tests
were performed immediately before (0 min) and at 30, 60, and 120
min after administration. Number of animals is shown in parenthesis.
Values are expressed as the mean + S.EM. /P <0.01, compared with
vehicle; *P < 0.05, **P < 0.01, compared with oxaliplatin alone.

cold hyperalgesia by inhibiting the hyperexcitability of
Na' channels.

In conclusion, the study presented here demonstrates,
for the first time, that acute administration of mexiletine
reverses both mechanical allodynia and cold hyperalgesia
induced by oxaliplatin in rats.
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Abstract

induced mechanical allodynia.

Background: Oxaliplatin is a platinum-based chemotherapy drug characterized by the development of acute and
chronic peripheral neuropathies. The chronic neuropathy is a dose-limiting toxicity. We previously reported that
repeated administration of oxaliplatin induced cold hyperalgesia in the early phase and mechanical allodynia in the
late phase in rats. In the present study, we investigated the involvement of NR2B-containing N-methyl-D-aspartate
(NMDA) receptors in oxaliplatin-induced mechanical allodynia in rats.

Results: Repeated administration of oxaliplatin (4 mg/kg, ip., twice a week) caused mechanical allodynia in the
fourth week, which was reversed by intrathecal injection of MK-801 (10 nmol) and memantine (1 umol), NMDA
receptor antagonists. Similarly, selective NR2B antagonists Ro25-6981 (300 nmol, i.t) and ifenprodil (50 mg/kg, p.o.)
significantly attenuated the oxaliplatin-induced pain behavior. In addition, the expression of NR2B protein and
mRNA in the rat spinal cord was increased by oxaliplatin on Day 25 (late phase) but not on Day 5 (early phase).
Moreover, we examined the involvement of nitric oxide synthase (NOS) as a downstream target of NMDA receptor.
L-NAME, a non-selective NOS inhibitor, and 7-nitroindazole, a neuronal NOS (nNOS) inhibitor, significantly
suppressed the oxaliplatin-induced pain behavior. The intensity of NADPH diaphorase staining, a histochemical
marker for NOS, in the superficial layer of spinal dorsal horn was obviously increased by oxaliplatin, and this
increased intensity was reversed by intrathecal injection of Ro25-6981.

Conclusion: These results indicated that spinal NR2B-containing NMDA receptors are involved in the oxaliplatin-

Background

Glutamate is a major excitatory transmitter in the spinal
cord and N-methyl-D-aspartate (NMDA) receptors are
known to be involved in the painful neuropathy [1,2].
The NMDA receptor antagonist inhibits the pain hyper-
sensitivity in chronic constriction injury (CCI) model.
Moreover, the expression of spinal NR2B-containing
NMDA receptors is increased with the pain hypersensi-
tivity induced by CCI or chronic compression of the dor-
sal root ganglia (CCD) [3-6]. Selective NR2B antagonists
inhibit mechanical allodynia without causing motor dys-
function in CCI, CCD and spinal nerve-ligated (SNL)
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neuropathic models [5-8]. In addition, the NR2B subunits
are localized to the superficial dorsal horn of the spinal
cord [7,9], suggesting a possible involvement in pain
transmission. Thus, the NR2B-containing NMDA recep-
tors may play an important role in the neuropathic pain.

Nitric oxide synthase (NOS) as a downstream target of
NMDA receptor also contributes greatly to the inci-
dence of neuropathic pain. In the rat CCI model of neu-
ropathic pain, intrathecal injection of non-selective NOS
inhibitor L-N-nitro-arginine methyl ester (L-NAME)
reverses the persistent thermal hyperalgesia [10].
Furthermore, a close correlation between neuronal NOS
(nNOS) and neuropathic pain has been documented in
CCI model [11].

Oxaliplatin, a third-generation platinum-based che-
motherapy drug, has widely been used as a key drug in

© 2011 Mihara et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons.
Attribution License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited
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the treatment of colorectal cancer. However, oxaliplatin
causes severe acute and chronic peripheral neuropathies.
The acute neuropathy includes acral paresthesias and
dysesthesia triggered or enhanced by exposure to cold,
and it appears soon after administration [12]. After mul-
tiple cycles the patients develop the chronic neuropathy
that is characterized by a sensory and motor dysfunc-
tion. This chronic neuropathy is a dose-limiting toxicity
and a major clinical problem in oxaliplatin chemother-
apy [13].

Recently, we reported that repeated administration of
oxaliplatin induced cold hyperalgesia in the early phase
and mechanical allodynia in the late phase in rats [14].
Oxaliplatin is metabolized to oxalate and dichloro(1,2-
diaminocyclohexane)platinum [Pt(dach)Cl,] [15]. We
demonstrated that oxalate and platinum metabolite are
involved in the cold hyperalgesia and mechanical allody-
nia, respectively [14]. Oxalate alters voltage-gated Na*
channels [16] and its effect may be involved in the cold
hyperalgesia. On the other hand, the mechanical
allodynia may be due to the peripheral nerve injury by
platinum metabolite. However, whether the NR2B-
containing NMDA receptors are involved still remains
largely unclear. In the present study, we investigated the
involvement of NR2B-containing NMDA receptors in
the oxaliplatin-induced mechanical allodynia in rats.

Results

Effects of NMDA receptor antagonists on oxaliplatin-
induced mechanical allodynia

Oxaliplatin (4 mg/kg, i.p., twice a week for 4 weeks) sig-
nificantly reduced the paw withdrawal thresholds com-
pared with the vehicle in the von Frey test on Day 24 (P
< 0.01, Figure 1). Acute administration of a NMDA
receptor antagonist MK-801 (10 nmol, i.t.) ¢ letel
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Figure 1 Effects of MK-801 (A) and memantine (B) on

reversed the reduction of paw withdrawal threshold by
oxaliplatin at 30 min after administration (P < 0.05, Fig-
ure 1A). Similarly, acute administration of another
NMDA receptor antagonist memantine (1 pmol, it.)
completely reversed the reduction of paw withdrawal
threshold by oxaliplatin at 30 min after administration
(P < 0.05, Figure 1B). These effects of MK-801 and

induced mechanical allodynia in the von Frey test.
Oxaliplatin (4 mg/kg) was administered i.p. twice a week for
4 weeks (Days 1,2, 8,9, 15, 16, 22 and 23). We confirmed the
incidence of mechanical allodynia on Day 24. We carried out the
drug evaluation on the next day. MK-801 (1-10 nmol/body) and
memantine (0.1-1 umol/body) were administered intrathecally. The
von Frey test was performed immediately before (0 min) and at 30,
60, 90 and 120 min after administration. Values are expressed as
mean + SEM of 6-10 animals. "'P < 0.01 compared with vehicle,
*P < 0.05 compared with oxaliplatin alone.

memantine disappeared by 120 min after istration.
In addition, MK-801 (10 nmol, i.t.) and memantine (1
pmol, i.t.) had no effect on the paw withdrawal thresh-
olds in intact rats (data not shown).

