New combination schedule of S-1 and irinotecan

Table 2. Anti-tumor efficacy.

Patients no. % 95% CI (%)

CR 1 2.2

PR 21 46.7

SD 16 35.6

PD 7 15.6

RR (CR+PR) 22 48.9 33.7-64.2
DCR(CR+PR+SD) 38 844 70.5-93.5

Abbreviations: CR, complete response; PR, partial response; SD,
stable disease; PD, progressive disease; RR, objective response rate;
DCR, disease control rate; 95% Cl, 95% confidence interval.

of 21 months, the median progression-free survival
(PFS) time was 8.1 months (range, 1-22 months;
95% CI, 6.2-9.0 months) (Fig. 1), and the median
overall survival time (OS) was 20.9 months (range,
2-59 months; 95% CI, 15.5-27.3 months) (Fig. 2).

Adverse effects

A total of 260 treatment cycles were administered
to the 45 eligible patients and 1 ineligible patient to
define safety profiles. Toxicity is summarized accord-
ing to the worst grade per patient in Table 3. There
were no treatment-related deaths. The most com-
mon type of hematological toxicity was neutropenia
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(leukopenia); however, the incidence of grade 3 or 4
neutropenia was very low (8.7%). The patient with
the grade 3 elevation of bilirubin was confirmed to
have severe multiple liver metastasis at study entry.
The most common types of nonhematological toxicity
were anorexia and diarrhea, which were usually mild.
Cumulatively, myelosuppression and gastrointestinal
toxicity were the most common adverse events but
were generally mild. The incidence of grade 3 or 4
toxicity was less than 10% altogether. Treatment was
discontinued because of toxicity in 6 of the 46 patients
(13%). The reasons for discontinuing treatment were
as follows: (1) treatment delay longer than 14 days
due to grade 2 neutropenia, (2) treatment delay lon-
ger than 14 days due to grade 2 diarrhea, (3) grade
3 confusion due to trouble in stoma care associated
with grade 3 diarrhea, (4) patient’s refusal to continue
treatment because of grade 3 anorexia, (5) patient’s
refusal to continue treatment because of grade 2 diar-
rhea, and (6) patient’s refusal to continue treatment
because of prolonged mild fatigue and nausea.

Relative dose intensity
The administration of CPT-11 was skipped on a few
occasions mainly because of grade 2 or 3 neutropenia,
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Figure 1. Progression-free survival of 45 patients with previously untreated colorectal cancer who received new combination chemotherapy of S-1 and

irinotecan.

Note: Median progression-free survival was 8.1 months (95% Cl, 6.2-9.0 months).
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Figure 2. Overall survival of 45 patients with previously untreated colorectal cancer who received new combination chemotherapy of S-1 and irinotecan.

Note: Median progression-free survival was 20.9 months (95% ClI, 15.5-27.3 months).

diarrhea, or a patient’s request due to nausea/vom-
iting, anorexia, or general fatigue. Table 4 lists the
amount of CPT-11 and S-1 chemotherapy actually
administered, relative to the normal full dosage,
in each treatment cycle up to 6th cycle (a total of
219 cycles). The mean relative dose intensity of CPT-
11 was 90% with a range from 86% to 94% in each

Table 3. Adverse events (n = 46).

treatment cycle. The mean relative dose intensity of
S-1 was 92% with a range from 87% to 97% in each
treatment cycle. All patients received the initial doses
of irinotecan and S-1 on day 1 and day 3 of the first
treatment cycle on an outpatient basis. Three patients
were subjected to dosage reduction in CPT-11 and
S-1 according to the dosage-reduction criteria. One

Grade (NCI-CTCAE, ver. 3.0) All grades Grade 34
| 2 3 4 (%) (%)
Leukopenia 12 13 1 0 56.5 2.2
Neutropenia 10 10 4 0 52.2 8.7
Thorombocytopenia 1 0 0 0 2.2
Anemia 4 4 2 0 21.7 4.3
Anorexia 13 6 3 0 47.8 6.5
Nausea 7 8 0 0 32.6
Vomitting 1 3 0 0 8.7
Diarrhea 9 7 3 0 41.3 6.5
Stomatitis 4 1 0 0 10.7
Fatigue 14 6 0 0 435
Alopecia 15 2 37.0
Confusion 0 0 1 0 2.2 2.2
Elevation AST/ALT 7 2 0 0 19.6
Hyperbilirubinemia 1 0 1 0 4.3 2.2
Creatinine 2 0 0 0 4.3
26 Clinical Medicine Insights: Oncology 2013:7
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Table 4. Administered dosage of CPT-11 and S-1 as a function of normal full dosage.

Treatment No. of CPT-11 dosage Patients receiving S-1 dosage Patients receiving
cycle patients administered/ >80% of normal administered/ >80% of normal
normal (mean; %) CPT-11 dosage (%) normal (mean; %) S-1 dosage (%)

1st 45 94 96 97 96

2nd 43 92 91 92 95

3rd 39 89 87 91 95

4th 37 86 84 91 95

5th 32 90 84 87 91

6th 23 88 83 88 91

Notes: Numbers in these columns indicate the mean percentage of CPT-11 and S-1 actually administered as a function of normal full dosage for all
patients beginning a given cycle of treatment, and the percent of patients receiving more than 80% of the normal full dosage for that cycle, respectively.

patient required dosage reduction in CPT-11 because
of grade 2 fatigue, and another patient required
dosage reduction in S-1 because of grade 1 diarrhea
and fatigue.

Poststudy therapy

Among the 45 patients, 30 patients received post-
study chemotherapy, 5 patients received surgery,
1 patient received radiotherapy for intrapelvic rec-
curent tumor, and 9 patients received best support-
ive care only. Oxaliplatin-containing regimens were
administered to 28 patients (93%). Second-line che-
motherapy was administered to 9 patients, third-line
chemotherapy to 16 patients, and fourth-line chemo-
therapy to 5 patients. Bevacizumab was administered
to 9 patients, and cetuximab was administered to
2 patients. Surgery for 2 patients with unresectable
disease was converted to resection after second-line
chemotherapy.

