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Kono T, Kaneko A, Omiya Y, Ohbuchi K, Ohno N, Yamamoto
M. Epithelial transient receptor potential ankyrin 1 (TRPA1)-depen-
dent adrenomedullin upregulates blood flow in rat small intestine. Am
J Physiol Gastrointest Liver Physiol 304: G428-G436, 2013. First
published December 28, 2012: doi:10.1152/ajpgi.00356.2012.—The
functional roles of transient receptor potential (TRP) channels in the
gastrointestinal tract have garnered considerable attention in recent
years. We previously reported that daikenchuto (TU-100). a tradi-
tional Japanese herbal medicine, increased intestinal blood flow (IBF)
via adrenomedullin (ADM) release from intestinal epithelial (IE) cells
(Kono T et al. J Crohns Colitis 4: 161-170, 2010). TU-100 contains
multiple TRP activators. In the present study. therefore, we examined
the involvement of TRP channels in the ADM-mediated vasodilata-
tory effect of TU-100. Rats were treated intraduodenally with the TRP
vanilloid type 1 (TRPV 1) agonist capsaicin (CAP), the TRP ankyrin
1 (TRPAI) agonist allyl-isothiocyanate (AITC), or TU-100, and
jejunum IBF was evaluated using laser-Doppler blood flowmetry. All
three compounds resulted in vasodilatation, and the vasodilatory
effect of TU-100 was abolished by a TRPA1 antagonist but not by a
TRPV1 antagonist. Vasodilatation induced by AITC and TU-100 was
abrogated by anti-ADM antibody treatment. RT-PCR and flow cy-
tometry revealed that an IEC-6 cell line originated from the small
intestine and purified IE cells expressed ADM and TRPAI but not
TRPV1. AITC increased ADM release in IEC cells remarkably. while
CAP had no effect. TU-100 and its ingredient 6-shogaol (65G)
increased ADM release dose-dependently, and the effects were abro-
gated by a TRPAI antagonist. 6SG showed similar TRPA1-dependent
vasodilatation in vivo. These results indicate that TRPA] in IE cells
may play an important role in controlling bowel microcirculation via
ADM release. Epithelial TRPA1 appears to be a promising target for
the development of novel strategies for the treatment of various
gastrointestinal disorders.

daikenchuto; TU-100; vasodilatation: 6-shogaol; inflammatory bowel
diseases

TRANSIENT RECEPTOR POTENTIAL (TRP) channels are nonselective
calcium ion channels ubiquitously expressed in many tissues
and are known to participate in a broad range of physical,
chemical, and environmental stimuli such as taste, temperature.
changes in osmolarity, pressure, stretch, and light.

TRP channels are divided into seven subfamilies with 27
different channel types present in humans. Natural products,
especially medicinal and culinary herbs such as chili pepper,
mustard oil, and menthol, are known to stimulate some of these
TRP channels. In recent years there has been a growing interest
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in elucidating the role of TRP channels in gastrointestinal
physiology. including intestinal motility, secretion, and vis-
ceral sensation (23. 24, 39, 53). However, the physiological
implications of TRP channels in intestinal blood flow (IBF)
remain largely unexplored.

Daikenchuto (TU-100), a traditional Japanese herbal medi-
cine (Kampo), is a mixture of extract powders from dried
Japanese pepper, processed ginger, ginseng radix, and maltose
powder. TU-100 is the most frequently prescribed Kampo
medicine in Japan, especially for the treatment of postoperative
paralytic and adhesive ileus and ischemic intestinal disorders
(28). Basic studies have demonstrated the effect of TU-100 on
intestinal motility, adhesion, vasodilatation, inflammation, and
bacterial translocation (15, 22, 25, 27, 29, 30, 38, 44-47, 51,
52, 58). In a previous study, we demonstrated that TU-100
increases IBF via enhancement of adrenomedullin (ADM)
release from the intestinal epithelial (IE) cells (27). However.
the mechanism by which TU-100 enhances ADM release has
not been elucidated.

Because some of the major ingredients of TU-100, such as
6-shogaol (65G) and hydroxy-a-sanshool (HAS), are regarded
as TRP vanilloid type | (TRPV1)/TRP ankyrin 1 (TRPAI)
agonists (21, 31), we hypothesized that TRPV1/TRPA1 stim-
ulation increases IBF via enhancement of ADM release from
IE cells, and that the beneficial effect of TU-100 on IBF is
mediated by this mechanism. Our results strongly suggest that
TRPAI present in IE cells controls IBF via ADM release and,
therefore, the stimulation of intraluminal TRPAI may be a
promising approach for the relief of abdominal symptoms in
various intestinal disorders associated with impaired IBF.