Effects of NR2B ists on oxaliplatin-induced
mechanical allodynia

Acute administration of a selective NR2B antagonist Ro
25-6981 (300 nmol, i.t.) significantly inhibited the reduc-
tion of paw withdrawal threshold by oxaliplatin at 30
and 60 min after administration (P < 0.01: 30 min, P <
0.05: 60 min, Figure 2A). Similarly, acute administration

of another NR2B antagonist ifenprodil (50 mg/kg, p.0.)
significantly inhibited the reduction of paw withdrawal
threshold by oxaliplatin at 30 and 60 min after adminis-
tration (P < 0.01: 30 min, P < 0.05: 60 min, Figure 2B).
These effects of Ro 25-6981 and ifenprodil disappeared
by 120 min after administration. In addition, Ro 25-
6981 (300 nmol, i.t.) and ifenprodil (50 mg/kg, p.o.) had
no effect on the paw withdrawal thresholds in intact
rats (data not shown).
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4 weeks (Days 1, 2, 8,9, 15, 16, 22 and 23). We confirmed the
incidence of mechanical allodynia on Day 24. We carried out the
drug evaluation on the next day. Ro 25-6981 (30-300 nmol/body)
was administered intrathecally. Ifenprodil (10-50 mg/kg) was
administered orally. The von Frey test was performed immediately
before (0 min) and at 30, 60, 90 and 120 min after administration.
Values are expressed as mean + SEM of 6-7 animals. "'P < 0.01
compared with vehicle, *P < 0.05, **P < 001 compared with
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Figure 3 Changes in the NR2B protein (A, C) and mRNA (B, D)
levels in the spinal cord in oxaliplatin-treated rats. Oxaliplatin

(4 mg/kg) was administered ip. twice a week for 1 (Days 1 and 2)
or 4 weeks (Days 1,2, 8,9, 15, 16, 22 and 23). Western blot and PCR
were performed to measure NR2B expression at the time points of
Days 5 (A, B) and 25 (C, D) in the L4-6 spinal cord. Values are
expressed as mean + SEM of 6-9 animals. **P < 0.01 compared with
vehicle.

oxaliplatin alone.

Changes of NR2B protein and mRNA in the spinal cord in
oxaliplatin-treated rats

NR2B expression was examined by Western blot and
polymerase chain reaction (PCR) analysis on homoge-
nates of the spinal cord from rats. The results of Wes-
tern blot and PCR showed that NR2B protein and
mRNA levels in the spinal cord of oxaliplatin-treated
rats significantly increased compared with that of vehi-
cle-treated rats on Day 25 (P < 0.01, Figures 3C, D). On

the other hand, oxaliplatin caused no change in NR2B
protein and mRNA levels in the spinal cord on Day 5
(Figures 3A, B).

Effects of NOS inhibi on iplatin-induced
mechanical allodynia

Acute administration of a non-selective NOS inhibitor
L-NAME (300 pg, i.t.) completely reversed the reduc-
tion of paw withdrawal threshold by oxaliplatin at
30 min after administration (P < 0.05, Figure 4A).
Similarly, acute administration of an nNOS inhibitor

- 67 -



Mihara et al. Molecular Pain 2011, 7:8
http//www.molecularpain.com/content/7/1/8

(A) L-NAME

)
»
S

= O~ - Oxaliplatin

—@— +L-NAME 30 ug
* —{— +L-NAME 100 pg
—d— +L-NAME 300 ug

-
(]

Paw withdrawal threshold (g
-
=)

5 t
0
e 5 0 30 60 90 120
£ % Time after i.t. injection (min)
23
[
(B) 7-Nitroindazole
~ 20
o
° = O- - Oxaliplatin
T —@— +7-Nitroindazol 10 pg
2 + —L— +7-Nitroindazol 30 ug
£ —a— + 7-Nitroindazol 100 pg .
§ 10
s
2
.§ 5 tt
3
o
0

] 30 €0 90 120
Time after i.t. injection (min)

Vehicle
Oxaliplatin

Figure 4 Effects of L-NAME (A) and 7-nitroindazole (B) on
lipl; induced llody in the von Frey test.
Oxaliplatin (4 mg/kg) was administered i.p. twice a week for
4 weeks (Days 1, 2, 8,9, 15, 16, 22 and 23). We confirmed the
incidence of mechanical allodynia on Day 24. We carried out the
drug evaluation on the next day. L-NAME (30-300 pg/body) and
7-nitroindazole (10-100 pg/body) were administered intrathecally.
The von Frey test was performed immediately before (0 min) and at
30, 60, 90 and 120 min after administration. Values are expressed as
mean + SEM of 6-10 animals. TP < 0.01 compared with vehicle,

*P < 0.05 compared with oxaliplatin alone. J
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Change of NOS activity in the spinal cord of oxaliplatin-
treated rats

To evaluate change of NOS activity in oxaliplatin-
induced mechanical allodynia, we carried out the
NADPH diaphorase staining, a histochemical marker for
NOS, in rat spinal cord sections. The results of NADPH
diaphorase histochemistry revealed that the intensity of
NADPH diaphorase staining (blue staining) obviously
increased in the superficial layer of spinal dorsal horn in
oxaliplatin-treated rats on Day 25 (Figure 5). Moreover,
this increased intensity was reversed by intrathecal injec-
tion of Ro 25-6981 (300 nmol).

Discussion

In this study, NMDA receptor antagonists completely
reverse the oxaliplatin-induced mechanical allodynia
when administered after the development of neuropathy.
Similarly, selective NR2B antagonists significantly inhib-
ited the oxaliplatin-induced mechanical allodynia. More-
over, the expression of NR2B protein and mRNA in the
spinal cord increased in the oxaliplatin-treated rats on
Day 25 (late phase) but not on Day 5 (early phase). Oxa-
liplatin (4 mg/kg, i.p., twice a week) induces cold hyper-
algesia in the early phase and mechanical allodynia in
the late phase [14]. These findings suggest that the up-
regulation of spinal NR2B-containing NMDA receptors
is involved in the incidence of mechanical allodynia by
repeated administration of oxaliplatin.

To investigate whether spinal cord NOS as the down-
stream target of NMDA receptor contributes to the inci-
dence of mechanical allodynia, we examined the effects
of NOS inhibitors on the oxaliplatin-induced mechanical
allodynia. Intrathecal injection of L-NAME, a non-
selective NOS inhibitor, and 7-nitroindazole, a selective
nNOS inhibitor, inhibited the pain behavior, suggesting
that NOS especially nNOS is involved in the oxaliplatin-

o

Vehicle [o)

h " h

NOs

Figure 5 Typical p grap P
histoch y staining of neurons in the spinal cord.