Discussion

Metronomic chemotherapy has been summarized by
Kerbel et al*? as showing that (1) conventional cyto-
toxic anticancer drugs have antiangiogenic effects
that could contribute to their efficacy, and (2) the
antiangiogenic effects of chemotherapy seemed to be
optimized by administering such drugs metronomi-
cally, that is, in small dosages on a frequent schedule
(daily, several times a week, or weekly) in an uninter-
rupted manner. The present phase Il study assessed
the efficacy and safety of a new S-1 and CPT-11 com-
bination therapy in patients with previously untreated
metastatic or recurrent colorectal cancer. Our results
showed that the new combination schedule was effec-
tive, with a response rate of 48.9%, median PFS of

8.1 months, and median OS of 20.9 months, whereas
a total dosage of CPT-11 was relatively low. In previ-
ous phase III studies of CPT-11 plus intravenous 5-FU
and LV, response rates ranged from 31% to 62%.4%28
Median time to progression (TTP) or PFS was 6.7 to
8.7 months, and median OS was 14 to 21.5 months.
Although there are limitations in comparing the
results of different studies, the response rate, PFS,
and OS in our study were similar to those reported
in previous studies of CPT-11 plus intravenous 5-FU
and LV. Moreover, our results were not inferior to
those of the regimens, combination therapies using
S-1 and conventional MTD administration of CPT-
11, with response rates of 52.5% to 62.5% and with a
median PFS of 7.7 to 8.6 months as a first-line ther-
apy (Fig. 3).!"*'® In these regimens, 80 mg/m? of S-1
was administered at 3.5 days to 4.7 days per week,
and CPT-11 was administered at dosage of 32 mg/m?
to 50 mg/m? per week and 0.33 times to 0.5 times
per week. A key characteristic of our regimen was
the frequency in CPT-11 administered 0.75 times per
week.

In our preclinical study of metronomic chemo-
therapy using CPT-11 for colon cancer implanted
in nude mice, the metronomic chemotherapy was
more effective than the conventional MTD therapy
via antiangiogenic effect associated with a consis-
tent inhibition of circulating endothelial progeni-
tor cells (CEPs).” Both frequent administration of
CPT-11 and S-1 would be reasonable to enhance
significant antiangiogenic activity compared with
oral S-1 regimens combined with MTD administra-
tion of CPT-11, as reported by Munoz et al*® using
combination oral UFT-cyclophosphamide metro-
nomic chemotherapy against breast cancer in mice.
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Figure 3. Treatment protocols of various combination chemotherapies of S-1 and irinotecan in advanced or recurrent colorectal cancer.

Since our concept of this new combination sched-
ule consisted of inhibition of tumor angiogenesis
and cytotoxic activity, optimal biological doses of
cytotoxic agents should be determined using both
toxicity and surrogate marker for antiangiogenesis
such as CEPs.*! Moreover, antitumor efficacy of the
new schedule may be significantly increased when
administered in combination with bevacizumab, an
antiangiogenic biologic that is used worldwide for
colorectal cancer.*?

Another advantage of our regimen is the interval of
administration of CPT-11 and S-1. The in vitro stud-
ies have shown that CPT-11 downregulates thymi-
dylate synthase expression in tumor cells leading to
synergy between CPT-11 and 5-FU that was maximal
when CPT-11 was given 24 hours prior to 5-FU.**
Therefore, the weekly administration of CPT-11 fol-
lowed by S-1 with a 2-day interval in our regimen
seems to be reasonable in terms of the cytotoxic activ-
ity and of gastrointestinal toxicity such as anorexia,
nausea, and vomiting. Yoshioka’s regimen using the
2-day interval between CPT-11 and S-1 administra-
tions also resulted in a low toxicity.”

Toxicity was generally mild and manageable on
an outpatient basis. The most common hematological
toxicity was neutropenia. However, the incidence of
grade 3 or 4 neutropenia was low. The most common
types of nonhematological toxicity were diarrhea and

anorexia, which were not severe. The incidences of
grade 3 or 4 diarrhea and anorexia were also low. Of
interest, however, patients with anorexia had many
other related adverse effects, such as diarrhea, dehy-
dration, fatigue, and neutropenia (data not shown).
In patients who had moderate anorexia or diarrhea,
treatment with S-1 was temporarily discontinued.
Consequently, grade 2 of either neutropenia or leu-
copenia was the most common reason for skipping
the day 15 dose of CPT-11 in the treatment cycle.
However, it was rare that the start of the next treat-
ment cycle was delayed. Neutropenia, diarrhea,
nausea, and vomiting frequently occurred in pre-
vious studies of combined treatment with CPT-11
plus infusional 5-FU/LV*4*2% or with metronomic
administration of S-1 and MTD administration of
CPT-11."5" Our results suggested that both the inci-
dences and intensities of these toxic reactions with
S-1 plus weekly CPT-11 were lower than those with
a combination of CPT-11 plus infusional 5-FU/LV
or with metronomic administration of S-1 and MTD
administration of CPT-11.

The low toxicity in the present study has resulted
in higher relative dose intensity. The mean relative
dose intensity of both S-1 and CPT-11 exceeded 90%
up to 6th cycle. The relative dose intensity of S-1 and
CPT-11 in our study was higher than that of combina-
tion therapy with metronomic administration of S-1

28
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and MTD administration of CPT-11." In Tsunoda’s
regimen,'®* S-1 was administered twice daily for
3 weeks in combination with MTD administration of
CPT-11 on days 1 and 15 of a 5-week cycle. The rec-
ommended dose was 80 mg/m? of CPT-11. The dose
intensity of CPT-11 in a 5-week schedule was very
similar to that with Goto’s regimen."® These findings
suggest that the use of higher doses of CPT-11 would
probably require a lower dose of S-1 or temporary
discontinuation of S-1 to control toxicity, especially
neutropenia, diarrhea, or prolonged fatigue, within
acceptable levels.

Capecitabine is a widely used oral fluoropyrimi-
dine derivative. Studies of a combination of capecit-
abine plus CPT-11 have shown significant efficacy,
response rates ranging from 47% to 61%, and a
median PFS or TTP of 6.1 to 8.3 months in patients
with colorectal cancer.’**” However, the incidence of
grade 3 or 4 diarrhea with capecitabine plus CPT-11
was greater than 20%, clearly higher than that with
our study and other regimens with S-1 and CPT-11.
Both CPT-11 and capecitabine are metabolized by
carboxylesterases in the liver to an active metabo-
lite, 7-ethyl-10-hydroxy-camptothecin (SN-38), and
to an intermediate metabolite, 5'-deoxy-5-fluoropy-
rimidine, respectively. The complex metabolism of
both capecitabine and CPT-11 can thus theoretically
lead to pharmacokinetic drug-drug interactions.’® In
contrast, a previous phase I trial using S-1 and CPT-
11 showed no change in the plasma concentrations
of 5-FU, FBAL, or SN-38 as compared with the
concentrations after administration of S-1 or CPT-
11 alone.** When CPT-11 is combined with S-1, it
may, therefore, be safer and more convenient than a
combination of capecitabine and CPT-11.