MATERIALS AND METHODS

Test sample and reagents. TU-100 is an aqueous extract containing
processed ginger, ginseng radix, and Japanese pepper in a ratio of
5:3:2. The dried powdered extract form of TU-100 was obtained from
Tsumura and Co. (Tokyo, Japan). The yield of the extract was 12.5%.
TU-100 is prepared by mixing TU-]100 extract powder and maltose
syrup powder (Tsumura and Co.) at a ratio of 1:8. Although the doses
of TU-100 in the present study (270-2,700 mg/kg body wt) are higher
than the clinical doses used in humans. previous studies in animals
have shown that the relevant pharmacological effects occur only in the
experimental doses. Furthermore, treatment of rodents with TU-100 at
this higher dose range results in blood concentrations of major
TU-100 constituents that are similar to those detected in human
volunteers treated with TU-100 at clinical dose range (18, 37).

Ginsenoside Rbl, ginsenoside Rgl. ginsenoside Rd, protopanax-
adiol, 6SG, 6-gingerol, 10-gingerol, maltose. allyl-isothiocyanate
(AITC), and capsaicin (CAP) were purchased from Wako Pure Chem-
ical Industries (Osaka, Japan). Urethane, a-chloralose, cinnamalde-
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hyde (CNA), methyl cinnamate, 2-aminoethoxydiphenyl borate (2-
APB). 4a-phorbol 12.]13-didecanoate (4a-PDD). H-89, calphostatin
C. LY294002. and phorbol 12-myristate 13-acetate (PMA) were
purchased from Sigma Aldrich (St. Louis, MO). HAS and hydroxy-
B-sanshool (HBS) were extracted from Japanese pepper at Tsumura
and Co. with purities greater than 97.9%. Xanthoxylin (Tokyo Chem-
ical Industry, Tokyo), butorphanol (Bristol-Myers Squibb, New
York), HC-030031 (Biomol International, Plymouth Meeting, PA).
and N-(4-tertiarybutylphenyl)-4-(3-chloropyridin-2-yl)-tetrahydropyr-
azine-1(2H) carboxamide (BCTC: Biomol International) purchased
for the study as well the other reagents used for analysis were the
highest purity commercially available.

Animals. Seven-week-old male Sprague-Dawley rats weighing
210-230 g were purchased from Japan SLC (Shizuoka, Japan). The
animals were allowed free access to water and standard laboratory
food, and housed at a temperature of 23 = 2°C with relative humidity
of 55 = 10%, and a 12:12-h light/dark cycle with lights on from
0700-1900 daily. All experimental procedures were performed ac-
cording to the Guidelines for the Care and Use of Laboratory Animals
of Asahikawa Medical University or Tsumura and Co. Ethical ap-
proval for the experimental procedures used in this study was obtained
from the Laboratory Animal Committee of Asahikawa Medical Uni-
versity or Tsumura and Co. All animal procedures were in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Measurement of intestinal blood flow. Jejunal blood flow was
measured by a laser-Doppler flowmeter (ALF21N, Advance, Tokyo)
as previously described (30). Briefly, rats were anesthetized with
urethane (900 mg/kg ip). a-chloralose (45 mg/kg ip). and butorphanol
(I mg/kg im). A tracheotomy was performed and the rats were
artificially ventilated. The left cervical artery was cannulated and
connected to a transducer (P23XL, Nihon Kohden. Tokyo) to monitor
systemic arterial blood pressure (AP) and heart rate (HR). Body
temperature was maintained at 37 = 0.5°C by a heating pad. After
exposing the small intestine by a midline laparotomy, a cannula was
inserted into the duodenum to facilitate injection of the test sample. A
fiber optic probe was positioned 4 mm above the surface of the
midjejunum. Vascular conductance (VC), calculated as the quotient of
mean blood flow divided by mean AP, was used as an index of IBF.

Antagonist and antibody studies in vivo. Rabbit polyclonal 1gG (50
pe/kg) against rat ADM (Peninsula Laboratory, Belmont, CA), rabbit
1gG as an isotype-matched control (Abcam, Cambridge. UK), or the
TRPVI antagonist BCTC (10 mg/kg) was injected at a volume of ]
ml/kg through a polyethylene tube cannulated into the right jugular
vein after confirming stable blood flow. TU-100 or a related vasodi-
lator was administered intraduodenally 15 min later. The TRPAI
antagonist HC-030031 prepared in 1% DMSO was administered into
the lumen at | mg:5 ml~"kg™' together with the test sample.