7-nitroindazole (100 pg, i.t.) significantly inhibited the
reduction of paw withdrawal threshold by oxaliplatin
at 30 min after administration (P < 0.05, Figure 4B).
These effects of L-NAME and 7-nitroindazole disap-
peared by 120 min after administration. In addition,
L-NAME (300 pg, i.t.) and 7-nitroindazol (100 ug, i.t.)
had no effect on the paw withdrawal thresholds in
intact rats (data not shown).

Oxaliplatin (4 mg/kg) was administered i.p. twice a week for

4 weeks (Days 1,2, 8,9, 15, 16, 22 and 23). On Day 25, Ro 25-6981
(300 nmol/body) was administered intrathecally, and the L4-6 spinal
cord was removed 30 min after administration. NADPH diaphorase
staining was performed to confirm NOS activity. The blue staining
shows NADPH diaphorase staining. Spinal slices (30 um) were
prepared from rats treated with vehicle (A), oxaliplatin alone (B), and

oxaliplatin and Ro 25-6981 (C). Scale bar, 200 pm.
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induced mechanical allodynia. This is further supported
by the finding that the intensity of NADPH diaphorase
staining in the rat spinal dorsal horn was increased by
repeated administration of oxaliplatin, and that this
increased intensity was reversed by intrathecal injection
of Ro25-6981, which attenuated the oxaliplatin-induced
pain behavior. Marked increase of nNOS expression in
the dorsal root ganglia (DRG) and spinal cord contri-
butes to spinal sensory processing in CCI model [11].
More recent experiments with selective NOS inhibitors
and in NOS-deficient mice revealed the nNOS to be the
most important NO-producing enzyme in the spinal
cord during the development and maintenance of neu-
ropathic pain in SNL model [17]. In mice with neuro-
pathic pain by transection of spinal nerve, an increase in
nNOS activity is visualized in the superficial dorsal horn
by NADPH diaphorase histochemistry [18]. Taken
together, these findings suggest that NOS especially
nNOS contributes to the incidence of oxaliplatin-
induced mechanical allodynia.

Interestingly, our results show that both oxaliplatin-
induced pain behavior and increase of NOS activity are
reversed by intrathecal injection of Ro25-6981, a selec-
tive NR2B antagonist. Phosphorylation of NMDA recep-
tor NR2B subunits increases nNOS activity in the
superficial dorsal horn of mice with neuropathic pain
[18]. The activation of NMDA receptor also induces
glutamate release through NOS activity [19]. Thus, the
NMDA receptor and NOS comprise a local circuit that
amplifies the signal of pain transmission. If sustained
production of these factors by repeated administration
of oxaliplatin is required for maintenance of mechanical
allodynia, and if their treatment-induced increase is
likely to cause persistence of pain, blockade of this cir-
cuit by the NR2B antagonist would likely reduce pain
excitatory neurotransmission in the spinal cord. All of
these findings indicate that NR2B antagonists have
analgesic effects on the oxaliplatin-induced mechanical
allodynia at the spinal level.

Non-competitive NMDA receptor antagonists are used
as analgesics in clinical practice, although undesirable
side effects limit their utility [20]. In contrast, the
restricted distribution of NR2B receptor makes them
promising candidates as targets of side effect-free
analgesic drugs [21]. Indeed, ifenprodil, traxoprodil
(CP-101606) and Ro25-6981 are effective in inflamma-
tory and/or neuropathic pain models in animals at doses
that are not accompanied by motor effects [8,22]. In
addition, ifenprodil has been used as analgesic adjuvant
in clinical settings. In this study, our results showed that
NMDA receptor antagonists, selective NR2B antagonists
and NOS inhibitors at the effective dose had no effect
on pain behavior in intact rats. Therefore, the ameliora-
tive effects of these drugs were not attributable to non-
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specific sedative effects or a deficit of motor function,
suggesting that the reduced pain behavior reflects a
therapeutic effect on oxaliplatin-induced mechanical
allodynia. Novel strategies involving NR2B antagonists
may be a useful alternative or adjunct therapy for oxali-
platin-induced peripheral neuropathy.

Conclusion

Our results indicate that repeated administration of oxa-
liplatin induces NR2B and NOS up-regulation in the
spinal cord. This up-regulation may contribute to the
incidence of mechanical allodynia. Furthermore, NMDA
receptor antagonists, selective NR2B antagonists and
NOS inhibitors remarkably attenuated the oxaliplatin-
induced pain behavior. In addition, the selective NR2B
antagonist inhibited the increase of NOS activity in the
spinal cord. These results suggest that activation of the
NMDA-NOS pathway contributes to the incidence of
mechanical allodynia induced by repeated administration
of oxaliplatin.

Methods

Animals

Male Sprague-Dawley rats weighing 200-250 g (Kyudo
Co., Saga, Japan) were used in the present study. Rats
were housed in groups of four to five per cage, with
lights on from 7:00 to 19:00 h. Animals had free access
to food and water in their home cages. All experiments
were approved by the Experimental Animal Care and
Use Committee of Kyushu University according to the
National Institutes of Health guidelines, and we followed
International Association for the Study of Pain (IASP)
Committee for Research and Ethical Issues guidelines
for animal research [23].

Production of neuropathy

Mechanical allodynia was induced according to the
method described previously [24]. Oxaliplatin (Elplat®)
was obtained from Yakult Co., Ltd. (Tokyo, Japan). Oxali-
platin was dissolved in 5% glucose solution. The vehicle-
treated rats were injected with 5% glucose solution. Oxa-
liplatin (4 mg/kg) or vehicle (5% glucose) was injected i.p.
in volumes of 1 mL/kg twice a week for 4 weeks.

von Frey test

The mechanical allodynia was assessed by von Frey test.
Each rat was placed in a clear plastic box (20 x 17 x 13
cm) with a wire mesh floor and allowed to habituate for
30 min prior to testing. von Frey filaments (The Touch
Test Sensory Evaluator Set; Linton Instrumentation,
Norfolk, UK) ranging 1-15 g bending force were applied
to the midplantar skin of each hind paw with each
application held for 6 s. The paw withdrawal threshold
was determined by a modified up-down method [25].
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Pharmacological studies

We confirmed the incidence of mechanical allodynia on
Day 24. We carried out the drug evaluation on the next
day. The von Frey test was performed immediately
before (0 min) and at 30, 60, 90, and 120 min after
administration. (+)-MK-801 maleate (Wako Pure
Chemical Industries, Ltd., Osaka, Japan), memantine
hydrochloride (Alexis Biochemicals, San Diego, CA,
USA) and L-NAME (Sigma-Aldrich, Missouri, USA)
were dissolved in saline and administered i.t. Ro 25-
6981 (Sigma-Aldrich) and 7-nitroindazole were dissolved
in 100% dimethyl sulfoxide (DMSO) and administered
i.t. Ifenprodil tartrate (Wako Pure Chemical Industries,
Ltd.) was suspended in 5% gum arabic solution and
administered orally (p.o.). The doses of these drugs were
chosen based on previous reports [8,26-28]. Behavioral
test was performed blindly with respect to drug
administration.