Conclusion

New combination chemotherapy using daily S-1 and
low-dose weekly CPT-11 appeared to be an effective,
well-tolerated, and convenient regimen in patients
with advanced colorectal cancer. Our findings suggest
that this new combination chemotherapy is a promis-
ing regimen, offering benefits in terms of safety and
survival as compared with conventional regimens.
Future studies must objectively confirm that the new
S-1 and CPT-11 combination therapy can replace the
standard FOLFIRI without negatively affecting effi-
cacy or safety.
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ABSTRACT

Oxaliplatin is a key drug in the treatment of colorectal cancer, but it causes acute and
chronic neuropathies in patients. Goshajinkigan (GJG) is a Kampo medicine that is used
for the treatments of several neurological symptoms including pain and numbness. More
recently, GJG has been reported to prevent the oxaliplatin-induced peripheral neuropathy
in clinical studies. No experimental study, however, has been conducted to date to deter-
mine the effect of GJG on pain behaviour in a rat model of oxaliplatin-induced neuropathy.
Moreover, the impact on the anti-tumour effect of oxaliplatin remains unknown. In the
present study, we examined the effects of GJG on the peripheral neuropathy and anti-
tumour activity of oxaliplatin in rodents. Repeated administration of oxaliplatin caused
cold hyperalgesia from days 3 to 37 and mechanical allodynia from days 21 to 28. Repeated
administration of GJG prevented the oxaliplatin-induced cold hyperalgesia but not
mechanical allodynia and axonal degeneration in rat sciatic nerve. Single administration
of GJG reduced both cold hyperalgesia and mechanical allodynia after the development
of neuropathy. In addition, GJG did not affect the anti-tumour effect of oxaliplatin in the
tumour cells or tumour cells-implanted mice. These results suggest that GJG relieves the
oxaliplatin-induced cold hyperalgesia and mechanical allodynia without affecting anti-
tumour activity of oxaliplatin, and, therefore, may be useful for the oxaliplatin-induced
neuropathy in clinical practice.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

symptom.® This chronic neuropathy is often a dose-limiting
toxicity.”® For this reason, peripheral neuropathy associated

Oxaliplatin, a platinum-based chemotherapeutic agent, is
widely used for colorectal cancer. However, it causes severe
acute and chronic peripheral neuropathies. Acute neuropathy
is peculiar to oxaliplatin and includes acral paresthesias en-
hanced by exposure to cold.™™ The acute neuropathy is
thought to be not due to morphological damage of the nerve.>®
On the other hand, the chronic neuropathy is characterised by
sensory and motor neuropathy after long-term treatment with
oxaliplatin and it is similar to cisplatin-induced neurological

with the administration of oxaliplatin is a major clinical prob-
lem in chemotherapy.

The OPTIMOX (stop and go) approach offers a reasonably
good strategy® and attempts to prevent oxaliplatin-induced
neuropathy, but it has not been successful well. Gamelin
et al.’®* reported that intravenous administration of calcium
gluconate and magnesium sulphate (Ca/Mg) before and after
oxaliplatin therapy could alleviate peripheral neurotoxicity,
but the injections of these drugs make the chemotherapy

* Corresponding author: Address: Nobuaki Egashira, Department of Pharmacy, Kyushu University Hospital, 3-1-1 Maidashi, Higashi-ku,

Fukuoka 812-8582, Japan. Tel.: +81 92 642 5920; fax: +81 92 642 5937.

E-mail address: n-egashi@pharm.med kyushu-u.ac.jp (N. Egashira).
0959-8049/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ejca.2011.08.009

— 166 —



1408

EUROPEAN JOURNAL OF CANCER 48 (2012) 1407-1413

regimen cumbersome and complicated. Therefore, a
preventive agent for neuropathy has not yet been established.
Oxaliplatin is metabolised to oxalate and dichloro(1,2-diami-
nocyclohexane) platinum [Pt(dach)Cl,].** We previously
demonstrated that repeated administration of oxaliplatin
(4 mg/kg) induced cold hyperalgesia in the early phase and
mechanical allodynia in the late phase in rats, and that oxalate
is involved in the cold hyperalgesia but not mechanical
allodynia.’® Moreover, we indicated that pre-administration
of Ca or Mg prevents the cold hyperalgesia but not mechanical
allodynia which is related to Pt(dach)Cl,."*

Goshajinkigan (GJG), a Kampo medicine, has widely been
used to treat symptoms like numbness, vibration sensation,
cold sensation and limb pain associated with diabetic neurop-
athy.***® More recently, GJG has been shown to prevent the
oxaliplatin-induced peripheral neuropathy in clinical stud-
ies.”''® No experimental study, however, has been conducted
to date to determine the effect of GJG on pain behaviour in an
animal model of oxaliplatin-induced neuropathy. Moreover,
the impact on the anti-tumour effect of oxaliplatin remains
unknown. In the present study, we examined the effects of
GJG on the peripheral neuropathy and anti-tumour activity
of oxaliplatin in rodents.

2. Materials and methods

2.1. Animals

Six-week-old male Sprague-Dawley rats weighing 200-250 g
(Kyudo Co., Saga, Japan) were used for the oxaliplatin-induced
peripheral neuropathy model. Six-week-old male BALB/c
mice weighing 21-23 g (CLEA Japan, Inc., Tokyo, Japan) were
used for the in vivo tumour growth model. They were housed
in groups of four to five per cage, with lights on from 07:00 to
19:00 h. Animals had free access to food and water in their
home cages. All experiments were approved by the Experi-
mental 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.”®

2.2. Drugs

Oxaliplatin (Elplat®) was obtained from Yakult Co., Ltd. (Tokyo,
Japan) and was dissolved in 5% glucose solution. GJG (Lot. No.
2090107010) was a generous gift from Tsumura & CO. (Tokyo,
Japan). In the oxaliplatin-induced peripheral neuropathy
model, oxaliplatin (4 mg/kg) or vehicle (5% glucose solution)
was injected intraperitoneally (i.p.) twice a week for 4 weeks
(days 1, 2, 8,9, 15, 16, 22 and 23). Oxaliplatin was administered
at a volume of 1 mL/kg of body weight. GJG (0.3 and 1.0 g/kg)
was dissolved in distilled water. The doses of these drugs were
chosen based on a previous report.**?*>2® Behavioural tests
were performed blindly with respect to drug administration.

2.3.  Acetone test for cold hyperalgesia

The cold hyperalgesia was assessed by acetone test described
by Flatters and Bennett.?* Rats were placed in a clear plastic

box (20 % 17 x 13 cm) with a wire mesh floor and allowed to
habituate for 30 min prior to testing. Fifty microlitre of ace-
tone (Wako Pure Chemical Ltd., Osaka, Japan) was sprayed
onto the plantar skin of each hind paw three times with a
Micro Sprayer® (Penn Century Inc., Philadelphia, PA, Unites
States of America), and the number of withdrawal response
was counted for 40 s from the start of the acetone spray.