Quantitation of ADM. Plasma ADM levels were assayed using
enzyme immunoassay (EIA) kits specific for rat ADM according to
the procedure provided by the manufacturer (Phoenix Pharmaceuti-
cals, Burlingame. CA). Briefly, 5 ml blood was collected from the
portal vein at 15, 30, 60, and 120 min after administration of TU-100
(2,700 mg/kg), and plasma was separated immediately. The plasma
was then applied to ADM extraction using a C18 Sep-Column. The
detection limit for ADM was 10 pg/ml. ADM release was assayed
using an IEC-6 rat intestinal epithelial cell line (DS Pharmaceuticals,
Osaka, Japan). IEC-6 cells were grown in DMEM supplemented with
10% heat-inactivated FBS. 2 mmol/l L-glutamine, 100 U/ml penicillin,
100 p.g/ml streptomycin, and 10 mmol/l HEPES. Cells between the
30th and 37th passage were plated in 96-well flat-bottom microtiter
plates at 2 X 10% cells/well in DMEM supplemented with the same
additives as described above. allowed to settle overnight, and then
culture fluids were replaced with HBSS containing 0.1% BSA, 0.1-
0.3% DMSO. TU-100 was added to the culture after being passed
through a 0.45-pwm filter. Cells were incubated for 6 h, and ADM in
the culture fluids was quantified using EIA Kits specific for rat ADM.

G429

To investigate functional expression of TRPA1 in IEC-6 cells, the cell
was exposed to the TRPAIl-selective antagonist HC-030031 (100
pwmol/l) 30 min before addition of TRPAI activators.

Preparation of IE cells from small intestine. Segments of the small
intestine were everted, end-ligated, and preincubated in HBSS con-
taining 1 mmol/l DTT and 10% FBS to remove mucus. The sacs were
then incubated for 10 min at 37°C in chelating digestive buffer (70
mmol/l NaCl, 5 mmol/l KCI, 20 mmol/l NaHCOs;, 0.5 mmol/l
NaH-PO4, 1 mmol/l Na-HPO., 50 mmol/l HEPES. 11 mmol/l glu-
cose, 1 mmol/l EDTA, 0.5% BSA., and 0.05 mmol/l DTT), followed
by collection of the supernatant. The incubation was repeated twice,
and the supernatants of each were pooled. The cell pellets obtained by
centrifugation at 300 g for 10 min were suspended in 0.1% BSA
HBSS and passed through a nylon mesh filter. The cell suspension
was applied to a 25% gradient of Percoll (GE Hcalthcare. Piscataway,
NI). After centrifugation at 710 g for 30 min. the interface containing
enriched IE cells was collected. IE cells were separated into negative
fractions using a BD IMag cell separation system (BD Biosciences.
San Jose., CA) with rabbit anti-nerve growth factor receptor p75
antibody (Millipore, Bedford, MA), followed by biotinylated anti-
rabbit Ig (BD Bioscience) and biotinylated anti-CD45 antibody
{clone, OX-1: BD Bioscience), and thereafter incubated with strepta-
vidin-labeled magnetic beads. Further, purified IE cells were stained
with various cell-marker antibodies following a cytospin. Antibodies
and positive cell percentages were wide cross-reactivity anti-cytoker-
atin (DAKO, Carpinteria, CA) at >90%. and anti-E-cadherin (clone,
36/E-cadherin; BD Bioscience) at >95%. Positive staining with
anti-CD45 (clone, OX-1; BD Bioscience). anti-PGP9.5 (clone, 13C4/
I3C4:; Abcam), or anti-GFAP (clone, GF12.24; Progen, Heidelberg,
Germany) was not detected.

Gene expression. The pellets of IEC-6 cells, enriched IE cells obtained
from the small intestines, and L1 to L6 dorsal root ganglia (DRG) isolated
from normal rats were homogenized in QLAzol reagent (Qiagen. Valen-
cia, CA). and total RNA was isolated using an RNeasy kit (Qiagen)
according to the manufacturer’s recommendations. The respective cDNA
was prepared using a high-capacity RT kit (Applied Biosystems, War-
rington, UK). The sequences of the sense and antisense primers for rat
TRPA] were 5'-TTTGCCGCCAGCTATGGGCG-3' and 5'-TGCTGC-
CAGATGGAGAGGGGT-3' to obtain a 117-bp product. Those for rat
TRPV1 were 5'-GGTGTGCCTGCACCTAGC-3' and 5'-CTCT-
TGGGGTGGGGACTC-3' to obtain a 107-bp product. Those for rat
ADM were 5'-CTCGACACTTCCTCGCAGTT-3" and 5'-GCTG-
GAGCTGAGTGTGTCTG-3' to obtain a 446-bp product. Those for rat
B-actin were 5'-CCTGGGTATGGAATCCTGTGGCAT-3" and 5'-
GGAGCAATGATCTTGATCTTC-3" to obtain a 198-bp product. An
aliquot of the RT reaction product served as a template in 30 cycles with
10 s of denaturation at 98°C, 30 s of annealing at 60°C, and 30 s of
extension at 68°C using the DNA polymerase KOD FX (TOYOBO.
Osaka, Japan). A portion of the PCR mixture was electrophoresed on 2%
agarose gel in Tris-acetate-EDTA buffer (pH 8.0), and the gel was stained
with ethidium bromide and imaged on a Typhoon 9410 imager (GE
Healthcare). Sample-to-sample variation in RNA loading was controlled
by comparison with B-actin. i