Western blotting

To investigate the functional changes in protein levels of
NR2B, the L4-6 spinal cord was quickly removed on
Days 5 and 25. The tissues were homogenized in a solu-
bilization buffer containing 20 mM Tris-HCI (pH7.4,
2 mM EDTA, 0.5 mM EGTA, 10 mM NaF, 1 mM
NazVOy 1 mM PMSF, 0.32 M Sucrose, 2 mg/ml aproti-
nine, 2 mg/ml leupeptin), and the homogenates were
subjected to 6% SDS-PAGE, and proteins were trans-
ferred electrophoretically to PVDF membranes. The
membranes were blocked in Tris-buffered saline Tween-
20 (TBST) containing 5% BSA (Sigma-Aldrich) for an
additional 1 h at room temperature with agitation. The
membrane was incubated overnight at 4°C with rabbit
polyclonal NR2B antibody (1:5000; Upstate Biotech, NY,
USA) and then incubated for 1 h with anti-rabbit IgG
horseradish peroxidase (1:5000; Jackson Immuno
Research Laboratories, Inc., PA, USA). The immunor-
eactivity was detected using Enhanced Chemilumines-
cence (Perkin Elmer, Massachusetts, USA).

transcriptase-poly chain reaction (RT-PCR)
To investigate the functional changes in mRNA levels of
NR2B, the L4-6 spinal cord was quickly removed on
Days 5 and 25. mRNA was isolated using PolyATtract®
System 1000 (Promega, Corp., Wisconsin, USA). cDNA
was synthesized using PrimScript® 1st strand cDNA
Synthesis Kit (TaKaRa Bio, Inc., Shiga, Japan). PCR was
carried out with Gene Taq (Nippon Gene, Co., Ltd.,
Tokyo, Japan). The oligonucleotide primers for NR2B
were designed based on the sequences described by Lau
et al. [29]. The sequences of PCR primers were as follows:
NR2B, 5-TCC GTC TTT CTT ATG TGG ATA TGC-3'
(sense), 5-CCT CTA GGC GGA CAG ATT AAG G-3
(antisense); glyceraldehyde-3-phosphate dehydrogenase
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(G3PDH), 5-YGC CTG CTT CAC CAC CTT-3’ (sense),
5'-TGC MTC CTG CAC CAC CAA CT-3' (antisense)
(Sigma-Aldrich). Reactions were run for 40 cycles with
95°C denaturing cycle (30 s), 63°C annealing cycle
(1 min) and 72°C extension cycle (30 s) for NR2B or for
30 cycles with 94°C denaturing cycle (45 s), 53°C anneal-
ing cycle (45 s) and 72°C extension cycle (1.5 min) for
G3PDH, respectively. The PCR products were subjected
to electrophoresis on 2% agarose gel, and the DNA was
visualized by staining with ethidium bromide under
ultraviolet irradiation. Then, the intensities of PCR pro-
ducts were semi-quantified densitometrically by Alpha
Imager 2200 (Cell Biosciences, Inc., California, USA).

NADPH diaphorase histochemistry

Animals were anaesthetized with pentobarbital (50 mg/
kg) and perfused through the left cardiac ventricle with
50 mL physiological saline followed by a fixative con-
taining 4% paraformaldehyde in 0.1 M sodium phos-
phate (pH 7.4). The L4-6 spinal cord was removed and
immersed in the fixative for 4 h and then cryoprotected
overnight in 30% (w/v) sucrose in 0.1 M phosphate-
buffered saline (pH 7.4). Transverse frozen sections
(30 pum) were cut on a cryostat. These sections were
thaw-mounted on slides and NOS activity was deter-
mined using NADPH diaphorase histochemistry as
described by Mabuchi et al. [30]. The incubation was
performed for 1 h at 37°C in a reaction mixture
containing 0.5 mg/mL B-NADPH, 0.2 mg/mL nitroblue
tetrazolium and 0.25% Triton X-100 in 0.1 M phos-
phate-buffered saline (pH 7.4).

Statistical analyses

Values were expressed as mean + SEM. Results were
analyzed by Student’s ¢-test or one-way analysis of var-
iance (ANOVA) followed by the Tukey-Kramer post-
hoc test to determine differences among the groups. A
P value of less than 0.05 is considered as statistically
significant.

Acknowledgements

Part of this study was supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science and Technology of
Japan (Nos. 21590285 and 22590242).

Authors’ contributions

YM, NE, TK, TY, HI and RO are responsible for experimental design. YM and
HS are responsible for performance of behavioral test. YM, HS, TK and SU are
responsible for performance of Western blot, PCR and NADPH diaphorase
staining. YM, NE, HS, TK and RO are responsible for writing the manuscript.
All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 1 November 2010 Accepted: 20 January 2011
Published: 20 January 2011

-70 -



Mihara et al. Molecular Pain 2011, 7:8
http//www.molecularpain.com/content/7/1/8

References

1

~

=

@

&

Yamamoto T, Yaksh TL: Spinal of thermal
induced by constriction injury of sciatic nerve. Excitatory amino acid
antagonists. Pain 1992, 49:121-128.
Yamamoto T, Shimoyama N, Asano H, Mizuguchi T: Time-dependent effect
of morphine and time-independent effect of MK-801, an NMDA

ist, on the thermal h: hesia induced by unilateral
constriction injury to the sciatic nerve in the rat. Anesthesiology 1994,
80:1311-1319.
Gaunitz C, Schiittler A, Gillen C, Allgaier C: Formalin-induced changes of
NMDA receptor subunit expression in the spinal cord of the rat. Amino
Acids 2002, 23:177-182
Ma 7L, Zhang W, Gu XP, Yang WS, Zeng YM: Effects of intrathecal
injection of prednisolone acetate on expression of NR2B subunit and
nNOS in spinal cord of rats after chronic compression of dorsal root
ganglia. Ann Clin Lab Sai 2007, 37:349-355.
Wilson JA, Garry EM, Anderson HA, Rosie R, Colvin LA, Mitchell R,
Fleetwood-Walker SM: NMDA receptor antagonist treatment at the time
of nerve injury prevents injury-induced changes in spinal NR1 and NR2B
subunit expression and increases the sensitivity of residual pain
i i NMDA receptor

2

S

21.

22.

1M

23.

N
-

26.

2

N

Page 7 of 7

Martin T, Eisenach JC: Pharmacology of opioid and nonopioid analgesics
in chronic pain states. J Pharmacol Exp Ther 2001, 299:811-817.

Gurwitz D, Weizman A: The NR2B subunit of glutamate receptors as a
potential target for relieving chronic pain: prospects and concerns. Drug
Discov Today 2002, 7:403-406.

Chizh BA, Headley PM: NMDA antagonists and neuropathic pain-multiple
drug targets and multiple uses. Curr Pharm Des 2005, 11:2977-2994.

Zi M: Ethical guidelines for i igations of i

pain in conscious animals. Pain 1983, 16:109-110.