2.4.  von Frey test for mechanical allodynia

The mechanical allodynia was assessed by von Frey test. Rats
were 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 test-
ing. von Frey filaments (The Touch Test Sensory Evaluator
Set; Linton Instrumentation, Norfolk, United Kingdom) rang-
ing 1-15 g bending force were applied to the midplantar skin
of each hind paw with each application held for 6s. With-
drawal responses to the stimulation of von Frey filaments
were monitored and paw withdrawal thresholds were deter-
mined by a modified up-down method.

2.5.  Experimental schedule

To examine the preventive effect of repeated administration
of GJG on the oxaliplatin-induced cold hyperalgesia and
mechanical allodynia, GJG was administered p.o. once a day
for 4 weeks. The acetone test was performed before the first
drug administration (on day 0) and on days 1, 3, 5, 7, 14, 21,
30 and 37.On days 1, 3,5, 7, 14 and 21, this test was performed
before drug administration. The von Frey test was performed
before the first drug administration (on day 0) and on days 5,
15, 21 and 28. This behavioural test was performed before
drug administration.

Next, we examined the therapeutic effect of single adminis-
tration of GJG on the oxaliplatin-induced cold hyperalgesia and
mechanical allodynia after the development of neuropathy. We
confirmed the incidence of cold hyperalgesia and mechanical
allodynia on day 5 and day 28, respectively. We carried out
the drug evaluation the next day. GJG was administered p.o.
The acetone test was performed immediately before (0 min)
and at 30, 60, 90, 120, 150 and 180 min after administration.
The von Frey test was performed immediately before (0 min)
and at 30, 60, 90 and 120 min after administration. GJG was
administered at a volume of 5 mL/kg of body weight.

2.6.  Assay of sciatic nerve axonal degeneration

On day 28, sciatic nerves were harvested from rats anesthe-
tised with sodium pentobarbital. Nerves were fixed in 2%
(w/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4, 4 °C)
for 4 h followed by wash with 0.1 M phosphate buffer. After
8% (w/v) sucrose-substitution, samples were embedded in
Epon. Each section was stained with toluidine blue. Sample
sections were evaluated using light microscopy (BX51;
Olympus Corp., Tokyo, Japan).

2.7. Cell cultures

Murine colon adenocarcinoma 26 (C-26) cells were obtained
from the Riken (Saitama, Japan). C-26 cells were maintained
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in RPMI 1640 medium (MP Biomedicals Inc., Irvine, CA, USA)
containing 2 mM 1-glutamine, 10% foetal bovine serum in a
humidified atmosphere containing 5% CO, at 37 °C.

2.8.  Tumour cytotoxicity assay

C-26 cells were seeded at a density of 2 x 10* cells/cm? onto 24
well plates and were used for experiments on the following
day. Cells were exposed to oxaliplatin (10 ng/mL) and GJG
(10, 30, 100,0r 300 pg/mL) for 12, 24 or 48 h. Oxaliplatin and
GJG were dissolved in medium. The cell viability was assessed
by the mitochondrial activity in reducing WST-8 (2-(2-meth-
oxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphophenyl)-

2 H-tetrazolium, monosodium salt) to formazan. At 12, 24, or
48 h after incubation with oxaliplatin and GJG, the cells were

A

washed with phosphate-buffered saline, then 210 pL of ser-
um-free medium and 10 pL of WST-8 assay solution (Cell
Counting Kit-8; Dojindo Laboratory, Kumamoto, Japan) were
added and incubated for 1 h at 37 °C in humidified air supple-
mented with 5% CO,. The incubation medium was carefully
taken and transferred to 96 well flat-bottom plastic plates
(Corning Costar, Corning, NY, USA). The amount of formed
formazan dye was measured from the absorbance at 450 nm
with a reference wavelength of 620 nm using a microplate
reader (Immuno-mini NJ-2300; Inter Medical, Tokyo, Japan).

2.9.  Tumour growth analysis using mouse model

C-26 cells (1.0x10°cells per mouse in 10yl serum free
medium) were implanted subcutaneously in the left paw of
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Fig. 1 - Effects of repeated administration of goshajinkigan (GJG) on oxaliplatin-induced cold hyperalgesia and mechanical
allodynia in acetone (A) and von Frey (B) tests in rats. Oxaliplatin (4 mg/kg) was administered i.p. twice a week for 4 weeks.
GJG (0.3 and 1.0 g/kg) was administered p.o. once a day for 4 weeks. The acetone test was performed before the first drug
administration (on day 0) and on days 1, 3, 5, 7, 14, 21, 30 and 37. The von Frey test was performed before the first drug
administration (on day 0) and on days 5, 15, 21 and 28. Values are expressed as the mean = standard error mean of 7-8
animals. "P < 0.05, "P < 0.01 compared with vehicle. P < 0.05, P < 0.01 compared with oxaliplatin alone.
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BALB/c mice. Three days after implantation of tumour cells,
administration of drugs was started. Oxaliplatin (6 mg/kg,
i.p.) was injected twice a week and GJG (1.5 g/kg, p.o.) was
injected once a day. The tumour volumes were calculated as
follows: Volume (mm?®) =1/2xThickness (mm)x Length
(mm) x Width (mm).

2.10. Statistical analyses

Values were expressed as the mean + standard error mean.
The values were analysed by the Student’s t-test, or one-
way analysis of variance (ANOVA) followed by the Tukey-
Kramer test (StatView; Abacus Concepts, Berkely, CA, USA)
to determine differences among the groups. The values of
tumour cytotoxicity were expressed as percentages of level
of vehicle-treated group. A probability level of P < 0.05 was ac-
cepted as statistically significant.

3. Result

3.1. Effect of repeated administration of GJG on cold
hyperalgesia in acetone test in oxaliplatin-treated rats

Oxaliplatin (4 mg/kg, i.p., twice a week) significantly increased
the number of withdrawal responses compared with vehicle
on days 3, 5, 15, 21, 30 and 37 (P<0.05 or 0.01 by Tukey-
Kramer test, Fig. 1A). The repeated administration of GJG
(0.3 g/kg, p.o.) weakly reduced the increase of number of
withdrawal responses by oxaliplatin (day 30: P<0.01 by
Tukey-Kramer test). Moreover, GJG (1.0 g/kg, p.o.) completely
reversed the oxaliplatin-induced increase of number of with-
drawal responses (days 5 and 37: P < 0.05, days 3, 21 and 30:
P < 0.01 by Tukey-Kramer test).

3.2.  Effect of repeated administration of GJG on mechanical
allodynia in von Frey test in oxaliplatin-treated rat

Oxaliplatin (4 mg/kg, i.p., twice a week) significantly reduced
the withdrawal threshold compared with vehicle on days 21
and 28 (P <0.01 by Tukey—Kramer test, Fig. 1B). The repeated
administration of GJG (0.3 and 1.0 g/kg) had no effect on the
oxaliplatin-induced reduction of withdrawal threshold.

