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WM AR R GIST Ml 3, MBE BRI ESRTH o 7. viable cell iZF» T, pCR
LY RN (Fig.5). T7-BEFRTRTbhEror.
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FAETIE, BRGIST I LA vF =72 5B ICHEINRZ2TY, BF2ERE2B TV IRELHAS
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ZTIRIEDH 5 GIST °, 4 v F =7 THEITHEIL LEEL L7 GIST, 5\ 3% R07% #1775
GIST TRAEBEN YR, ARNERLERE 22 LTna.
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VB L N WIRETORM T, UBRFE, AFEFRLBIETL, FERRRICRLEHEL WA,
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DEFIFELRVEEZ -
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Tumor size before . .
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A Resected Case of Local Recurrence of GIST of the Stomach
in which Pathological complete Response after Neoadjuvant Chemotherapy
by Imatinib Mesylate

Akiharu Kimura®, Kiyoshi Hiramatsu®, Tadayuki Sakuragawa®, Tomotaka Tsuchiya”,
Hidehiko Otsuji®, Takao Maeta”, Hiroshi Tanaka”, Katsue Yoshida®,
Yuichi Machiki” and Hiroyuki Kuwano”
Department of Surgery, Kiryu Kosei General Hospital”
Department of Pathology, Kiryu Kosei General Hospital”
Department of Surgery, Hino Municipal Hospital®

Department of General Surgical Science, Ganma University Graduate School of Medicine®

A 78-year-old man underwent proximal gastrectomy for gastrointestinal stromal tumor (GIST) of the
stomach in November 2004.The pathological diagnose was GIST, and it was positive for KIT and CD34
immunohistochemically, indicating it was in a high risk group. Administration of imatinib mesylate at a
dose of 400 mg/day was given for 21 months after surgery as adjuvant chemotherapy. In November
2000, abdominal computed tomography (CT) revealed local recurrence of GIST invading the hiver and
diaphragm making curative resection difficult, so administration of imatinib mesylate was restarted.
Three months after reinitiating imatinib mesylate treatment,abdominal CT showed reduction in tumor
size. Therefore,we judged this lesion to be resectable and performed local resection. Histopathologically,
the tumor was replaced by angiomatoid change,and no viable tumor cells were detected. Pathological
complete response (pCR) was obtained. This was a rare case, in which local recurrence of GIST invading
the lver and diaphragm was resected after neoadjuvant chemotherapy by imatinib mesylate, and
pathological complete response was obtained.

Key Words: GIST, imatinib mesylate, neoadjuvant therapy
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Introduction

Abstract

Oxaliplatin-induced peripheral neurotoxicity (OPN) is commonly associated with
peripheral hypersensitivity to cold sensations (CS) but the mechanism is unknown.
We hypothesized that the transient receptor potential melastatin 8 (TRPMS), a
putative cold and menthol receptor, contributes to oxaliplatin cold hypersensitivity.
To determine whether the TRPMS is involved in acute OPN, varying concentrations
of menthol were topically applied to the tongues of healthy subjects (n = 40) and
colorectal cancer patients (n = 36) before and after oxaliplatin administration. The
minimum concentration of menthol to evoke CS at the menthol application site was
determined as the CS detection threshold (CDT). In healthy subjects, the mean CDT
was 0.068. Sex and age differences were not found in the CDT. In advanced colorectal
cancer patients, the mean CDT significantly decreased from 0.067% to 0.028% (P =
0.0039) after the first course of oxaliplatin infusions, and this marked CS occurred
in patients who had grade 1 or less neurotoxicity, and grade 2 neurotoxicity, but not
in those with grade 3 neurotoxicity. Further, the mean baseline CDT in oxaliplatin-
treated patients was significantly higher than that of chemotherapy-naive patients
and healthy subjects (0.151% vs. 0.066%, P = 0.0225), suggesting that acute sensory
changes may be concealed by progressive abnormalities in sensory axons in severe
neurotoxicity, and that TRPMS is subject to desensitization on repeat stimulation.
Our study demonstrates the feasibility of undertaking CDT test in a clinical setting
to facilitate the identification of early neurotoxicity. Moreover, our results indicate
potential TRPMS8 involvement in acute OPN.

is usually triggered by cold exposure and begins in the hands
or feet but sometimes occurs around the mouth or in the

Oxaliplatin-induced peripheral neurotoxicity (OPN) is dele-
terious to patients both in terms of troublesome symptoms
and the need to reduce or discontinue chemotherapy (Adels-
berdger et al. 2000). Oxaliplatin, a third-generation platinum
analog, causes a unique spectrum of acute peripheral nerve
hyperexcitability that has not been observed in patients re-
ceiving other platinum chemotherapeutic agents. Conversely,
chronic oxaliplatin treatment induces an axonal neuropa-
thy that is similar to that observed with other platinum-
based compounds (Lehky et al. 2004). In clinical studies, ap-
proximately 90% of oxaliplatin-treated patients experienced
unique acute OPN, particularly cold-induced paresthesia that

throat (Raymond et al. 1998a; Raymond et al. 1998b; Grothey,
2003; Ali 2010;). It is an acute transient syndrome that may
begin during drug infusion or within minutes, hours, or 1-2
days after administration but is usually self-limiting, often
disappearing within a few days (Gamelin et al. 2002, 2006).
Recently, a wide repertoire of sensory transduction
molecules that convert external environmental stimuli into
neural activity has been identified (Basbaum et al. 2009).
For example, the transient receptor potential (TRP) family
of ion channels are the primary detectors of thermal stim-
uli (Jordt et al. 2003), and TRP melastatin 8 (TRPMS) de-
termines whether temperatures are considered cool or cold

68 © 2012 The Authors. Published by Wiley Periodicals, Inc. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial License which permits use, distribution and reproduction in any medium, provided
the original work is properly cited and is not used for commercial purposes.
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{McKemy et al. 2002; Peier et al. 2002; Daniels and McKemy
2007). However, to date, there is no evidence that TRPMS is
involved in the mechanisms of acute OPN.

Menthol, a potent TRPMS agonist, has long been known
to induce or intensify cold sensations by interacting with
the peripheral cold receptor, TRPMS8 (McKemy et al. 2002;
Peier et al. 2002; Knowlton et al. 2010). The tongue is a
well-characterized sensory organ, and TRPMS is present in
sensory lingual nerve fibers that mainly project from the
trigeminal ganglion where they function as cold and menthol
receptors on the tongue (Abe et al. 2005).