Egashira N, Hirakawa S, Kawashiri T, Yano T, lkesue H, Oishi R: Mexiletine
reverses oxaliplatin-induced neuropathic pain in rats. J Pharmacol Sci
2010, 1124736,

Kawashiri T, Egashira N, Watanabe H, Ikegami Y, Hirakawa S, Mihara Y,

Yano T, lkesue H, Oishi R: Prevention of oxaliplatin-induced mechanical
allodynia and neurodegeneration by neurotropin in rat model. Fur J Pain
2010.

Chaplan SR, Malmberg AB, Yaksh TL: Efficacy of spinal NMDA receptor
antagonism in formalin hyperalgesia and nerve injury evoked allodynia
in the rat. J Pharmacol Exp Ther 1997, 280:829-238.

Chizh BA, Reissmiiller E, Schliitz H, Scheede M, Haase G, Englberger W:

inal vs spinal sites of the antinociceptive action of the subtype-

to
Pain 2005, 117:421-432.
Zhang W, Shi CX, Gu XP, Ma ZL, Zhu W Ifenprodil induced
antinociception and decreased the expression of NR2B subunits in the
dorsal homn after chronic dorsal root ganglia compression in rats. Anesth
Analg 2009, 108:1015-1020.
Boyce S, Wyatt A, Webb JK, O'Donnell R, Mason G, Rigby M,
Sirinathsinghji D, Hill RG, Rupniak NM: Selective NMDA NR2B antagonists
induce antinociception without motor dysfunction: correlation with
restricted localisation of NR2B subunit in dorsal hom. Neuropharmacology
1999, 38611-623.
Qu XX, Cai J, Li MJ, Chi YN, Liao FF, Liu FY, Wan Y, Han JS, Xing GG: Role of
the spinal cord NR2B-containing NMDA receptors in the development of
neuropathic pain. Exp Neurol 2009, 215:298-307.
Nagy GG, Watanabe M, Fukaya M, Todd AJ: Synaptic distribution of the
NR1, NR2A and NR2B subunits of the N-methyl-d-aspartate receptor in
the rat lumbar spinal cord revealed with an antigen-unmasking
technique. Eur J Neurosci 2004, 20:3301-3312.
Meller ST, Pechman PS, Gebhart GF, Maves TJ: Nitric oxide mediates the
thermal hyperalgesia produced in a model of neuropathic pain in the
rat. Neuroscience 1992, 50:7-10.
Cizkové D, Lukdcova N, Marsala M, Marsala J: Neuropathic pain is
associated with alterations of nitric oxide synthase immunoreactivity
and catalytic activity in dorsal root ganglia and spinal dorsal horn. Brain
Res Bull 2002, 58161-171.
Pasetto LM, D'’Andrea MR, Rossi E, Monfardini S: Oxaliplatin-related
neurotoxicity: how and why? Crit Rev Oncol Hematol 2006, 59:159-168.
Saif MW, Reardon J: of oxaliplatin-induced periph
neuropathy. Ther Clin Risk Manag 2005, 1:249-258.
Sakurai M, Egashira N, Kawashiri T, Yano T, lkesue H, Oishi R: Oxaliplatin-
induced neuropathy in the rat: involvement of oxalate in cold
hyperalgesia but not mechanical allodynia. Pain 2009, 147:165-174.
Graham MA, Lockwood GF, Greenslade D, Brienza S, Bayssas M, Gamelin E:
Clinical pharmacokinetics of oxaliplatin: a critical review. Clin Cancer Res
2000, 6:1205-1218.
Grolleau F, Gamelin L, Boisdron-Celle M, Lapied B, Pelhate M, Gamelin E: A
possible explanation for a neurotoxic effect of the anticancer agent
oxaliplatin on neuronal voltage-gated sodium channels. J Neurophysiol
2001, 85:2293-2297.
Guan Y, Yaster M, Raja SN, Tao YX: Genetic knockout and pharmacologic
inhibition of neuronal nitric oxide synthase attenuate nerve injury-
induced mechanical hypersensitivity in mice. Mo/ Pain 2007, 3:29.
Abe T, Matsumura S, Katano T, Mabuchi T, Takagi K, Xu L, Yamamoto A,
Hattori K, Yagi T, Watanabe M, Nakazawa T, Yamamoto T, Mishina M,
Nakai Y, Ito S: Fyn kinase-mediated phosphorylation of NMDA receptor
NR2B subunit at Tyr1472 is essential for maintenance of neuropathic
pain. Eur J Neurosci 2005, 22:1445-1454,
Nei K, Matsuyama S, Shuntoh H, Tanaka C: NMDA receptor activation
induces glutamate release through nitric oxide synthesis in guinea pig
dentate gyrus. Brain Res 1996, 728:105-110.

28

w
=

selective NMDA
40212-220.
Osborne MG, Coderre TJ: Effects of intrathecal administration of nitric
oxide synthase inhibitors on c induced thermal i
Br J Pharmacol 1999, 126:1840-1846.

Lau WK, Yeung CW, Lui PW, Cheung LH, Poon NT, Yung KK: Different
trends in modulation of NMDAR1 and NMDAR2B gene expression in
cultured cortical and hippocampal neurons after lead exposure. Brain Res
2002, 932:10-24.

Mabuchi T, Matsumura S, Okuda-Ashitaka E, Kitano T, Kojima H, Nagano T,
Minami T, Ito S: Attenuation of neuropathic pain by the nociceptin/
orphanin FQ antagonist JTC-801 is mediated by inhibition of nitric oxide
production. Fur J Neurosci 2003, 17:1384-1392.

ifenprodil. ology 2001,

doi:10.1186/1744-8069-7-8

Cite this article as: Mihara er al: Involvement of spinal NR2B-containing
NMDA receptors in oxaliplatin-induced mechanical allodynia in rats.
Molecular Pain 2011 7:8.

Submit your next manuscript to BioMed Central
and take full advantage of:

* Convenient online submission
* Thorough peer review

* No space constraints or color figure charges

. iate publication on
« Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral com/submit

() BioMed Cental

-71 -



Surg Today (2010) 40:1105-1111
DOI 10.1007/500595-010-4388-8

Review Article

The Effect of Traditional Japanese Medicine (Kampo) on

Gastrointestinal Function

ERriTo MocHIKI, MITSUHIRO Y ANAL TETSURO OHNO, and Hiroyuki Kuwano

Department of General Surgical Science, Graduate School of Medicine, Gunma University, 3-39-22 Showa-machi, Maebashi,