Flow cytometry. Single cells were suspended in Cytofix/Cytoperm
solution (BD Biosciences) for 20 min at 4°C, washed. and then
preincubated for 5 min at 4°C with goat polyclonal IgG antibody
(Abcam) to reduce nonspecific binding of antibodies. Next, cells were
incubated for 20 min at 4°C with rabbit polyclonal IgG antibody
(4 pg/ml) against rat ADM, rat TRPA1 (Abcam), TRPV 1 (Alomone
Labs, Jerusalem, Israel), or isotype control IgG (Abcam). Cells were
washed, incubated for 20 min with the Alexa Fluor 488-labeled goat
polyclonal antibody against rabbit IgG (Invitrogen, Carlsbad, CA),
and subjected to flow cytometry analysis using a FACScalibur ana-
lyzer and CellQuest Pro software (BD Biosciences). In some experi-
ments, a control peptide for TRPA1 or TRPV1 (Abcam) was added at
4 pg/ml with antigen-specific antibody.
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Calcium influx in rat TRPA/-transfected cells. A rat TRPA1-express-
ing cell line was generated using a tetracycline-inducible T-Rex
expression system (Life Technologies, Grand Island. NY). T-Rex293
cell (Life Technologies) was transfected stably with plasmids encod-
ing rat TRPA1 (pcDNA4/TO-rat TRPA1) using FuGENE HD Trans-
fection Reagent (Roche, Indianapolis, IN) according to the manufac-
turer’s instructions. Control cell was transfected with the pcDNA4/TO
vector alone. Intracellular calcium was measured | day after induction
with tetracycline (1 pg/ml). Cells were washed with an assay buffer
(115 mmol/l NaCl, 5.4 mmol/] KCI, 13.8 mmol/l glucose, 2.5 mmol/l
probenecid, 20 mmol/l HEPES, pH 7.6) and then loaded with Fluo-4
dye (Dojindo, Kumamoto, Japan). After 30 min incubation, cells were
washed with the assay buffer. Then the test compound was added to
each well. Fluorescence intensity was measure by FlexStation3 (Mo-
lecular Devices, Sunnyvale, CA). Concentration-response curves were
fitted using Prism 3.0 with a Hill equation model.

Statistical analysis. All values are expressed as means * SE. The
statistical significance was evaluated by one- or two-way analysis of
variance (ANOV A) followed by Dunnett’s test or Student’s r-test. A
probability of less than 0.05 was considered significant.

RESULTS

Upregulation of IBF by TRPV1 and TRPAI stimulation. We
first investigated the vasoactive effect of TRPV1 and TRPAI1
agonists administered into the lumen of the small intestine. The
TRPV1 agonist CAP (3 mg/kg) caused a rapid increase in IBF,
which peaked 15 min after administration and remained at high
levels throughout data acquisition (Fig. 14). The TRPA1 ago-
nist AITC (0.002 mg/kg) produced a gradual increase in
vasodilatation which peaked at 120 min or later (Fig. 1B).
Neither of the agonists influenced systemic circulation (data
not shown). and therefore. the effects were limited to the local
microcirculation. The TRPV1-selective antagonist BCTC and
the TRPA]l-selective antagonist HC-030031 diminished the
vasodilatory effect of CAP and AITC, respectively. Both
antagonists had no effect by themselves (data not shown).

Involvement of TRPAI and ADM in the vasodilatory effect of
TU-100. Past studies have shown that TU-100 increases blood
flow in the small intestine of normal rats (38) and potentiates
the production of vasoactive ADM by IE cells (27, 30).
Accordingly, we sought to identify the TRP channel involved
in the vasodilatory effect of TU-100. IBF increase by admin-
istration of TU-100 (2,700 mg/kg) was largely attenuated by
pretreatment with HC-030031. but BCTC showed no effect
(Fig. 2, A and B). We next addressed whether ADM is critical
for the vasodilatory effect of TU-100. As shown in Fig. 2C,
vascular conductance at 90, 105, and 120 min was decreased
significantly (P < 0.01) by pretreatment with antibody against

Fig. 1. Intraluminal transient receptor potential (TRP) vanil- A1 407
loid type 1 (TRPV1) and TRP ankyrin | (TRPAI) agonists
120 +

increase blood flow in the small intestine. Capsaicin (CAP, 3
mg/kg body wt) or allyl isothiocyanate (AITC, 0.002 mg/kg
body wit) was administered intraduodenally. and vascular
conductance (VC) in the midjejunum was monitored. A: the
TRPVI1 antagonist N-(4-tertiarybutylphenyl)-4-(3-chloro-
pyridin-2-yl)tetrahydropyrazine-1(2H)-carboxamide (BCTC)
(10 mg/kg) was given intravenously 15 min before CAP
administration; N = 3: B: TRPAI antagonist HC-030031 (1

TRPV1 agonist CAP B

TRPAI-ADRENOMEDULLIN-MEDIATED GUT BLOOD FLOW -

ADM. In accordance with the above findings, ADM concen-
trations in plasma of the portal vein (Fig. 2D) were elevated
significantly at 15, 30, and 60 min by administration of TU-100
(2,700 mg/kg). Finally, the vasodilatory effect by AITC was
also abrogated by anti-ADM treatment (Fig. 2E).