On the basis of these observations, we hypothesized that
TRPMS is involved in the mechanisms of acute OPN, es-
pecially marked sensitivity to cold. We tested this hypothe-
sis by topically applying varying concentrations of menthol,
a TRPMS agonist, to the patients’ tongue before and after
oxaliplatin infusions to determine their sensitivity to cold
sensation. The minimum concentration of menthol to evoke
cold sensation (CS) at the menthol application site was de-
termined as the cold sensation detection threshold (CDT).

The conventional clinical grading system was used to as-
sess the severity of neurotoxicity in relation to CDT. Patients
also completed self-report ratings of their sensitivity to cold
sensation, and the results of these objective and subjective
findings were compared.

Materials and Methods
Subjects and treatment regimen

A total of 76 subjects were enrolled in this study: 40 healthy
subjects (24 women, 16 men; median age, 54 years; range,
22-85) and 36 patients (22 women, 14 men; median age,
57 years; range, 33-80) with advanced-stage colorectal can-
cer who received standard oxaliplatin in combination with
infusional 5-fluorouracil/leucovorin (FOLFOX) as a first-
line treatment. In the FOLFOX regimens, oxaliplatin (mod-
ified FOLFOX 6, 85 mg/m?®) was given intravenously over
2 h on day 1 in conjunction with leucovorin (200 mg/m?)
and followed by a 5-fluorouracil (5-FU) bolus injection
(400 mg/m?), repeated every 2 weeks. A continuous 24-h
infusion of 5-FU (600 mg/m?) was given over days 1 and 2.
On day 2, leucovorin (200 mg/mz; over 2 h) and 5-FU bolus
(400 mg/m?) were given intravenously.

The subjects did not consume any spicy food 1 day prior to
testing. They were also asked to refrain from eating, drinking,
chewing gum, brushing their teeth, and using mouthwash for
2 h before testing, and we verified that the participants had
observed these restrictions at the beginning of each session.

The present study was conducted in accordance with
the Declaration of Helsinki for the care for human stud-
ies adopted by the Ethics Committee of Higashi-Asahikawa
Hospital. All patients provided written informed consent.

@© 2012 The Authors. Published by Wiley Periodicals, Inc.

TRPMS in Oxaliplatin-Induced Neurotoxicity

Assessment of menthol in experiments 1
and 2

A solution of 5% L-menthol (from dry crystals; MERCK,
Tokyo, Japan) was prepared in warm distilled water (41°C)
at the time of application, and this solution was further di-
luted in warm distilled water to yield menthol solutions of
0.005%, 0.01%, 0.05%, 0.1%, 0.5%, and 1% (0.32 mM, 0.64
mM, 3.2 mM, 6.4 mM, 32 mM, and 64 mM, respectively).
These solutions were topically applied with a cotton swab to
the dorsal anterior tongue in two experiments (Fig. 1a). In
experiment 1, the six different menthol solutions were ad-
ministered to healthy subjects and patients with colon cancer
prior to oxaliplatin exposure, and their subjective ratings of
cold sensitivity were recorded. In experiment 2, patients were
examined for alterations in the menthol-induced cold sensa-
tions before and 5-6 h after the patients receiving individual
oxaliplatin infusions. The menthol concentrations used in
this study were based on a previous human study (Albin
et al. 2008). The vehicle control (warmed distilled water) was
applied in the same manner.

Both experiments were performed in a room maintained
at a constant temperature (22 £ 1°C) and a relative humid-
ity of 55 = 5%. The menthol testing was performed by two
investigators (TK and MS) on all participants. Neither the
individuals nor the investigator were aware of whether men-
thol or the vehicle was applied first because the substances
were encoded by a technical assistant.

Cold sensations and Cold sensation
detection threshold

The highest and lowest concentrations of the menthol solu-
tions were set at 1% and 0.005%, respectively. Starting at the
lowest and increasing to the highest menthol concentration,
the solutions were applied with an interstimulus interval of
10 sec. For each stimulus, the subject was instructed to push
a button as soon as he or she detected a CS (CDT). The CDT
was considered the minimum menthol concentration. When
no threshold was obtained, the highest concentration tested
(1%) was entered as the threshold value.

Assessment of neurotoxicity

The National Cancer Institute Common Terminology Cri-
teria for Adverse Events (CTCAE) version 3.0 was used to
evaluate the severity of neurotoxicity: grade 1 (mild), loss
of deep tendon reflexes or paresthesia not interfering with
function; grade 2 (moderate), sensory alteration or paresthe-
sia interfering with function but not activities of daily living;
grade 3 (severe), sensory alteration or paresthesia interfering
with activities of daily living; and grade 4, disabling (Trotti
etal. 2003).

69

- 167 —



TRPMS in Oxaliplatin-Induced Neuroctoxicity

a

o 0,16

0

&)

>

8 0.10+

2

s +

g 0.05-

D

@ 1

m 0.00 5 7
Male Female
(N=16) (N=24)

T. Kono et al.

b

0.157

0.10

0.05+

Baseline/average CDT

0.00

Healthy \;elunteers (=40}

d .

bow 3,15+

[m]

o

>

@ 0.10+

D

=

=

g 0138"

)

2 i

| 0.00 7 ¥ 7 ¥
20~39 40-59 60-79 80-89 yr
{M=8) =17} {M=9) (Mi=8)

Figure 1. Effects of menthol on cold sensation and the detection threshold in healthy human subjects. () The menthol solution was topically applied
with a cotton swab to the dorsal anterior tongue. (b) The mean baseline cold sensation detection thresholds (CDTs) in healthy human volunteers (n =
40) were 0.01% (1 of 40 subjects), 0.05% (26 of 40), and 0.1% (13 of 40). The overall mean CDT was 0.068 = 0.026% (mean = SD). (c) Significant
sex difference in mean baseline CDT was not found. (d) Significant age difference in mean baseline CDT was not found. Cross is the mean of CDT.

Statistics

The effects of oxaliplatin were analyzed by the nonparamet-
ric Wilcoxon ¢-test for paired samples. In all of the statis-
tical analyses, significance was determined using an alpha
level of 0.05. All statistical procedures were performed using
the IBM-SPSS software package version 18.0] for Windows
(Tokyo, Japan) and the GraphPad Prism 4 statistics program
(GraphPad Software, Inc., San Diego, CA).