3.3.  Effect of repeated administration of GJG on
oxaliplatin-induced histological change in rat sciatic nerve

No histological abnormalities in sciatic nerve were observed in
vehicle-treated rats (Fig. 2). Oxaliplatin (4 mg/kg, i.p., twice a
week) induced the decrease in the density of myelinated fibres
and the degeneration of myelinated fibres in rat sciatic nerve.
These histological changes were also observed in the tissue of
rat treated with co-administration of oxaliplatin and GJG.

3.4.  Effect of single administration of GJG on cold hyper-
algesia after the development of neuropathy in acetone test
in oxaliplatin-treated rats

Oxaliplatin (4 mg/kg, i.p., twice on days 1 and 2) significantly
increased the number of withdrawal responses compared
with vehicle in acetone test on day 5 (P <0.05 by Tukey-

Vehicle

Oxaliplatin

Oxaliplatin
+GJG 1.0 g/kg

Fig. 2 - Effect of repeated administration of goshajinkigan
(GJG) on histological change induced by oxaliplatin in rat
sciatic nerve. Rats were treated with oxaliplatin (4 mg/kg,
i.p.) twice a week for 4 weeks. GJG (1.0 g/kg) was adminis-
tered p.o. once a day for 4 weeks. On day 28, the sciatic
nerve was harvested, and samples were stained with
toluidine blue. Photographs were originally magnified 800x.
Scale bar 50 pm.

Kramer test, Fig. 3A). The single administration of GJG (0.3 g/
kg) had no effect on the oxaliplatin-induced increase of num-
ber of withdrawal responses, while GJG (1.0 g/kg) significantly
reduced this response (30 and 90 min: P < 0.05, 60 min: P < 0.01
by Tukey-Kramer test). This effect of GJG disappeared by
180 min after administration.

3.5.  Effect of single administration of GJG on mechanical
allodynia after the development of neuropathy in von Frey test
in oxaliplatin-treated rats

Oxaliplatin (4 mg/kg, i.p., twice on days 1, 2, 8, 9, 15, 16, 22 and
23) significantly reduced the withdrawal threshold compared
with vehicle on day 28 (P < 0.01 by Tukey-Kramer test, Fig. 3B).
The single administration of GJG (0.3 g/kg) significantly in-
creased the reduced threshold by oxaliplatin at 30 and
90 min after administration (P <0.05 by Tukey-Kramer test).
Similarly, GJG (1.0 g/kg) significantly increased the oxalipla-
tin-induced reduction of withdrawal threshold at 30 min after
administration (P < 0.01 by Tukey-Kramer test). These effects
of GJG disappeared by 120 min after administration.
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Fig. 3 - Effects of single administration of goshajinkigan (GJG) on the cold hyperalgesia and mechanical allodynia after the

development of neuropathy in acetone (A) and von Frey (B) tests in oxaliplatin-treated rats. Rats were treated with oxaliplatin
(4 mg/kg, i.p.) twice on days 1 and 2 (A) or twice on days 1, 2, 8, 9, 15, 16, 22 and 23 (B). We confirmed the incidence of cold
hyperalgesia and mechanical allodynia on days 5 and 28, respectively. We carried out the drug evaluation the next day. GJG
(0.3 and 1.0 g/kg) was administered p.o. Values are expressed as the mean = standard error mean of 6-8 animals. 'P <0.05,
TP < 0.01 compared with vehicle. "P < 0.05, "P < 0.01 compared with oxaliplatin alone.

3.6.  Effect of GJG on the tumour cytotoxicity of oxaliplatin

The exposure of cultured C-26 cells to oxaliplatin (3 uM) for
12, 24 or 48 h caused time-dependent decreases in tumour
cell viability as assessed by mitochondrial enzyme activity
using the WST-8 assay (Fig. 4). GJG (10-300 pg/mL) had no ef-
fect on the oxaliplatin-induced decrease of tumour cell viabil-
ity in cell line.

3.7.  Effect of GJG on the anti-tumour activity of oxaliplatin
in tumour cells-implanted mice

Oxaliplatin (6 mg/kg, i.p.) significantly inhibited the increase
of tumour volumes compared with vehicle on days 11 and

16 in tumour cells-implanted mice (P < 0.01 by Tukey—Kramer
test, Fig. 5). GJG (1.5 g/kg, p.o.) had no effect on the oxaliplatin-
induced inhibition of tumour growth.

4, Discussion

In the present study, oxaliplatin caused cold hyperalgesia
from the early phase and mechanical allodynia in the late
phase, consistently with our previous reports.”®?* The re-
peated administration of GJG reduced the oxaliplatin-in-
duced cold hyperalgesia in the acetone test, whereas it had
no effect on the oxaliplatin-induced mechanical allodynia
in the von Frey test. Recently, an increased expression of
transient receptor potential melastatin 8 (TRPMS8) has been
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Fig. 4 - Effect of goshajinkigan (GJG) on the tumour
cytotoxicity of oxaliplatin. C-26 cells were incubated with
oxaliplatin (3 pM) for 12, 24, or 48 h in the presence or
absence of various concentrations (10-300 pg/mL) of GJG.
Cell viability was measured by WST-8 assay. Values are
expressed as percentages of the viability of the vehicle-
treated group (n = 6-9).
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Fig. 5 - Effect of goshajinkigan (GJG) on the anti-tumour
effect of oxaliplatin. C-26 cells-implanted mice were treated
with oxaliplatin (6 mg/kg, i.p.) twice a week and GJG (1.5 g/
kg, p.o.) once a day for 16 days. Values are expressed as the
mean + standard error mean of 12 animals on days 0, 4, 8,
11 and 16. P < 0.01 compared with vehicle.

reported to be involved in oxaliplatin-induced cold allodynia
in mice.® Single administration of oxaliplatin increases the
expression level of TRPM8 mRNA at day 3 after injection
and the expression is decreased to the normal level on day
10. The TRPMS is activated by cooling temperature, and its
mRNA is expressed in dorsal root ganglion, but not in other
tissues.?® Therefore, GJG might prevent the oxaliplatin-in-
duced cold hyperalgesia by inhibiting the expression of
TRPM8. We also observed that oxaliplatin caused the degen-
eration and the decrease in the density of myelinated fibres
in rat sciatic nerve on day 28. However, repeated administra-

tion of GJG had no effect on the histological changes induced
by oxaliplatin. These results suggest that GJG cannot protect
against the oxaliplatin-induced axonal degeneration. Re-
cently, we have reported that no histological abnormalities
in sciatic nerve were observed in oxaliplatin-treated rats
on day 5, although oxaliplatin caused cold hyperalgesia in
the acetone test on that day.®® Therefore, it is unlikely that
repeated administration of GJG prevented the oxaliplatin-in-
duced cold hyperalgesia by protecting against the axonal
degeneration. In addition, the present results support the
involvement of axonal degeneration in the incidence of
mechanical allodynia in the late phase but not cold hyperal-
gesia from the early phase.