Expression of TRPAI and ADM in IEC-6 and purified IE cells.
We previously reported immunohistochemical identification of
ADM in the mucosal epithelium of the small and large intestines
of SD rats, the same strain used in the present study (30). Here we
examined the expression of TRPA1 and TRPV]I mRNAs in
TEC-6 cells and purified IE cells obtained from the intestines. The
expression of TRPA1 mRNA was clearly detected in these cells,
as was DRG (Fig. 3A4), while gene expression of TRPV1 was
below the detection limit. TRPAI protein levels in these cells
were evaluated by flow cytometric analysis. As shown in Fig. 3B,
the fluorescence intensities for anti-TRPA] and anti-ADM anti-
body were higher than those of the subtype-control antibody.
Marked reduction of fluorescence intensity by coexistence of the
epitope peptide of TRPAI antigen indicated that both of these
cells types expressed TRPA1 protein.

ADM releasing activity of TRPAI agonists and TU-100.
Considering the expression of TRPA1 and ADM in IE cells,
we investigated the ability of TRP channel agonists to release
ADM. Samples tested were CAP, AITC, and CNA (TRPAI
agonists), 2-APB (agonist of TRPV1, TRPV2, and TRPV3),
and 4a-PDD (TRPV4 agonist). As shown in Fig. 44, the ADM
concentrations in the culture fluids from rat IEC-6 cells treated
with AITC (3-30 pwmol/l) or CNA (100 p.mol/l) were several
times greater than control. On the other hand, CAP, 2-APB,
and 4a-PDD were inactive in the test. As for TU-100 (Fig. 4B),
the ADM concentrations in the culture fluids from IEC-6 cells
with 270, 900, or 2,700 p.g/ml of TU-100 were 16 = 1, 17 =
1, and 19 = 1 pg/mL, respectively. These concentrations were
1.44, 1.60, and 1.74 times greater than control (11 * 1),
respectively. We then sought to identify the active ingredients
responsible for the enhancement of ADM release. Twelve main
ingredients were tested (Fig. 4, C—E). 6SG at concentrations of
10 and 30 pmol/l dramatically increased ADM release (2.27
and 8.30 times greater than control, respectively) with no
cytotoxic effects. HAS significantly enhanced ADM release at
concentrations of 30 and 100 pmol/l (1.49 and 1.83 times,
respectively), although its activity was weaker than that of
6SG. 6-Gingerol was inactive in this test. Considering the
intensity of ADM release activity and the high 65G content in
TU-100, 6SG appears to be the main active ingredient respon-
sible for the vasodilatory effect of TU-100.

TRPA1 agonist AITC

< CAP + vehicle i.v. Lt < AITC alone

# AITC + HC-030031
O Vehicle

® CAP +BCTC iv. 120
O Water + vehicle i.v.

ve (%

mg/kg) was administrated intraluminally together with .g__,ﬂ_-_g

AITC: N = 5-6. P << 0.05. **P < 0.01 vs. water + vehicle L s

(A) or vehicle (B). #P < 0.05, #fP < 0.01 vs. agonist alone, .20 Tl Ty B P e e o e ST 20 e e H e (R .
0 15 30 45 “60 75 90 105 120 0 15 30 45 60 75 80 105 120

respectively.

Time after administration of CAP (min)

Time after administration of AITC (min)

AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00356.2012 - www.ajpgi.org

€102 ‘91 Aep uo 1senb Aq /610 ABojoisAyd-i6dle;/:dny wouy papeojumoq




TRPAI-ADRENOMEDULLIN-MEDIATED GUT BLOOD FLOW

G431

A 80 B 80
©O TU-100 + Vehicle i.v. < TU-100 alone
S0 o TU-100 + BCTC i, 60 | o TU.100 + HC-030031
Lid
O Water
g 40 - g 40
[&] (8]
> 20 > 20
0 0 et}
205745 30 45 60 75 90 105 120 20015 30 45 80 75 90 105 120 g = 0 00 (i) s
. : S ; : ow via the -adrenomedullin cascade.
Time after administration of TU-100 (min) Time after administration of TU-100 (min) TU-100 was administered intraduodenally at
C so0- D a dose of 2,700 mg/kg. Blood flow was mon-
-100 + i - itored every 15 min after administration of
< TU-100 + isotype-matched IgG TU-100. A. BCTC (10 mgkg) y
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120 - & AITC + anti-ADM IgG alone, respectively.
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Investigation of signal pathways linking TRPAI to ADM
release. The functional interaction of TRPAI activators intrinsic
to TU-100 with the TRPA1 molecule was investigated in two
assays: blockage of ADM release using HC-030031 in IEC-6 cells
and calcium influx in TRPAI-transfected cells. The influence of
coaddition of HC-030031 was first examined with respect to
ADM-releasing activity of TU-100, AITC, and 6SG. As shown in
Fig. SA. ADM release by these activators was significantly abol-
ished by HC-030031. In addition, the ADM-releasing activity of
these activators was not detected in calcium-free buffer (data not
shown). T-Rex293 cells stably expressing rat TRPA1 were incu-
bated with various concentrations of AITC and 6SG (Fig. 5B).
Calcium influx was clearly evoked after their addition, while
mock-transfected cells showed no response (data not shown).
Finally, the involvement of the kinase pathway in ADM release
by TRPA1 activators was examined. This was accomplished by
evaluating the effects of the cAMP-dependent protein kinase
(PKA) inhibitor H-89, the protein kinase C (PKC) inhibitor
calphostin C, and the phosphatidylinositol 3-kinase (PI3K) inhib-

itor LY294002 in an ADM release test of AITC and 6SG. As
shown in Fig. 5C, ADM-releasing activity of AITC and 65G was
reduced by the addition of calphostin C. On the other hand, the
activity of 6SG but not AITC was enhanced by the addition of
H-89, while LY294002 had no effect. Moreover, the PKC-
specific activator PMA significantly augmented ADM release
(Fig. 5D).

Vasodilatory effect of 65G. After confirming that 6SG was
the main active ingredient of TU-100 that stimulates TRPAI
and ADM release, we evaluated its effect on IBF. As shown in
Fig. 6A, the dose-dependent vasodilatory effect by 6SG was
quantified using the area under curve of vascular conductance
from 0 to 120 min. The effect of 6SG was completely abol-
ished by pretreatment with HC-030031 (Fig. 6B).

DISCUSSION

In this study we demonstrated that /) freshly purified rat IE
cells and the rat intestinal epithelial cell line IEC-6 expressed
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Fig. 3. TRPA1 and ADM expression in intestinal epithelial
cells. A: RT-PCR analysis was performed for TRPAL, B FACS
TRPVI, ADM. and B-actin in rat intestinal epithelial (IE)
cells of the small intestine (S-IE). those of the large intes- § § §
tine (L-IE), dorsal root ganglion (DRG) cells. and the rat IE gia aib 2l ¢
cell line IEC-6. The PCR products were resolved on a 2%+« o ¥ b
agarose gel electrophoresis. B: flow cytometric analysis. 35 % 8 §
a-c ADM images. d—f: TRPA] images. @ and &: S-IE. b and 8 &; ] gl
e: L-IE. ¢ and f: IEC-6. Thin solid line: control Ab (rabbit 21 g £
IgG); thick solid line: antigen specific Ab; broken line: &1 & <1
antigen specific Ab + epitope peptide. Data shown repre- o - of ; . © -
sent the results of 3 experiments. 10407 40° 107 904 107, 10k q0% e 108 ot 407" A0t a0l 160
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mRNAs and proteins of ADM and TRPAI, 2) TU-100 in-
creased IBF via ADM release, 3) AITC, TU-100, and 6SG
increased IBF in a TRPAI-dependent manner, and 4) AITC,
TU-100, and 6SG stimulated ADM release/production in IE

TRPA1 expression

cells via stimulation of TRPA1. These data that suggest the
activation of the epithelial TRPA1-ADM system in the small
intestine as a potent factor in regulating IBF are a novel and
important finding to understand intestinal physiology, and

-8 AIC
A
70 M- CNa R o, b ey
g 2 4 4a-PDD
£ o O 2ar8 3
i > §
o
Fig. 4. TRPA1 agonists, TU-100, and individ- ¥ a0 = 5 7
val TU-100 ingredients induce ADM release in é 300 _g
TEC-6 cells. IEC-6 cells were incubated for 6 h Bl 5
in Hanks buffer containing 0.1% BSA with z 2
test compounds. Various TRP agonists (A), < 100
TU-100 (B), and ingredients in the medicinal o _
plants constituting TU-100 (C, D, E) were 3 10 e 0 2770 00 2700

added at the indicated concentrations. The con-
centrations of ADM in the incubation were
measured by EIA. Among the TU-100 ingre-
dients tested. 6-shogaol (6SG) and hydroxy-a-
sanshool (HAS) induced ADM release: N =

(9]

Processed Ginger

Concentration { pmol/L )