Results

Effects of menthol on CS and CDT in healthy
human subjects and patients with colon
cancer (experiment 1)

All subjects noticed a significant feeling of coldness at the
menthol application site. The CS occurred within the first
3 sec, reached an intensity plateau at approximately 5 sec
and then disappeared within 10 sec. The intensity of the CS
increased in a dose-dependent manner. None of the subjects
experienced a CS when the vehicle control was applied. The
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mean baseline CDTs in healthy human volunteers were 0.01%
(1 of 40 subjects), 0.05% (26 of 40), and 0.1% (13 of 40). The
mean CDT was 0.068 £ 0.026% (SD) (Fig. 1b). To assess
reproducibility, 40 healthy subjects were retested, and their
CDTs were found not to differ significantly from the previous
testing. Significant sex and age differences in mean baseline
CDTs were not found as well (Fig. 1c and d). No serious
adverse events occurred during the study and all doses of
menthol were well tolerated.

The mean CDT in patients with colon cancer who had
never received any chemotherapy was 0.067 % 0.025% (n =
12). No significant difference in mean baseline CDT was
observed between healthy subjects and patients with colon
cancer. In addition, no serious adverse events occurred during
the study and all doses of menthol were well tolerated.

Changes in the CDT before and after
oxaliplatin administration (experiment 2)

Figure 2a shows the CDTs that were obtained before and af-
ter the first oxaliplatin administration in patients who had

© 2012 The Authors. Published by Wiley Periodicals, inc.
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Figure 2. Changes in the cold sensation detection threshold (CDT) before and after oxaliplatin administration. (a) The CDT was determined by
applying menthol before and after the first oxaliplatin administration. The CDT significantly decreased from 0.067 == 0.025% (mean =+ SD) to 0.028 +
0.029% (n = 12, P = 0.0025). (b) Changes in the CDT before and after oxaliplatin administration in patients previously treated with oxaliplatin. The
CDT significantly decreased from 0.151 & 0.263% to 0.083 * 0.198% (n = 24, P = 0.0004). (¢) The mean baseline CDT was significantly higher in
patients previously treated with oxaliplatin (n = 24) than in untreated subjects (7 = 52) (0.151% vs. 0.066%, P = 0.0225). (d) The CDT was measured
before and after oxaliplatin was administered to patients who had grade 1 or less neurotoxicity. The CDT significantly decreased from 0.073 = 0.034%
to 0.028 £ 0.021% (n = 9, P = 0.0126). (e) The CDT was measured before and after oxaliplatin was administered to patients who had grade 2
neurotoxicity. There was no significant difference in the CDTs (n = 8; before, 0.183 + 0.332%; after, 0.036 & 0.033%; P = 0.022). (f) The CDT was
obtained before and after oxaliplatin was administered to patients who had grade 3 neurotoxicity. There was no significant difference in the CDTs
(n = 7, before, 0.214 + 0.347%; after, 0.209 & 0.351%; P = 1.0). Cross is the mean of CDT.

never received chemotherapy. All but one patient were hy- Discussion
persensitive to menthol as indicated by a significant decrease
in the CDT from 0.067 % 0.025% t0 0.028 £ 0.029% (n =12,
P = 0.0025). The CDTs were also measured before and after
oxaliplatin administration in patients who had previously re-
ceived oxaliplatin (n = 24, median, 330 mg/m?; range, 85 —
2450 mg/m?). Under these conditions, the CDT significantly
decreased from 0.151 £ 0.263% to 0.083 £ 0.198% (n =
24, P = 0.0004) (Fig. 2b). Taken together, these findings
show that the mean baseline CDT was significantly higher
in patients previously treated with oxaliplatin (n = 24) than
in untreated subjects (n = 52) (0.151% vs. 0.066%, P =
0.0225).

When the relationship between the CDTs and the CTCAFE
neurotoxicity ratings in oxaliplatin-treated patients was eval-
uated, the CDTs were found to be significantly decreased in
patients who had grade 1 or less neurotoxicity (from 0.073%
t0 0.028%) (n =9, P = 0.0126) (Fig. 2d), and grade 2 (from
0.183% to 0.036%) (n = 8, P = 0.022) (Fig. 2e), but not in
those with grade 3 neurotoxicity (from 0.214% to 0.209%)
(n=7, P=1.0) (Fig. 2f).

Our results indicate a potential correlation between TRPM8
activity and OPN, especially in acute hypersensitivity to CS,
and that acute changes in CDT may facilitate the identifica-
tion of early OPN. In chemotherapy-naive patients, signif-
icant sensitivity to topical menthol developed after the first
oxaliplatin infusion, suggesting that oxaliplatin had indeed
induced cold hypersensitivity. In contrast, patients with pre-
vious oxaliplatin exposure showed reduced cold hypersensi-
tivity. With regard to the relationship between the CDT and
neurotoxicity grade, we found that mild or moderate neuro-
toxicity was associated with significant changes in the CDT,
while severe neurotoxicity was not associated with marked
changes in the CDT. Whether the CDT remains unaltered in
oxaliplatin-treated patients who do not develop OPN despite
chronic oxaliplatin exposure requires further investigation.
Nonetheless, these findings suggest that the CDT is a sensitive
marker of early oxaliplatin-induced sensory disturbances.
Menthol activates the cold-transducing Ca®* ion channel
TRPMS8 and increases cold-evoked currents (McKemy et al.
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2002; Peier et al. 2002), and TRPMS is naturally expressed
sensory neurons (Reid et al. 2002; Abe et al. 2005; Kobayashi
et al. 2005; Madrid et al. 2006). These TRPM8-expressing
sensory neurons project into the superficial laminae of the
spinal cord dorsal horn (Dhaka et al. 2008; Wrigley et al.
2009) that contains cold-sensitive neurons that project into
the spinothalamic tract (Craig and Dostrovsky 2001). Thus,
the cold-induced paresthesias after oxaliplatin administra-
tion that were accentuated by menthol might be mediated
via the activation of TRPM8-expressing innocuous cold re-
ceptors, assuming that the receptors access central neurons.
Although the precise mechanisms underpinning OPN are
still uncertain, this study may serve as an entry point in
furthering the mechanistic understanding of OPN. Oxali-
platin has also been shown to modify intracellular Ca?* han-
dling within the cell bodies of cultured neurons (Grolleau
et al. 2001). A more recent study cited a possible mechanism
for some of the oxaliplatin-induced effects that is related to
the modification of surface charges around the ion chan-
nel: either due to extracellular Ca®* chelation or binding of
a charged biotransformation product of oxaliplatin to the
channel (Broomand et al. 2009). In addition, the prospec-
tive CONcePT study confirmed that OPN could be strongly
attenuated by pre- and post-treating patients with Ca®* and
Mg** infusions (Gamelin et al. 2008). These findings suggest
amode of action that involves a Ca?* -dependent mechanism
in OPN. Therefore, the Ca>* ion channel TRPMS appears to
be a good candidate for understanding the Ca®*-dependent
mechanism in OPN.