Gunma 371-8511, Japan

Abstract

Traditional Japanese medicine (Kampo) is used to treat
various disorders of the gastrointestinal tract in Japan,
where it is fully integrated into the modern healthcare
system. Recently, scientific research on herbal medicine
in Japan has been reported in English journals. The
objective of the current review is to introduce two tra-
ditional Japanese medicines and to provide evidenced-
based information regarding their use. Daikenchuto,
which consists of three different herbs, is the most fre-
quently prescribed traditional Japanese medicine in
Japan. Daikenchuto stimulates gastrointestinal motility
though a neural reflex involving presynaptic cholinergic
and 5-HT3 receptors. Daikenchuto improves postop-
erative bowel motility and postoperative ileus. Further-
more,itisreported tocause an increase in gastrointestinal
hormones (motilin, vasoactive intestinal peptide, and
calcitonin gene-related peptide) and intestinal blood
flow. Rikkunshito, a traditional Japanese medicine con-
sisting of eight herbs, is thought to stimulate gastroin-
testinal motility and ghrelin secretion. Rikkunshito is
effective for improving the symptoms of functional dys-
pepsia, gastroesophageal reflux disease, and cisplatin-
induced anorexia and vomiting. Traditional Japanese
medicine has the potential to be used successfully in the
treatment of gastrointestinal disorders. Details regard-
ing the physiological and clinical effects of traditional
Japanese medicine must be further examined in order
to become more widely accepted in other countries.
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Introduction

Traditional Japanese medicine, which includes Kampo,
acupuncture, and acupressure, has been used for 1500
years. The use of Kampo, or herbal medicine, is based
on extensive experience with herbal combinations accu-
mulated in East Asia since ancient times. Kampo is
intended to boost the body’s own healing power and
help restore its natural balance. Traditional Japanese
medicine is widely practiced in Japan, where it is fully
integrated into the modern health-care system.

The National Center for Complementary and Alter-
native Medicine, established at the National Institutes
of Health in the United States in October 1998, recat-
egorized traditional medicine as “complementary and
alternative medicine” following the increased interest
in non-Western medicine.' Recently, scientific research
on herbal medicine in Japan has been reported in
English-language journals, and several rigorous clinical
and basic research studies have confirmed the effects of
traditional Japanese medicine. As a result, the United
States Food and Drug Administration began to pay
more attention to traditional medicine, especially tradi-
tional Japanese medicine, noting its exceptionally high
quality and standardized ingredients. The objective of
this review is to introduce two traditional Japanese
medicines and to provide evidenced-based information
regarding their effects and use.

Gastrointestinal Function (Motility)

The gastrointestinal tract has distinct contractile pat-
terns. Gastrointestinal motility is clearly divided into
two phases: the interdigestive state and the postprandial
state. During the interdigestive state, the gastrointesti-
nal tract exhibits a characteristic motor pattern called
interdigestive migration motor contraction (IMC),
which consists of four phases, with a combined duration
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of about 100 min. Phase I is a quiescent period; phase
IIis intermittent contractions; phase 111 involves intense,
rhythmic contractions that begin in the gastric body and
propagate to the small intestine; and phase IV consists
of intermittent contractions following phase IIL. It is
thought that the physiological role of the IMC is to
expel undigested food particles, mucus, and sloughed
epithelial cells from the stomach and/or small intestine.
Motilin is an important factor in the initiation of the
regular occurrence of IMC of the stomach.’ A meal
interrupts this well-defined pattern and triggers phasic
contractions of variable intensity that occur almost con-
tinuously. However, the gastric fundus relaxes after a
meal, and gastric accommodation in response to gastric
distension is mediated by the stimulation of gastric
mechanoreceptors.

Daikenchuto

Daikenchuto (DKT) is the most frequently prescribed
traditional medicine in Japan. Daikenchuto consists of
three different herbs: 50% dried ginger rhizome, 30%
ginseng root, and 20% zanthoxylum fruit. Daikenchuto
has been used for the treatment of abdominal obstruc-
tion, including bowel obstruction, and a feeling of cold-
ness in the abdomen. Since the first report on the use
of DKT for intestinal obstruction was published in 1987,
DKT has often been used in the treatment of postopera-
tive ileus after gastrointestinal surgery. Daikenchuto,
which has been on the Japanese market for several
decades, has been shown to be effective for bowel
disorders and to cause very few side effects.* Table 1
summarizes the effects of DKT on gastrointestinal
function.

Effect of DKT on Gastrointestinal Motor Activity

Daikenchuto has been found to significantly increase
gastrointestinal motility. Intragastric DKT induced
phasic contractions in the pylorus, duodenum, jejunum,
and ileum in conscious dogs (Fig. 1A). A burst of con-
tractions of an intensity similar to that of IMC occurred
at the stomach, and these contractions synchronistically
or rapidly migrated aborally. Shibata et al. reported that
DKT-induced contractions in the gastric antrum were
found to be caused mainly by the dried ginger rhizome,
whereas those in the duodenum and jejunum were
caused mainly by the zanthoxylum fruit® Concerning
the mechanism responsible for these contractile effects,
DKT in the gastric lumen stimulates enteric neurons to
release acetylcholine (ACh) as the effective neurotrans-
mitter in the gastric antrum and duodenum through a
neural reflex involving presynaptic cholinergic and the

E. Mochiki et al.: GI Effects of Traditional Japanese Medicine

5-hydroxytryptamine (serotonin) 5-HT3 receptors.®
However, it was reported that the contractions induced
by DKT were not suppressed by a 5-HT3 receptor
antagonist in isolated guinea-pig ileum.®

Kawasaki et al. reported that the prokinetic effects of
DKT were evident at the stomach, jejunum, and proxi-
mal colon only during the fasting state.” However, with
intracolonic administration, a contraction similar to the
giant migrating contraction was induced during both
the fasting and fed states, and defecation occurred. The
reason for this difference could be that the colon is
continuously filled with fecal clumps, and thus is not
greatly affected by changes in the internal environment
resulting from dietary intake, unlike the upper gastro-
intestinal tract, which empties completely during fasting.
In a human study, DKT stimulated colonic motility
immediately after administration into the ascending
colon.® Daikenchuto in the colonic lumen stimulates
enteric neurons, and intestinal contraction may be
induced by the local nervous system in the colonic wall.

There have been several interesting reports concern-
ing the pharmacological action of DKT. In experiments
on isolated intestines, studies showed that DKT induced
contraction and ACh release in the guinea pig distal
colon’ and increased contraction in the rabbit jejunum.'®
In these reports, it was concluded that the zanthoxylum
fruit acts as a stimulant in DKT-induced intestinal
motility. Furthermore, DKT-induced contraction was
accompanied by autonomous contraction at a concen-
tration of more than 3 x 10™ g/ml in a dose-dependent
manner in the isolated guinea-pig ileum.® The contrac-
tion induced by DKT was inhibited by atropine, tetro-
dotoxin, and norepinephrine, but not by the ganglion
blocker, hexamethonium. This effect was partially sup-
pressed in the presence of high concentrations of
1CS205-930, a 5-HT4 receptor antagonist. In addition,
DKT showed ACh-releasing action in the smooth
muscle tissues of the ileum. These results suggest that
the contractile response induced by DKT is partially
mediated by the ACh released from the cholinergic
nerve endings, and that 5-HT4 receptors are involved
in the effect of DKT. Tachykinins from sensory neurons
other than ACh released from the cholinergic neuron
are also involved in the contraction induced by zan-
thoxylum fruit and in atropine-resistant contraction
induced by DKT."!