TU-100 concentration ( pg/mL )
Ginseng radix

D E

Japanese pepper —O— Ginsenoside Rb1

500 —0— Ginsencside Rg1

: : — 1000 5
3-4. 2-APB, 2-aminoethoxy diphenyl borate; 3 #pa0, 590 [ o Methyl cynnamate S A
4a-PDD, 4a-phorbol 12,13-didecanoate; g a0p |G Ginae] e w0 | " Xanthoxyin 400 | —— protopanaxadiol
CNA. cinnamaldehyde; HBS, hydroxy-B- @ = 10Ghgsel - has s
sanshool. *P << 0.05, **P < 0.01 vs. control, ﬁ 600 300 b ~O-HBS 300
respectively. = @ Maltose
é 400 200 ** 200
*R
s 20 100 ?@:; 100 @;ﬁ-"“’ =
< g
o = 0 o " L L
3 10 0 100 3 10 30 100 E 10 3 100 300
Concentration { pmolllL )

AJP-Gastrointest Liver Physiol + doi:10.1152/ajpgi.00356.2012 » www.ajpgi.org

€102 ‘91 Aep uo 1sanb Aq /610 ABojoishyd-iBdles:dny woiy papeojumoq




TRFA1-ADRENOMEDULLIN-MEDIATED GUT BLOOD FLOW

G433

A B EBrcons B .
= e - aiTe
=]
E % —*-85G
: e
= 100
T
{ =
L o Fig. 5. AITC and 6SG stimulate TRPAI to induce ADM
g release via protein kinase C. ADM release by TU-100
il o (2,700 pg/ml), AITC (30 wmol/l), and 65G (30 pwmol/1)
b 3 - 5 4 Wwas abrogated by cotreatment with 100 pmol/l of HC-
Log (M) 030031 (A). AITC and 65G induce calcium influx in
50 " T-Rex293 cells stably transfected with rat TRPAI (B).
C Among the kinase inhibitors tested, the protein kinase C
- 800 T— i i e e D B e ke (PKC) inhibitor calphostin C potently inhibited AITC-
3 W { . and 6SG-induced ADM release (C). The PKC activator
§ (e S RO OOD o ML it 2 phorbol 12-myristate 13-acetate (PMA) induced ADM
e § AL B i o release (D); N = 3, **P << 0,01 vs. control.
£ w00 — 2
] # 100
B B i
3 : e % -
+ 9 =
; 2 o
L - 4] [ -
:Pf G i —0“# o f 0 0016 016
Jar"h & @;’P & PMA ( pmoliL)

pathobiology of various intestinal disorders with impaired
intestinal microcirculation.

In the gastrointestinal tract, TRPAI is predominantly ex-
pressed in a subset of TRPV-expressing extrinsic sensory
nerves, especially the DRG neurons (6, 32). The distribution of
TRPA1 appears related to its physiological and pathophysio-
logical roles such as mechanosensation (6, 9, 59), chemosen-
sation (9) and inflammatory hyperalgesia (7, 36, 57). In addi-
tion, a recent study has also verified the presence of TRPAI in
several types of enteric nerves including inhibitory motoneu-
rons, descending interneurons, and intrinsic primary afferent
neurons (43). Furthermore, a subtype of enteroendocrine cells
has been shown to express abundant TRPA 1 whose stimulation
induces 5-HT release that can activate intrinsic nerves and
vagal endings (39). These reports strongly suggest that TRPA1
may play a role in the regulation of gut motility as confirmed
by several motility studies of experimental animals using
TRPAI ligands and gene-manipulation (11. 12, 26, 42, 43).
More recently, considerable attention has been given to the

presence of TRPAI in IE cells. Kaji et al. (23, 24) detected
TRPA1 mRNA and protein by RT-PCR and immunohisto-
chemistry in human and rat epithelium isolated from intestinal
mucosa, and Pool et al. (43) reported on TRPA1 immunosig-
nals in mouse IE cells. The former study showed that AITC
and an herbal ingredient, thymol, evoked electrogenic anion
secretion from colonic epithelium segments in a TRPAI-
dependent manner, although it is still unclear which cell types
were stimulated by TRPA1 agonists because the study used
unpurified epithelial preparations. The latter study did not
examine the biological effect of TRPA1 in IE cells. In contrast.
our study clearly showed that the stimulation of epithelial
TRPAI induces endogenous ADM release, which in turn
participates in the regulation of IBF. Determining the specific-
ity and mechanistic pathways of the epithelial TRPA1-ADM
axis is an important area for further investigation, and studies
using siRNA and knockout approaches remain to be done.
We also found that 6SG was the main active ingredient in
TU-100 with ADM-releasing activity on that basis that /) 6SG

100 - @ 6SG (0.6 mg/kg) + HC-030031

*+  Fig. 6. Intraluminal 6SG increases blood flow in the
small intestine. 6SG was administrated intraduode-
nally at a dose of 0.07, 0.2, or 0.6 mg/kg body wt
and VC in the midjejunum was monitored. HC-
030031 (1 mg/kg) was administered intraluminally