Our data in this study revealed that single administration
of GJG after the development of neuropathy reduced both
cold hyperalgesia and mechanical allodynia. The present re-
sults suggest that GJG is useful as symptomatic therapy for
oxaliplatin-induced peripheral neuropathy. GJG has been re-
ported to show anti-nociceptive effect based on not only
stimulation of spinal k-opioid receptors via dynorphin re-
lease but also increase of peripheral blood flow via increase
in nitric oxide production, in streptozotocin-induced diabetic
mice.?>?%?” The herbal medicine component of GJG also has
antioxidant properties.?®?° Furthermore, GJG partially re-
verses C fibre activation through the reduction of the tach-
ykinins, transient receptor potential vanilloid type 1
(TRPV1) channels and P2X3 purine receptors.®® Therefore,
the effects of GJG on the oxaliplatin-induced cold hyperalge-
sia and mechanical allodynia might be due to increase of
peripheral blood flow, stimulate spinal x-opioid receptors, in-
hibit oxidative stress or suppress the C fibre activation. In
fact, it has been reported that oxaliplatin gradually de-
creases peripheral blood flow in mice®*' and increases re-
sponses of C-fibre nociceptors to mechanical stimulation in
rats.*® Moreover, both systemic and local administration of
antioxidants (acetyl-i-carnitine, alpha-lipoic acid or vitamin
C) markedly inhibit the oxaliplatin-induced neuropathy.*

In this study, repeated administration of GJG (0.3 g/kg) re-
duced the cold hyperalgesia in the late phase but not early
phase. Though the reason for the effect of GJG is unknown,
repeated administration of lower dose of GJG might reduce
cold hyperalgesia in the late phase through progressive in-
crease of peripheral blood flow without protecting against
the axonal degeneration or inhibiting the expression of
TRPMS.

The present results also show that GJG had no effect on the
oxaliplatin-induced tumour cytotoxicity in C-26 cells. Further-
more, GJG had no effect on the anti-tumour effect of oxalipla-
tin in tumour cells-implanted mice. Therefore, it is unlikely
that GJG influences the anti-tumour effect of oxaliplatin.

In conclusion, the study presented here demonstrates, for
the first time, that GJG ameliorates the oxaliplatin-induced
neuropathy in the rat model without affecting the anti-tumour
activity of oxaliplatin. However, GJG cannot protect against the
oxaliplatin-induced axonal degeneration in rat sciatic nerve.
Therefore, GJG is expected to be useful as symptomatic ther-
apy for clinical oxaliplatin-induced neuropathy if it is used
with particular care of sensory and motor neuropathies. These
data are important information for clinical trials of GJG now
underway in particular.
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Abstract.

Oxaliplatin is a key drug in the treatment of colorectal cancer, but it causes acute and

chronic neuropathies in patients. Amitriptyline has widely been used in patients with painful neu-
ropathy. In this study, we investigated the effect of amitriptyline on the oxaliplatin-induced neu-
ropathy in rats. Repeated administration of amitriptyline (5 and 10 mg/kg, p.o., once a day) reduced
the oxaliplatin-induced mechanical allodynia but not cold hyperalgesia and reversed the oxalipla-
tin-induced increase in the expression of NR2B protein and mRNA in rat spinal cord. These results
suggest that amitriptyline is useful for the treatment of oxaliplatin-induced neuropathy clinically.

Keywords: oxaliplatin, amitriptyline, peripheral neuropathy

Oxaliplatin has widely been used as a key drug in the
treatment of colorectal cancer. However, it causes severe
acute and chronic peripheral neuropathies. Acute neu-
ropathy includes acral paresthesias and dysesthesia trig-
gered or enhanced by exposure to cold, and it appears
soon after administration (1). After multiple cycles of
treatment, the patients develop chronic neuropathy char-
acterized by sensory and motor dysfunction. This chronic
neuropathy is a dose-limiting toxicity and a major clinical
problem in oxaliplatin chemotherapy (2).

Antidepressant drugs have been recommended to be
used as. first-line drugs for the treatment of neuropathic
pain (3, 4), and in particular, amitriptyline is demon-
strated to possess an analgesic activity for neuropathic
pain in many randomized controlled trials (5).

Recently, we reported that repeated administration of
oxaliplatin induced cold hyperalgesia in the early phase
and mechanical allodynia in the late phase in rats (6), and
spinal NR2B-containing N-methyl-p-aspartate (NMDA)
receptors are involved in the oxaliplatin-induced me-
chanical allodynia (7). However, the effect of amitrip-
tyline on the oxaliplatin-induced neuropathy remains
unexplored. Accordingly, we investigated the effect of
amitriptyline on the oxaliplatin-induced cold hyperalge-
sia and mechanical allodynia in rats. Moreover, we ex-
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amined the effect of amitriptyline on the oxaliplatin-
induced increase in the expression of NR2B protein and
mRNA in the rat spinal cord.

Male Sprague-Dawley rats (Kyudo Co., Tosu) were
used. Rats were housed in groups of four to five per cage,
with lights on from 7:00 AM to 7:00 PM. 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 (Fukuoka)
according to the National Institutes of Health guidelines,
and we followed the International Association for the
Study of Pain (IASP) Committee for Research and
Ethical Issues guidelines for animal research (8).

Oxaliplatin (Elplat®) was obtained from Yakult Co.,
Ltd. (Tokyo) and was dissolved in 5% glucose solution.
Amitriptyline was provided by Wako Pure Chemical
Industries, Ltd. (Osaka) and was dissolved in distilled
water. Oxaliplatin (4 mg/kg) or vehicle (5% glucose so-
lution) was injected intraperitoneally (i.p.) in volumes of
1 mL/kg, twice a week for 4 weeks (days 1, 2, 8, 9, 15,
16, 22, and 23). Amitriptyline (5 and 10 mg/kg) was
administered p.o. once a day for 27 days (from day 1).
The doses of these drugs were chosen based on previous
reports (6, 7, 9). Behavioral tests were performed blindly
with respect to drug administration.

The cold hyperalgesia was assessed by acetone test
described by Flatters and Bennett (10). The acetone test
was performed before the first drug administration (on
day 0) and on days 4, 7, 11, 14, 18, 21, and 28. On days
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4,7, 11, 14, 18, and 21, test was performed before drug
administration. Rats were 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. Fifty microliters of
acetone (Wako Pure Chemical Industries, Ltd.) 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 withdrawal
response was counted for 40 s from the start of the acetone
spray.