The TRP ion channel family consists of approximately 28
mammalian cation channels (Gaudet, 2008; Talavera et al.
2008; Eid and Cortright, 2009) that are involved in a wide
range of physiological and pathophysiological processes in-
cluding taste, thermosensation, pain, and cell cycle regula-
tion. The TRP ion channels present a novel mechanism for
controlling Ca>* transients in human neurons and represent
potential targets for regulating neurite proliferation and out-
growth. Recent studies have shown that regulating TRPM38
ion channels may be a way of controlling Ca®* transients
in human neurons. We, therefore, hypothesized that oxali-
platin could alter calcium-sensitive voltage-gated Na chan-
nels through a pathway that involves Ca?* ions that are likely
mobilized by TRPMS.

Several limitations should be considered in light of our
results. Firstly, we did not conduct additional follow-up of
CDT after oxaliplatin infusion. Such data would provide a
context for the length of time it takes for the CDTs to return
to normal and would be very useful from a clinical transla-
tion standpoint to approximate the outcome of patients after
oxaliplatin infusion. This approach will be incorporated into
our next protocol. Second, we compared our CDT findings
against the CTCAE grading system that is a gross general
measure of neuropathy impairment (Trotti et al. 2003) that
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precludes specific measurement of cold allodynia symptoms.
Hence, our menthol testing needs validation against a testing
method that provides an objective evaluation of cold allo-
dynia/parasthesia, preferably the gold standard of CS, such
as quantitative sensory testing. The validation of the men-
thol testing using quantitative sensory tests will be one of the
important future studies. In addition, although our healthy
subjects and chemotherapy-naive patients were similar in
age, sex, and baseline CDTs, having colon cancer patients
as controls rather than healthy volunteers would have estab-
lished equivalency at baseline by accounting for the potential
influence of cancer-specific changes on CDTs. Future stud-
ies would benefit from conducting additional evaluations
of CDTs after oxaliplatin infusion, performing quantitative
sensory testing, and using patients with colon cancer without
OPN as controls.

The present data show that menthol may be used to deter-
mine and evaluate the neurotoxicity severity score, although
the methodology using menthol has not been firmly estab-
lished. Interestingly, patients with prior oxaliplatin exposure
had significantly elevated CDT at baseline, and patients with
grade 3 neurotoxicity did not show significant changes in the
CDT before and after oxaliplatin administration. These find-
ings suggest that TRM8 may be associated with the chronic
stage of OPN. Unfortunately, in this study, these patients were
not prospectively monitored for changes in the CDT during
and after a long period of oxaliplatin treatment therefore, we
could not confirm whether or not the CDT increased with
OPN progression. A prospective, multicenter, randomized,
double-blind study is needed to investigate the possibility of
CDT as a diagnostic marker for OPN.

In conclusion, our findings indicate that OPN may be asso-
ciated with TRPMS in acute hypersensitivity to CS, and that
additional studies on TRPMS8 will enhance our understand-
ing of the mechanisms of OPN. Further, our study demon-
strates the feasibility of undertaking CDT test in a clinical
setting to facilitate the identification of early neurotoxicity,
although larger trials need to be conducted to confirm our
findings.
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Abstract

Background Daikenchuto (TU-100), atraditional Japanese
medicine, has been reported to up-regulate the adrenomed-
ullin (ADM)/calcitonin gene-related peptide (CGRP) sys-
tem, which is involved in intestinal vasodilatation. The
microvascular dysfunction of the intestine in Crohn’s disease
(CD), due to down-regulation of the ADM/CGRP system, is
etiologically related to the recurrence of CD. Therefore, we
investigated the vasodilatory effect of TU-100 in a CD rat
model.

Methods Colitis was induced by the rectal instillation of
2.,4,6-trinitrobenzenesulfonic acid (TNBS) in rats. Laser
Doppler blood flowmetry was used to measure colonic
blood flow. ADM, CGRP, and their receptors in the
ischemic colon were measured by reverse transcription
polymerase chain reaction (RT-PCR) and enzyme immu-
noassays. Additionally, we determined whether the intes-
tinal epithelial cell line IEC-6 released ADM in response to
TU-100.
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Results TU-100 increased blood flow in ischemic seg-
ments of the colon but not in hyperemic segments. Pre-
treatment with an antibody to ADM abolished the
vasodilatory effect of TU-100. CGRP levels and SCGRP
mRNA expression were decreased in the ischemic colon,
while protein and mRNA levels of ADM were unchanged.
Hydroxy «-sanshool, the main constituent of TU-100, was
the most active component in improving blood flow.
Additionally, both TU-100 and hydroxy «o-sanshool
enhanced the release of ADM from IEC-6 cells.
Conclusions In the ischemic colon, endogenous fCGRP,
but not ADM, was decreased. Thus, it was concluded that
TU-100 ameliorated microvascular dysfunction by the
up-regulation of endogenous ADM in the CD rat model.
TU-100may be a possible therapeutic agent for gastrointestinal
ischemia-related diseases including CD.