Effect of DKT on Gastrointestinal Hormones

Daikenchuto caused significant increases in the plasma
levels of motilin,™” vasoactive intestinal peptide
(VIP),* S5-HT* calcitonin gene-related peptide
(CGRP), and substance P Sato et al. reported that
DKT may stimulate motilin and VIP release via M1
muscarinic receptors, and that CGRP and substance P
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Table 1. Effects of Daikenchuto and Rikkunshito on gastrointestinal function
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Daikenchuto

Stimulation of gastrointestinal motility

Improvement of post-operative bowel motility

Increase in intestinal and colonic blood flow

Stimulation of motilin. VIP. CGRP, and substance P release
Improvement of postoperative ileus

Improvement of morphine-induced disorder of gastrointestinal transit
Prevention of bacterial translocation

Improvement of stasis after total gastrectomy

Rikkunshito

Stimulation of gastrointestinal motility

Facilitation of gastric emptying

Improvement of gastroesophageal reflux

Improvement of FD symptoms

Stimulation of ghrelin secretion

Improvement of cisplatin-induced anorexia and vomiting

VIP, vasoactive intestinal peptide: CGRP. calcitonin gene-related peptide; FD, functional dyspepsia
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Fig. 1. A Gastrointestinal motor activity
measured using a  strain-gauge force
transducer in conscious dogs. During the
interdigestive state the gastrointestinal
tract exhibited a characteristic motor
pattern called interdigestive migration
motor contraction, which began in the
stomach and progressed to the small
intestine. Intragastric administration of
Daikenchuto induced phasic contractions
in the pylorus, duodenum, and jejunum.
B During the interdigestive state, the
intragastric administration of Rikkun-
shito induced a burst of contractions
similar to postprandial contractions
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release may be related, in part, to M1 muscarinic recep-
tors. In fact, muscarinic receptors are present on the
membrane of motilin cells, and ACh is a major regula-
tor of motilin release by acting on M1 or M3 muscarinic
receptors.” However, to conclusively prove the effect
of DKT on gastrointestinal hormones, more detailed
studies must be conducted.

Effect of DKT on Intestinal Blood Flow

Murata et al. reported that DKT produced an increase
in intestinal blood flow in rats.'* However, DKT did not
affect the mean arterial pressure, even when adminis-
tered at the highest dose, which suggests that the
increase in intestinal blood flow by DKT results from a
local vasodilator effect in intestinal vessels rather than
secondary changes in systemic blood pressure. In con-
trast, cisapride, a prokinetic agent that has been used in
the treatment of intestinal obstruction, failed to increase
intestinal blood flow.” Concerning colonic blood flow,
Kono et al. reported that intracolonic administration of
DKT increased colonic vascular conductance in rats."”
The CGRP receptor antagonist, CGRP(8-37), com-
pletely abolished DK T-induced hyperemia, whereas the
VIP receptor antagonist, [4-Cl-DPhe6,Leul7]-VIP, and
an SP receptor antagonist did not attenuate the hyper-
emic response.'’

Calcitonin gene-related peptide is a powerful vasoac-
tive substance that is released from the sensory afferent
nerve endings. Calcitonin gene-related peptide increases
gastric mucosal blood flow as a gastroprotective factor,
which suggests that the hyperemic response to DKT
results primarily from the upregulation of CGRP release
and/or the upregulation of the CGRP receptor.” Fur-
thermore, it has been reported that DKT can activate
CGRP secretion from mucosal sensory nerve endings
and adrenomedullin release from mucosal epithelial
cells.* In our clinic, patients have reported feeling a
warm sensation in the abdomen when given DKT.

Effect of DKT on Postoperative Ileus

In Japan, DKT has been used to treat adhesive bowel
obstruction after surgery.”® Postoperative ileus remains
the most common complication after abdominal surgery,
and delayed return of gastrointestinal function and
resumption of oral intake are major causes for pro-
longed hospitalization. Daikenchuto shortens the time
period until the first defecation and the duration of
hospital stay of patients with adhesive bowel obstruc-
tion."® The pathogenesis of postoperative ileus is multi-
factorial, and is thought to be mainly a neural reflex
associated with inflammatory responses, intestinal
replacement, and dryness.” Uemura et al. reported that
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the incision of the abdominal wall causes postoperative
ileus, and that additional intestinal manipulation further
promotes postoperative ileus.” Treatment of DKT
has been shown to improve delayed intestinal transit
and intestinal adhesion after laparotomy in rats”
Stimulation of gastrointestinal contractions and anti-
inflammatory action may be responsible for the improve-
ment of postoperative ileus by DKT* Furthermore,
Fukuda et al. reported that DKT improved the postop-
erative hypoperistalsis via cholinergic nerves and 5-HT3
and 5-HT4 receptors.” It has been suggested that the
stimulatory effect of DKT on gastrointestinal motility
is mediated via serotonergic pathways as well as cholin-
ergic pathways in vivo. The stimulatory effect of DKT
is abolished in rats treated with atropine and vagot-
omy.” These findings suggest that an intact vagal cho-
linergic pathway is needed to promote the prokinetic
effect of DKT in postoperative ileus.

Postoperative ileus is often exacerbated by opiate
analgesic use during and after surgery. Morphine slows
gastrointestinal transit by inhibiting the relaxation of
circular muscle and the contraction of longitudinal
muscles.” Daikenchuto is thought to have a restora-
tive effect on delayed gastrointestinal transit
induced by intestinal manipulation and morphine
administration.??

Although a total gastrectomy is widely performed for
the treatment of gastric carcinoma, there is no general
agreement about ideal reconstruction. To provide res-
ervoir function and to improve nutritional conditions,
many types of jejunal pouch reconstruction have been
described and evaluated.” Some patients, however,
remained symptomatic after pouch addition, and most
had abnormal or disturbed intestinal motility.” Endo
et al. reported that DKT increased pouch contractions,
accelerated the emptying of liquid and solid materials
from the pouch, and decreased postoperative stasis-
related symptoms.”