The mechanical allodynia was assessed by the von
Frey test. The von Frey test was performed before the
first drug administration (on day 0) and on days 7, 14, 21,
28, 35, 42, 49, and 56. On days 7, 14, and 21, test was
performed before drug administration. Rats were 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 mid-plantar skin of
each hind paw with each application held for 6 s. The
paw withdrawal threshold was determined by a modified
up-down method (11).

To investigate the functional changes in mRNA levels
of NR2B, the L4-6 spinal cord was quickly removed on
day 28. mRNA was isolated using PolyATtract® System
1000 (Promega, Corp., Madison, WI, USA). cDNA was
synthesized using the PrimScript® 1st strand cDNA
Synthesis Kit (Takara Bio, Inc., Otsu). The polymerase
chain reaction (PCR) was carried out with Gene Taq
(Nippon Gene, Co., Ltd., Tokyo). The oligonucleotide
primers for NR2B were designed based on the sequences
described by Lau et al. (12). The sequences of PCR prim-
ers were as follows: NR2B, 5-TCC GTC TTT CTT
ATG GG ATA TGC-3'(sense), 5'-CCT CTA GGC GGA
CAG ATT AAG G-3' (antisense); glyceraldehyde-3-
phosphate dehydrogenase (G3PDH), 5'-YGC CTG CTT
CAC CACCTT-3" (sense), 5'-TGC MTC CTG CAC
CAC CAA CT-3' (antisense) (Sigma-Aldrich, St. Louis,
MO, USA). 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 annealing cycle
(45 s), and 72°C extension cycle (1.5 min) for G3PDH.
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 products were semi-quanti-
fied densitometrically by Alpha Imager 2200 (Protein
Simple, Santa Clara, CA, USA).

To examine the functional changes in protein levels of
NR2B, the L4-6 spinal cord was quickly removed on day
28. The tissues were homogenized in a solubilization

buffer containing 20 mM Tris-HCI, 2 mM EDTA, 0.5
mM EGTA, 10 mM NaF, 1 mM Na;VO,, 1 mM PMSF,
0.32 M sucrose, 2 mg/ml aprotinine, and 2 mg/ml leu-
peptin, pH 7.4. The homogenates were subjected to 6%
SDS-PAGE, and proteins were transferred electropho-
retically 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; Millipore, Corp., Billerica, MA, USA)
and then incubated for 1 h with anti-rabbit IgG—
horseradish peroxidase (1:5000; Jackson Immuno Re-
search Laboratories, Inc., West Grove, PA, USA). The
immunoreactivity was detected using Enhanced Chemi-
luminescence (Perkin Elmer, Waltham, MA, USA).

Values were expressed as the mean=+ S.E.M. The
values were analyzed by one-way analysis of variance
(ANOVA) followed by the Tukey-Kramer post hoc test
to determine differences among the groups. A probability
level of P <0.05 was accepted as statistically signifi-
cant.

In the acetone test, oxaliplatin (4 mg/kg, i.p., twice a
week) significantly increased the number of withdrawal
responses compared with vehicle on days 11, 14, 18, 21,
and 28 (days 11, 14, and 18: P <0.05, days 21 and 28:
P <0.01; Fig. 1A). Repeated administration of amitrip-
tyline (5 and 10 mg/kg, p.o., once a day) did not affect
the oxaliplatin-induced increase in the number of with-
drawal responses.

In the von Frey test, oxaliplatin significantly reduced
the withdrawal threshold compared with vehicle on days
14, 21, 28, 35, 42, 49, and 56 (P <0.01, Fig. 1B). Re-
peated administration of amitriptyline (10 mg/kg) sig-
nificantly inhibited the oxaliplatin-induced reduction of
the withdrawal threshold on days 14, 21, 28, 35, 42, 49,
and 56 (P < 0.01). In addition, repeated administration of
amitriptyline (5 mg/kg) significantly inhibited the oxali-
platin-induced reduction of the withdrawal threshold
(day 28: P <0.05 and days 35 and 42: P <0.01).

NR2B expression was examined by western blot and
PCR analysis on homogenates of the spinal cord from
rats. The results of western blotting and PCR showed that
NR2B protein and mRNA levels in the spinal cord of
oxaliplatin-treated rats significantly increased compared
with that of vehicle-treated rats on day 28 (P < 0.05, Fig.
2). Repeated administration of amitriptyline (5 and 10
mg/kg) significantly reversed the oxaliplatin-induced
increase in the NR2B mRNA levels in the spinal cord
(P <0.05, Fig. 2A). Similarly, repeated administration of
amitriptyline (10 mg/kg) significantly reversed the oxali-
platin-induced increase in the NR2B protein levels in the
spinal cord (P <0.01, Fig. 2B). In addition, repeated
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administration of amitriptyline (5 mg/kg) tended to re-
duce the oxaliplatin-induced increase in the NR2B pro-
tein levels.

In this study, repeated administration of amitriptyline
reduced the oxaliplatin-induced mechanical allodynia
but not cold hyperalgesia. Therefore, amitriptyline may
be useful for treatment of the oxaliplatin-induced chronic
peripheral neuropathy.

Furthermore, repeated administration of amitriptyline
reversed the oxaliplatin-induced increase in the NR2B
protein and mRNA levels in the spinal cord. Tricyclic
antidepressant agents (TCAs) have been reported to have
properties to bind NMDA receptors and to inhibit bind-
ing of NMDA ligand (13, 14). Amitriptyline has also

—a— Oxaliplatin + Amitriptyline 5 mg/kg
—a— Oxaliplatin + Amitriptyline 10 mg/kg

Fig. 1. Effects of amitriptyline on oxaliplatin-induced
cold hyperalgesia in the acetone test (A) and mechanical
allodynia in the von Frey test (B) in rats. Oxaliplatin (4 mg/
kg) was administered i.p. twice a week for 4 weeks (days 1,
2,8,9,15, 16,22, and 23). Amitriptyline (5 and 10 mg/kg)
was administered p.o. once a day for 27 days. The acetone
test was performed before the first drug administration (on
day 0) and on days 4, 7, 11, 14, 18, 21, and 28. The von
Frey test was performed before the first drug administration
(on day 0) and on days 7, 14, 21, 28, 35, 42, 49, and 56.
Values are expressed as the mean + S.E.M. of 6 animals
(A) or 9 — 10 animals (B). *P < 0.05, **P < 0.01, compared
with the vehicle; P < 0.05, TP < 0.01, compared with ox-
aliplatin alone.

days

been reported to inhibit NMDA-induced pain behavior in
rats (15). Recently, we reported that spinal NR2B-
containing NMDA receptors are involved in the oxalipl-
atin-induced mechanical allodynia (7). Taken together,
the reduction of amitriptyline on the expression of NR2B
subunits may be involved in its inhibitory effect on the
development of oxaliplatin-induced mechanical
allodynia.