Keywords Daikenchuto (TU-100) - Adrenomedullin -
Crohn’s disease - Ischemia - Colonic blood flow

Introduction

Postoperative recurrences of Crohn’s disease (CD) at the
anastomotic site are common, often requiring further
abdominal surgery for anastomotic strictures. Indeed,
within 1 week after operation, histopathological findings of
recurrent CD may be seen [l], and the incidence of
endoscopically detected recurrence reaches 70-90% at
1 year postoperatively [2, 3], thereby predisposing such
patients to develop symptomatic stenosis. It has been
reported that blood flow is decreased by more than 50% in
the terminal ileum and colon of CD patients [4, 5].
Decreased blood flow is one of the factors involved in
recurrence at the anastomotic site [6]. A potent endogenous
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microvascular dilator, calcitonin gene-related peptide
{(CGRP), a neuropeptide produced by the nervous system of
the gut, is decreased in animal models of CD and in CD
patients [7]. Moreover, it has been reported that ischemia
plays a key role in the pathogenesis of CD. In fact, several
clinicians and researchers who have investigated the vas-
cular contribution to the pathogenesis of CD have sug-
gested the possibility of vasodilators as therapeutic agents
[8, 91.

Daikenchuto (TU-100), a traditional Japanese medicine
(such medicines are known as Kampo), is manufactured as
a recognized prescription drug with standardized quality
and quantities of ingredients [10]. In Japan, TU-100 is
prescribed to improve gastrointestinal motility and prevent
postoperative adhesion and paralytic ileus after abdominal
surgery, and its clinical efficacy has been defined [11-15].
Moreover, TU-100 had a significant promotility effect in
the small bowel and in ascending colon transit in healthy
subjects compared with placebo in a randomized, double-
blind study in the United States [16]. Recently, we reported
that TU-100 exerted therapeutic effects in a CD mouse
model via the enhancement of endogenous adrenomedullin
(ADM) in the intestine [17]. TU-100 directly stimulated
intestinal epithelial cells, resulting in increased ADM
production. We also reported that the administration of
TU-100 to normal rats increased small and large intestinal
blood flow via CGRP systems [18, 19].

ADM, like CGRP, is a peptide of the calcitonin family
and a potent endogenous vasodilator [20, 21]. ADM is
ubiquitous in the intestinal tract and plays physiologically
important roles in the microcirculation of the intestine
[22, 23]. Therefore, up-regulation of endogenous ADM
may attenuate the microvascular dysfunction in the CD
intestine.

CGRP has two different isoforms, «CGRP and JCGRP.
The former is mainly expressed in the sensory afferent
neurons of the extrinsic nervous system and the latter in the
intrinsic primary afferent neurons [24-26]. A decrease in
CGRP has been reported in CD and this decrease might
contribute to microvascular dysfunction in the CD intestine
[7,27]. However, there is no information on which types of
CGRP are decreased in the CD intestine.

It is our hypothesis that TU-100 enhances endogenous
ADM, which increases intestinal blood flow to compensate
for the decrease due to decreased CGRP in the CD intes-
tine. In this study, we examined the vasodilatory effects of
TU-100 in a rat model of CD produced using 2.,4,6-trini-
trobenzenesulfonic acid (TNBS), identified the active
constituents of TU-100, and explored potential mecha-
nisms related to the ADM/CGRP system, using antibodies
and an intestinal epithelial cell line. Moreover, we inves-
tigated which isoform of CGRP was decreased in the CD
intestine.

@ Springer

Materials and methods
Animals

Male Sprague-Dawley rats (Japan SLC, Shizuoka, Japan)
weighing 300-400 g were used. The animals were allowed
free access to water and standard laboratory food and were
housed at a temperature of 23 4 2°C, relative humidity of
55 &+ 10%, and a 12-h light: 12-h dark cycle with lights on
from 0700 to 1900 hours daily. All experimental proce-
dures were performed according to the “Guidelines for the
care and use of laboratory animals” of Asahikawa Medical
University and Tsumura Research Laboratories. All animal
procedures were performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals.

Reagents

TU-100, obtained from Tsumura (Tokyo, Japan), is man-
ufactured as a water-soluble extract (containing processed
ginger, ginseng radix, Japanese pepper, and maltose syrup
[88.9%]) under strictly controlled conditions. The qualities
of these raw materials were tested according to the stan-
dards of the Japanese Pharmacopoeia and Tsumura, and a
routine chemical analysis was performed (Fig. 1). Maltose
and 6-shogaol were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Hydroxy a-sanshool (HAS) was
extracted from Japanese pepper at Tsumura. Ginsenoside
Rbl was purchased from Extrasynthese (Genay, France),
rabbit anti-ADM polyclonal IgG was purchased from
Peninsula Laboratories (Belmont, CA, USA), and rabbit
IgG was purchased from Abcam (Cambridge, UK) as an
isotype-matched control.

Colonic blood flow

Total transmural colonic blood flow was measured using a
laser Doppler flowmeter (ALF21N; Advance, Tokyo,
Japan) as described previously [19]. Briefly, rats were
anesthetized with urethane (900 mg/kg i.v.), a-chloralose
(45 mg/kg i.v.), and butorphanol (Bristol-Myers Squibb,
New York, NY, USA; | mg/kg i.m.). A tracheotomy was
performed, and rats were ventilated artificially (respiratory
rate 60 breaths/min) and placed on a heating pad. The left
cervical artery was cannulated and connected to a trans-
ducer (P23XL; Nihon Kohden, Tokyo, Japan) to monitor
systemic arterial blood pressure (AP) and heart rate (HR).
An oral thermometer was placed in the mouth and body
temperature was maintained at 37 + 0.5°C. After exposing
the colon by a midline laparotomy, a cannula (18G) was
inserted via the cecum into the proximal colon to facilitate
injection of the test substances. The distal colon was
exposed and covered with plastic wrap to prevent the tissue
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Fig. 1 Three-dimensional high-performance liquid chromatograph of TU-100

from becoming dehydrated. A fiberoptic probe was posi-
tioned 4 mm above the surface of the distal colon. Blood
flow, AP, and HR were monitored continuously by a
PowerlLab data-sampling unit (PowerLab 8/30; AD
Instruments, Tokyo, Japan) and recorded. Colonic vascular
conductance (CVC) was measured as an index of total
transmural colonic blood flow [28]. CVC was calculated as
the quotient of mean blood flow divided by mean AP.