Rikkunshito

Rikkunshito (RKT; 7.5 g), a traditional herbal medi-
cine, is a mixture of dried Atractylodis lanceae rhizoma
(0.75 g), ginseng radix (0.74 g), pinelliae tuber (0.74 g),
hoclen (0.74 g), Zizyphi fructus (0.37 g), Aurantii
nobilis pericarpium (0.37 g), Glycyrrhizae radix (0.20 g),
Zingiberis rhizome (0.10 g), and spray-dried aqueous
extract (4.0 g). This is a fixed-ratio formulation of eight
medicinal herbs and roots, and the quality and volume
of ingredients are uniform. Rikkunshito is widely pre-
scribed in Japan for patients with a variety of gastroin-
testinal symptoms, including anorexia, nausea, and
vomiting.” The effects of RKT on gastrointestinal func-
tion are summarized in Table 1.
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Effect of RKT on Gastrointestinal Motor Activity and
Gastric Emptying

Data on the effectiveness of RK'T on gastrointestinal
motor activity are limited in the English-language lit-
erature. The results of our preliminary study showed
that RKT stimulates gastrointestinal motility (Fig. 1B).
Intragastric RKT induced a burst of contractions similar
to the postprandial contractions at the antrum, pylorus,
jejunum, and ileum, and did not inhibit the occurrence
of the next phase IIT. Rikkunshito is a mixture of several
crude extracts, and is reported to have dual actions on
the stomach: relaxation of the proximal stomach
and increased contractions of the distal stomach.”*
However, RKT has not yet been evaluated regarding its
influence on gastrointestinal motor activity.

In Japan, RKT is widely prescribed for patients
with chronic hypofunction of the gastrointestinal tract,
including gastric flatulence, anorexia, nausea, and vom-
iting. Tatsuta and lishi reported that oral administration
of RKT to patients significantly reduced chronic dys-
pepsia and produced significantly better gastric empty-
ing than did the administration of a placcbo® In
addition, Kido et al. reported that RKT was shown to
ameliorate the delay in gastric emptying induced by
NCnitro-L-arginine, and that its main active ingredient
for improving motility disorders of the stomach was
likely hesperidin, identified from its methanol fraction
by highly porous polymer chromatography.”

The mechanism of action responsible for the effects
of RKT on gastric emptying may be related to the nitric
oxide pathway. L-Arginine (a substrate for nitric oxide
production) is contained in RKT at a concentration of
0.9% (4.5 mg/500 mg of RKT). Tominaga et al. showed
that RKT could improve the 5-HT-induced delay in
gastric emptying in rats, the mechanism of which appears
to involve the antagonistic action of the 5-HT3 receptor
pathway.” Several studies have shown that RKT has
clinical efficacy for functional dyspepsia (FD) via the
improvement of gastrointestinal motility disorders.
Rikkunshito is thought to improve FD by reversing
the existing impaired adaptive relaxation, leading to an
improvement in delayed gastric emptying.***** Func-
tional dyspepsia patients have been shown to exhibit
impaired reservoir function, including gastric adaptive
relaxation.” The results of an in vitro study showed that
RKT evoked relaxation with two components, an initial
fast component, followed by a second component with
a slower time course, in isolated rat fundus smooth
muscle.® These results suggest that RKT promotes
gastric adaptive relaxation and relieves symptoms in
patients with FD. Furthermore, it has been reported
that RKT relieves stasis-related symptoms of patients
following pylorus-preserving gastrectomy and acceler-
ates emptying of solids from the remnant stomach.”
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Effect of RKT on Gastroesophageal Reflux

In recent years, RK'T has been used to treat symptoms
of gastroesophageal reflux disease (GERD), and reports
of its efficacy have been published. ™’ In children
with symptomatic GERD, RKT relieved symptoms
and reduced distal esophageal acid exposure through
improved esophageal acid clearance.® Rikkunshito
did not change the number of acid reflux events,
but did reduce the esophageal acid clearance time.
However, the mechanism underlying the improved
esophageal clearance capacity with RKT remains
unknown.

Effect of RKT on a Gastrointestinal Hormone (Ghrelin)

Ghrelin, an endogenous ligand for the growth hormone
secretagogue receptor, was originally isolated from
human and rat stomachs.” Ghrelin is known to have an
intense appetite-enhancing effect, in addition to its
growth hormone secretion-promoting effect, and it also
stimulates gastric motility and gastric acid secretion.”*
However, Ohno et al. reported that ghrelin did not
stimulate gastrointestinal motility in dogs.” Takeda et
al. reported that the cisplatin-induced decreases of
plasma ghrelin levels were suppressed by RKT in rats.*
In healthy human volunteers, RK T increased the plasma
acylated ghrelin level, but the level of plasma deacyl-
ated ghrelin did not change.”® This effect was main-
tained for at least 4 weeks after the end of RKT
administration. Furthermore, in mice the mRNA
expression level of ghrelin in gastric tissue was upregu-
lated after 2 weeks’ administration of RKT.® RKT
stimulates endogenous ghrelin secretion from the
stomach via 5-HT2B and 5-HT2C receptor antago-
nism.”* The 5-HT system in the gastrointestinal tract
has an important role in the regulation of gastrointesti-
nal motor activities. Selective serotonin reuptake inhibi-
tors (SSRIs) changed the phase I1I-like contractions to
fed-like motor activities.* Fujitsuka et al. reported that
the fed-like motor activities induced by the intravenous
administration of SSRIs were replaced by fasted motor
activities after RKT administration. This motor effect
of RKT is blocked by the intravenous administration of
a growth hormone secretagogue receptor antagonist
(ghrelin receptor antagonist), which suggests that RKT
stimulates ghrelin secretion.

Takeda et al. reported that the plasma level of ghrelin
in fasted aged mice was significantly decreased com-
pared with that in young mice.” In aged mice, RKT
increased the reactivity of ghrelin and ameliorated
aging-associated anorexia.* The results of this study
suggest the possibility of using RKT to treat aging-
associated anorexia.
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Effect of RKT on Chemotherapy-Induced Nausea and
Appetite Loss

Cisplatin is widely used in chemotherapy to treat various
types of cancer. However, it has gastrointestinal side
effects such as nausea, vomiting, and anorexia, which
markedly affect the quality of life of patients. Cisplatin-
treated rats show acute decreases in the concentration
of circulating ghrelin and appetite loss.” In 2006,
Tomono et al. reported that RKT with antiemetics is
more effective than antiemetics alone against anorexia
during chemotherapy in patients with advanced breast
cancer.” This finding suggests that RK'T may be a good
antiemetic agent. One possible mechanism by which
RKT exerts this effect is via the enhancement of the
circulating ghrelin concentration. Cisplatin-induced
decreases in the plasma acylated ghrelin level and food
intake are mediated by 5-HT2B/2C receptors and sup-
pressed by flavonoids in RKT.” In addition, Yakabi et
al. demonstrated that RKT and the 5-HT2C receptor
antagonist may improve cisplatin-induced anorexia by
inhibiting decreased hypothalamic growth hormone
secretagogue receptor 1a (GHS-R1a) signal transduc-
tion.” Hence, RKT may be an orexigenic preparation
that prevents cisplatin-induced anorexia and vomiting.

Conclusion

This review of traditional Japanese medicine illustrates
the effect of two major herbal preparations on gastro-
intestinal function. Traditional Japanese medicine has
the potential to successfully treat gastrointestinal disor-
ders. However, further examinations of the physiologi-
cal and clinical effects of traditional Japanese medicine
through rigorous scientific research will be necessary
before it can become more widely accepted, especially
in the Western world.
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