In this study, we did not evaluate the acute effect of
amitriptyline on pain behaviors. Furthermore, its inhibi-
tory effect on the development of oxaliplatin-induced
mechanical allodynia persisted up to 56 days after the
end of amitriptyline administration. These results suggest
that the preventive effect of amitriptyline is not a tran-
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pain inhibitory system related to monoamine reuptake
inhibition and likely due to inhibition of the expression
of NR2B subunits. In addition, chronic administration of
imipramine for 16 days has been reported to reduce the
expression of NMDA -receptor subunit mRNA in mouse
brain (16). Therefore, imipramine has the potential to
prevent the oxaliplatin-induced mechanical allodynia.

In the present study, we observed that the oxaliplatin-
induced mechanical allodynia was gradually recovered
on days 42 — 56 after the end of oxaliplatin administra-
tion. The present result is consistent with the previous
one (11). Clinically, the reversibility of sensory neuro-
toxicity is observed in patients treated with oxaliplatin
an7.

In conclusion, the present results suggest, for the first
time, that repeated administration of amitriptyline re-
duces the oxaliplatin-induced mechanical allodynia, at
least in part, by inhibiting the expression of NR2B
subunits.
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Inhibition of Ca**/Calmodulin-dependent protein
kinase Il reverses oxaliplatin-induced mechanical
allodynia in Rats

Masafurni Shirahama, Soichiro Ushio, Nobuaki Egashira*, Shota Yamamoto, Hikaru Sada, Ken Masuguchi,
Takehiro Kawashiri and Ryozo Oishi

Abstract

setting.

Background: Oxaliplatin is a key drug in the treatment of colorectal cancer, but it causes severe peripheral
neuropathy. We previously reported that oxaliplatin (4 mg/kg, i.p., twice a week) induces mechanical allodynia in
the late phase in rats, and that spinal NR2B-containig N-methyl-p-aspartate (NMDA) receptors are involved in the
oxaliplatin-induced mechanical allodynia. In the present study, we investigated the involvement of Ca%*/calmodulin
dependent protein kinase Il (CaMKIl), which is a major intracellular protein kinase and is activated by NMDA
receptor-mediated Ca?* influ, in the oxaliplatin-induced mechanical allodynia in rats.

Results: An increase of CaMKIl phosphorylation was found in the spinal cord (L4s) of oxaliplatin-treated rats. This
increased CaMKIl phosphorylation was reversed by intrathecal injection of a selective CaMKIl inhibitor KN-93 (50
nmol, it) and a selective NR2B antagonist Ro 25-6981 (300 nmol, i.t). Moreover, acute administration of KN-93 (50
nmol, i.t) strongly reversed the oxaliplatin-induced mechanical allodynia in von Frey test, while it did not affect the
oxaliplatin-induced cold hyperalgesia in acetone test. Similarly, oral administration of trifluoperazine (0.1 and 0.3
mag/kg, p.o.), which is an antipsychotic drug and inhibits calmodulin, reduced both mechanical allodynia and
increased CaMKil phosphorylation. On the other hand, trifluoperazine at the effective dose (0.3 mg/kg) had no
effect on the paw withdrawal threshold in intact rats. In addition, trifluoperazine at the same dose did not affect
the motor coordination in rota-rod test in intact and oxaliplatin-treated rats.

Conclusions: These results suggest that CaMKIl is involved in the oxaliplatin-induced mechanical allodynia,
and trifluoperazine may be useful for the treatment of oxaliplatin-induced peripheral neuropathy in clinical

Background
Oxaliplatin, a platinum-based chemotherapeutic agent,
has widely been used for colorectal cancer. However,
oxaliplatin causes severe peripheral neuropathy. After
multiple cycles, the patients develop a chronic neuropa-
thy that is characterized by a sensory and motor dys-
function. This chronic neuropathy is a dose-limiting
toxicity and a major clinical problem in oxaliplatin-
based chemotherapy [1].

‘We previously reported that repeated administration
of oxaliplatin induced cold hyperalgesia in the early

* Correspondence: n-egashi@pharm.med.kyushu-u.acjp
Department of Pharmacy, Kyushu University Hospital, 3-1-1 Maidashi,
Higashi-ku, Fukuoka 812-8582, Japan

@ BicMed Central

phase and mechanical allodynia in the late phase in rats
[2]. Recently, we reported that spinal NR2B-containing
N-methyl-p-aspartate (NMDA) receptors are involved in
the oxaliplatin-induced mechanical allodynia [3]. The
NMDA receptor antagonists (MK-801 and memantine)
and selective NR2B antagonists (Ro25-6981 and ifenpro-
dil) reverse the oxaliplatin-induced mechanical allodynia.
In addition, an expression of NR2B protein and mRNA
in the rat spinal cord is increased by oxaliplatin on day
25 (late phase).

Activation of the NMDA receptors leads to an
increase in Ca®* influx into the cytosol. This increased
Ca** influx initiates cascades of intracellular signaling
events involving Ca®* and various protein kinases [4].
Ca®*/calmodulin dependent protein kinase II (CaMKII)

© 2012 Shirahama 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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is a major intracellular protein kinase and is activated by
Ca?* signaling [5]. An increase in intracellular Ca**
initially activates calmodulin by binding to its Ca®
*-binding sites, and this interaction induces a change in
the conformation of calmodulin. CaMKII is then
switched to an activated state by exposure to Ca”

Page 2 of 9

“/calmodulin. Several studies showed that an increase of
CaMKII activation in the spinal cord is involved in per-
sistent pain by nerve injury [6-9] and inflammation
[10,11]. However, the role of CaMKII in the oxaliplatin-
induced mechanical allodynia still remains unclear. In
this study, we investigated the involvement of CaMKII
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Figure 1 Effects of KN-93 and KN-92 on oxaliplatin-induced mechanical allodynia in the von Frey test. Rats were treated with oxaliplatin
(4 mg/kg, 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. KN-93 (10-50 nmol) or KN-92 (50 nmol) was administered intrathecally. The von Frey test was
performed immediately before (0 min) and at 30, 60, 90 and 120 min after administration. KN-93 (50 nmol) significantly reversed oxaliplatin-
induced mechanical allodynia (A). On the other hand, KN-92 (50 nmol) had no effect on the mechanical allodynia (B).Values are expressed as the
mean + SEM. of 5-8 animals. **p < 0.01 compared with vehicle (Student's t-test). Tp < 0.05 compared with oxaliplatin alone (one-way ANOVA
followed by Tukey-Kramer post-hoc test).
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