Effects of antibody and constituents
of TU-100 on CVC

TU-100 (900 mg/5 mL/kg) or distilled water was injected
into the lumen of the colon after confirming a stable blood
flow. The ADM antibody (50 pg/kg) was injected through
an intravenous polyethylene tube in the right jugular vein.
Fifteen minutes later, TU-100 (900 mg/5 ml/kg) was
injected. In another set of experiments, the effects of spe-
cific constituents of TU-100 on CVC were examined. The
CVC responses to HAS, ginsenoside Rbl, 6-shogaol, and
maltose were examined using doses of 0.3, 1, 0.2, and

{a) Hematoxylin and Eosin {b5) Masson's Trichrome

TNBS-induced [
colitis

Fig. 2 Histology of segments of ischemic colon in rats with colitis.
Sections of the colon 10 days after instillation of 2,4,6-trinitrobenze-
nesulfonic acid (TNBS) or 0.9% NaCl (control) were stained with

hematoxylin and eosin (a) or Masson’s trichrome (b). Scale bar
indicates 100 pm
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800 mg/kg, respectively. The test substances were dis-
solved in 1% Tween 80 and administered intraluminally.
The blood flow and AP were measured at 15-min intervals
after intracolonic administration.

ADM production assay

ADM enhancing activity was assessed as described previ-
ously. Namely, the rat intestinal epithelial cell line IEC-6
was obtained from Dainippon Sumitomo Pharma (Osaka,
Japan) and grown in DMEM supplemented with 10% fetal
bovine serum (FBS), 2 mmol/L. r-glutamine, 100 U/mL
penicillin, 100 pg/mL streptomycin, and 10 mmol/L
hydroxyethylpiperazine ethanesulfonic acid (HEPES). IEC-6
cells between the 30th and 37th passages were plated in
96-well flat-bottom microtiter plates at 1 x 10* cells/well
in DMEM supplemented with the same additives, allowed
to settle overnight, and then culture fluids were replaced
with fresh DMEM containing 3% FBS and the test sample.
Extract samples were suspended in dimethyl sulfoxide
(DMSO) at 100 mg/mL., diluted in DMEM, passed through
a 0.45-pm filter, and then added to the cultures. Cells were
incubated for an additional 24 h, and ADM in the super-
natants was assessed by using an enzyme immunoassay
(EIA) kit specific for rat ADM according to the procedure
provided by the manufacturer (Phoenix Pharmaceuticals,
Burlingame, CA, USA). The lowest level of detection was
10 pg/mL.

Induction of colitis

Colitis was induced by a procedure described previously,
with a slight modification [29]. In brief, with the rat under
ether anesthesia, 25 mg TNBS (Tokyo Chemical Indus-
tries, Tokyo, Japan) in 0.5 mL of 50% ethanol was instilled
transanally into the lumen of the distal colon using a
flexible feeding tube (RZ-2; CLEA Japan, Suita, Japan).
‘All experiments were performed 10 days after TNBS or
0.9% NaCl (control) administration. The colonic segments
that exhibited less than 0.06 CVC showed prominent
fibrous thickening histologically, without exception. We
selected these segments as ischemic colons, and studied
them histologically and biochemically as described below.

Histologic examination

The colonic tissues from control rats and TNBS-induced
colitis rats were excised, opened by a longitudinal incision,
rinsed with 0.9% NaCl, and weighed. Representative
colonic segments were fixed in 4% buffered paraformal-
dehyde and embedded in paraffin. The histology was
evaluated using hematoxylin and eosin and Masson’s tri-
chrome stains.
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Immunohistochemistry for ADM

Small and large intestinal tissues obtained from normal rats
were fixed overnight in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) and cut into 5-pm sections.
Subsequently, serial sections were stained with rabbit
polyclonal IgG antibody against ADM (Peninsula Labo-
ratories) as the primary antibody, and peroxidase-conju-
gated goat anti-rabbit IgG (DAKO, Glostrup, Denmark)
was used as a secondary antibody. The reaction was
developed by adding 3,3’ diaminobenzidine (Sigma-
Aldrich, St. Louis, MO, USA) solution. All incubations
were done for 20 min, with saturated antibody concentra-
tions and followed by two washes.

Immunoreactive CGRP and ADM in colon

Isolated segments of colon were homogenized in 2 N acetic
acid at a concentration of 10 mg/mL, heated for 15 min at
90°C, and centrifuged at 10,000x g for 20 min at 4°C. The
supernatant was applied to an activated C18 Sep column
(Phoenix Pharmaceuticals) and eluted with 60% acetonitrile
in 1% trifluoroacetic acid. The eluate was vacuum-dried and
stored at —80°C until assay. The CGRP level was measured
using a rat CGRP EIA Kit (Peninsula Laboratories). The
lowest level of detectability for CGRP was 2 pg/mL. The
intraassay coefficient of variation was 2.7%, and the inter-
assay coefficient of variation was 9.3%. Cross-reactivity
between rat «CGRP and SCGRP was 100%. ADM was
quantified by using the EIA kit as described above.

Real-time reverse transcription polymerase
chain reaction (RT-PCR)

Segments of normal or ischemic colon were homogenized in
QIAzol Lysis Reagent (Qiagen, Valencia, CA, USA), and
total RNA was isolated using an RNeasy kit (Qiagen)
according to the manufacturer’s instructions. Messenger RNA
expressions of «CGRP, JCGRP, ADM, ADM?2, calcitonin
receptor-like receptor (CRLR), receptor activity-modifying
protein (RAMP)1, RAMP2, and RAMP3 were measured by
real-time quantitative RT-PCR (TagMan gene expression
assays) and an ABI Prism 7900 sequence detection system
(Applied Biosystems, Warrington, UK). Sample-to-sample
variation in RNA loading was controlled by comparison with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Rel-
ative quantitation of gene expression was performed using the
AA CT (change in the cycle threshold) method.

Statistical analysis

All values are expressed as means £ SEM. Statistical
significance was evaluated by two-way analysis of variance
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(ANOVA) followed by Dunnett’s test or Student’s #-test.
For all tests, significance was accepted at p < 0.05.

Results
Histology of ischemic colon

The disease states of our model were confirmed by histo-
logical observation. Figure 2 shows the histology of rep-
resentative segments of the ischemic colon on day 10 after
instillation of TNBS or saline (control). In rats with TNBS-
induced colitis, transmural inflammation was present in all
layers of the bowel wall, with a marked increase in the
thickness of the mucosal and muscular layers. The affected
colon wall consisted of granulomatous tissue in which
fibroblasts and fibrosis were present in the submucosa
together with regenerative changes in the overlying epi-
thelium. Masson’s trichrome stain showed extensive
fibrosis in the ischemic colon.

TU-100 had vasodilatory effect on the ischemic segment
of TNBS-induced colitis, suggesting the possible involve-
ment of endogenous ADM.

Colonic blood flow after intraluminal administration of
TU-100 (900 mg/5 mL/kg) to TNBS-induced colitis rats is
shown in Fig. 3a. The involved segments of the ischemic
colon (basal CVC < 0.06) and the hyperemic colon (basal
CVC > 0.20) in colitis rats were identified by measure-
ment of blood flow; in comparison, that of normal rats was
0.10 £ 0.003 (basal CVC). Colonic blood flow in the
ischemic site was increased to the normal CVC range

(a) TU-100
~o-TNBS (hyperemia)—TU-100 (N=7)
-@-TNBS (ischemia)—TU-100 (N=7)

0.30 4 "0~ TNBS (ischemia)—D.W. (N=5)

0.25 1
0.20 4

CvC

0.15 -
0.10 1

0.05 -

0.00 -

0 15 30 45 60 75 90
Time after administration of
TU-100 {min)

Fig. 3 Involvement of endogenous adrenomedullin (ADM) in
vasodilatory effect of TU-100 in colitis rats. a TU-100 and vehicle
(distilled water [D.W.]) were evaluated. N = 5-7. b Rabbit poly-
clonal IgG specific to ADM was infused intravenously at 50 pg/mL/
kg 15 min before TU-100 administration. Rabbit non-specific IgG
was injected as the matched control (¥ = 6-7 rats). Factorial two-

within 15 min after administration of TU-100, and the
effect lasted throughout the data acquisition period. By
contrast, blood flow in the hyperemic site was not changed
by TU-100 administration. Mean AP and HR were
unchanged after administration of TU-100 (data not
shown). As shown in Fig. 3b, the TU-100-induced vaso-
dilatation in the ischemic segments was substantially
abolished by pretreatment with the antibody against ADM,
except for the initial increase in bicod flow for 15-30 min
after TU-100 administration. Figure 4 shows the vascu-
larity of an ischemic colon segment before and after
TU-100 treatment. Microvascular blood flow was evidently
increased by TU-100 administration.

CGRP and ADM in ischemic colon

As shown in Fig. 5, the CGRP level in TNBS-induced
colitis rats was lower than that in control rats (23.9 £ 6.7
vs. 80.2 + 124 ng/g tissue, p < 0.05). In contrast, the
ADM level in colitis rats was unchanged compared with
that in control rats (1.2 &= 0.1 ng/g tissue).

Expressions of CGRP and ADM mRNA in the colon are
shown in Table 1. Judging from the difference in cycle
threshold values, the mRINA expression of SJCGRP was up
to 23 times greater than that of *CGRP in the colons of
control rats. The level of BJCGRP mRNA in the colons of
colitis rats was lower than that in control rats (0.62 3 0.12
vs. 1.00 4= 0.09, p < 0.05). In contrast, the level of «CGRP
mRNA was not significantly decreased after treatment with
TNBS. The level of ADM2 mRNA in the colitis rats was
greater than that in control rats (4.72 & 1.36 vs.

(b) Antibody

0.20 -

-O-TU-100 + Rabbit IgG (N=6)

0 15 30 45 60 75 90 105 120
Time after administration of
TU-100 (min)

way analysis of variance (ANOVA) revealed significant effects of
group [F(2, 125) = 23.70 p < 0.0001] and time [F(5, 125) = 6.08,
p < 0.0001]. *p <0.05, **p <0.01 versus pre-administration
(0 min) (Dunnett’s test). Tp < 0.05, ”p < 0.01 versus no-antibody
control, respectively (Student’s z-test). CVC Colonic vascular
conductance
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Fig. 4 Vasodilatation by Before After
TU-100 in TNBS-treated colon.
Photographs show the colon
exposed by a midline
laparotomy before and 15 min
after administration of TU-100.
Vasodilated microvessels are
visible in the ischemic site of a
TNBS-treated rat (arrows)

Fig. 5 Down-regulation of CGRP ADM
calcitonin gene-related peptide . 100 1.5
(CGRP), but not ADM, = T .y
L. e £
concentration in segments of i so |l ’ 2 45l T
ischemic colon. Ten days after “;’ g "
colonic instillation of TNBS or @ o
0.9% NaCl (control), colon 2 &l 7 oel
segments were isolated. CGRP 2 2
and ADM in each sample were =) 1=
measured using an enzyme > Or ik = o8y
immunoassay (EIA) kit. N = 6. 5 =4
ook -
‘p < 0.01 versus control a. I = g3l
(Student’s i-test) g 2 a
<
(&)
0 0.0
Control TNBS-induced colitis Control  TNBS-induced colitis
Table 1 mRNA expressions in segments of ischemic colon
AACT Relative mRNA expression
Control TNBS-induced colitis Control TNBS-induced colitis
aCGRP 14.34 £ 0.25 13.12 & 0.59 1.00 £+ 0.16 3.05 &+ 1.09
BCGRP 9.54 £+ 0.14 10.40 % 0.39* 1.00 £ 0.09 0.62 £ 0.12%
ADM 6.00 4 0.12 5.60 £ 0.27 1.00 £ 0.09 1.39 £ 0.28
ADM2 12.66 £ 0.33 10.75 £ 0.41* 1.00 + 0.19 4.72 + 1.36*
CRLR 7.12 £ 0.13 6.67 & 0.14* 1.00 4= 0.08 1.35 £ 0.12*
RAMP1 3.82 £ 0.09 3.69 + 0.23 1.00 + 0.06 1.14 +£ 0.14
RAMP2 6.71 + 0.06 591 £ 0.11#* 1.00 £ 0.04 1.70 £ 0.11%*
RAMP3 8224 0.11 6.63 £ 0.33** 1.00 + 0.04 3.18 £ 0.65%*

Quantitative gene expression was analyzed 10 days after administration of TNBS or saline (control) by real-time reverse transcription poly-
merase chain reaction (RT-PCR) using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the reference gene. The mRNA expressions of
aCGRP, fCGRP, ADM, ADM2, CRLR, RAMP1, RAMP2, and RAMP3 were calculated by the change in the cycle threshold (AA CT) method.
Each value is expressed as the mean = SEM. N =6

CGRP calcitonin gene-related peptide, TNBS 2,4,6-trinitrobenzenesulfonic acid, ADM adrenomedullin, CRLR calcitonin receptor-like receptor,
RAMP receptor activity-modifying protein )
* p < 0.05, ¥* p < 0.01 versus control, respectively (Student’s r-test)
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1.00 & 0.19, p < 0.05), while the mRNA expression of
ADM was unchanged. Moreover, the mRNA expressions
of CRLR, RAMP2, and RAMP3 were significantly
increased in the colitis rats. TU-100 treatment had no effect
on the mRNA levels of these CGRP receptors.

Immunohistochemistry of ADM in intestinal
epithelial cells

To clarify the source of ADM, immunohistochemistry of
the small and large intestines isolated from normal rats was
investigated. ADM immunoreactivity was observed in the
mucosal epithelium and crypts of the intestinal tract
(Fig. 6).

ADM enhancement by TU-100 and its components
in vitro

TU-100 significantly enhanced ADM release from IEC-6
cells dose-dependently (Fig. 7a). The concentration of
ADM in the culture fluid from IEC-6 cells stimulated
with 900 pg/mL of TU-100 was 167 = 6 pg/mL, which
was 2.3 times that of the control. Moreover, as shown in
Fig. 7b, extracts of processed ginger and Japanese pep-
per, but not of ginseng radix and maltose syrup,
enhanced ADM release. In particular, the ADM con-
centration after the administration of 100 pg/mL of
Japanese pepper extract was 2.4 times that of the control.
As indicated in Fig. 7c, HAS significantly enhanced
ADM release, dose-dependently, to 2.7 times that of the
control at 30 pmol/L.

Fig. 6 Immunohistochemistry
of ADM in rat intestines. Small
and large intestines were
obtained from normal rats, and
stained with rabbit anti-ADM
antibody. Scale bar shown in

a is 50 um; scale bar shown in
b is 20 pm

{a) Small intestine

Effects of constituents of TU-100 on CVC

To identify the active constituents of TU-100, tests were
performed using the main components, 6-shogaol (pro-
cessed ginger), ginsenoside Rbl (ginseng radix), HAS
(Japanese pepper), and maltose (maltose syrup). The CVC
was not significantly changed in colitis rats after the in-
tracolonic administration of ginsenoside Rbl, 6-shogaol,
maltose, or the vehicle (Fig. 8). In contrast, HAS (0.3 mg/
5 mL/kg) increased the CVC at 60, 75, and 90 min com-
pared with the basal value.

Discussion

Blood flow is an important factor in the pathogenesis of
CD. Ileal ulcers tend to occur along the mesenteric margin
of the bowel wall in CD and in experimental models of
inflammatory bowel disease [30-32]. Wakefield et al. [33]
proposed the hypothesis that the primary pathological
abnormality in CD is in the mesenteric blood supply. They
also demonstrated that granulomatous vasculitis caused
ischemia in areas of small bowel mucosa supplied by small
feeding arteries along the mesenteric margin [34].
Although the overall blood flow was measured, rather than
that at only the mesenteric margin, these lines of evidence
suggest that the administration. of TU-100 may have ben-
eficial effects on an anastomotic site as well as on ulcer
healing by improving intestinal blood flow.

The present study demonstrated that the endogenous
CGRP level in the colon was significantly lower in

(b) Large intestine
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Fig. 7 Effects of TU-100 and

200
its components on ADM release

by rat epithelial cell line.
a TU-100 was evaluated at
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various concentrations. 100

b Maltose syrup powder,
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Fig. 8 Effects of specific constituents of TU-100 on colonic blood
flow in colitis rats. HAS, ginsenoside Rbl, 6-shogaol, and maltose
were evaluated at the respective doses contained in 900 mg/kg of
TU-100. The vehicle (1% Tween 80) was also evaluated. N = 5-6
each. Factorial two-way ANOV A revealed significant effects of group
[F(4, 144) =21.17 p <0.0001] and time [F(5, 144) = 3.95,
p = 0.0022]. **p < 0.01 versus pre-administration (0 min) (Dunnett’s
test). 'p < 0.05, "p < 0.01 versus the vehicle control, respectively
(Student’s t-test)

TNBS-induced colitis rats than in control rats, while ADM
was unchanged at the protein and mRINA levels (Fig. 5). It
has been reported that the CGRP concentrations in the
colons of patients with CD were decreased compared with
that of the normal colon [7]. We demonstrated that the
BCGRP mRNA expression was 23.4 times that of «CGRP
mRNA in the colon of control rats, and that the gene
expression of SCGRP, but not «CGRP, was decreased in
ischemic segments of the TNBS-treated colon. Therefore,
the decrease of the CGRP concentration in the CD intestine
may be related to the decrease of SCGRP, which is
expressed in intrinsic primary afferent neurons [24, 26].

) Springer

Components of TU-100

Previous observations of several structural and functional
abnormalities of the enteric nervous system in patients with
CD support our findings [35, 36].

As we previously reported, TU-100 increased colonic
blood flow in normal rats via up-regulation of the CGRP
system [19]. The present study using the colons of TNBS
rats, however, suggests that the increase of blood flow
induced by TU-100 may be mediated predominantly via
the ADM system (Fig. 3). Further, in the present TNBS
model, TU-100 did not increase the expression of CGRP
receptors, which was reported to be upregulated in normal
rat intestines [19]. Thus, it seems that the CGRP system is
heavily damaged in CD [7, 27] and in TNBS-instilled
intestines. Activation of the ADM system, which appears to
be intact even in TNBS-instilled intestines (Fig. 5), may
therefore be a better therapeutic option than the restoration/
reinforcement of a damaged CGRP system.

In the present study, ADM immunoreactivity was
observed in the mucosal epithelium and in the crypts of
small and large intestines (Fig. 6). We and other researchers
have observed similar results in various species, including
humans [17, 37-40]. TU-100 was administered directly into
the colon in the present study, and therefore it is reasonable
to consider that TU-100 may induce the release and/or
production of ADM by directly interacting with intestinal
epithelial cells. Based on the above assumption, we
screened several intestinal epithelial cell lines for ADM
production and found that IEC-6, a non-transformed intes-
tinal epithelial cell line derived from the rat intestinal crypt,
produced ADM. IEC-6 is derived from the small intestine;
however, we have observed that the intraduodenal admin-
istration of TU-100 increased blood flow in the jejunum and
that an antibody to ADM abolished the vasodilatory effect
of TU-100 (unpublished observation). Further, we have
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