# together with 0.6 mg/kg of 65G. Quantitation by

area under curve (A) and time-dependent changes

(B) are shown: N = 4-6, *P < (.05, **P < 0.0]

vs. vehicle, #P <= 0.05, ##P < 0.01 vs. 6SG alone,

respectively,

60 75 90 105 120

Time after administration of 6SG (min)

140
A B © 6SG (0.6 mg/kg) alone
120
T Vehicle
100 80
g 80 1 60
8 g
I 60 - o 40
o
40 20
20 1 0
1 T ) D e, S
0 Vehicle 0.07 0.2 0.6 0.6 200 15 30 45
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potently induced vasodilatation in vivo, ADM release in vitro,
and calcium influx in vitro in a TRPA1-dependent manner. and
2) the amount of 6SG in TU-100 was sufficient to explain most
of the vasodilatation produced by TU-100 (a 2,700 mg/kg dose
of TU-100 contains about 0.6 mg/kg of 6SG). Yet given that a
small amount of 6SG in TU-100 has been reported to enter
systemic circulation (19), our concern was whether TU-100
may affect systemic blood flow. A recent examiner-blinded
randomized crossover trial investigating the effects of TU-100
on cardiac output and blood flow volume in the superior
mesenteric artery in humans showed that a significant increase
in blood flow in this artery occurred after TU-100 administra-
tion without any increase in systemic circulation (48). Another
study indicated that TU-100 administration increased portal
blood flow in healthy volunteers, cirrhotic patients, and liver-
transplant patients without any significant changes in the sys-
temic blood pressure and heart rate (40). These clinical find-
ings are in good agreement with those of other basic studies
using experimental animals. Thus TU-100 was surmised to
increase IBF by affecting the regulatory mechanism of local
blood circulation and thereby alleviate the detrimental effects
of intestinal ischemia without causing cardiovascular compli-
cations.

ADM is known to have anti-inflammatory and vasodilatory
effects, which have been confirmed by multiple colitis models
induced by trinitrobenzenesulfonic acid and dextran sulfate
sodium, the commonly used experimental models of inflam-
matory bowel diseases (4, 13). Some of the reported activities
of ADM include suppression of certain proinflammatory cyto-
kine production and release (16), antimicrobial effects (56),
and enforcement of endothelial barrier function (49). These
lines of evidence are consistent with the conjecture that intes-
tinal ADM release via epithelial TRPAI stimulation is in-
volved in the maintenance and protection of gut functions.
Although the results of these studies collectively suggest a
novel approach to the treatment of colitis with ADM, exoge-
nous administration of ADM is impractical because of its rapid
clearance and potential systemic effects (35, 55). Meanwhile,
as described in the previous paragraph, TU-100 appears to
affect endogenous ADM system and IBF only locally and not
systemically. In fact, we previously demonstrated that oral
administration of TU-100 exerted an anti-colitis effect in trini-
trobenzenesulfonic acid-induced colitis model via upregulation
of intestinal ADM. Such localized increase in endogenous
ADM by TU-100 may be advantageous because the potent
biological effect of ADM is more or less confined to the
diseased sites. On the basis of a number of reports indicating
the ameliorating effect of TU-100 in various animal GI disease
models (1, 8, 17, 20, 27, 30, 51), several double-blind, placebo-
controlled, randomized trials in patients with postoperative par-
alytic ileus, refractory functional constipation, irritable bowel
syndrome, and Crohn’s disease are currently being conducted in
Japan (JFMC39-0902, JFMC40-1001 and JFMC42-1002
funded by the Japanese Foundation For Multidisciplinary Treat-
ment of Cancer) and the United States (NCT00871325,
NCT01139216, NCT01388933, and NCTO01348152). Among
these studies, one recent study reported that TU-100 has a
prokinetic effect in healthy volunteers (33).

The present study has addressed the possibility that PKC and/or
PKA/cAMP may play a role in TRPAl-related ADM release.
This was of interest because a role of these molecules in TRPA1

TRPAI-ADRENOMEDULLIN-MEDIATED GUT BLOOD FLOW

signaling has not been reported except for the sensitization of
TRPAI, an event that occurs upstream of TRPA1 signaling (2, 34.
54). Clarifying the PKC isoform(s) and molecular pathways
involved in the effect is a priority for future research. As to the
possible involvement of PKA/cAMP, it should be noted that H89
affected only 65G-induced ADM release. Furthermore, there was
no detectable change in cAMP levels in AITC- and 6SG-treated
IEC6 cells (unpublished observations). These results suggest that
PKA/cAMP may not be involved in vasodilatation induced by
either 6SG or AITC. However, the enhancement of effect of 6SG
by H89 suggests the possible involvement of mitogen-activated
kinases (MAPKs): i.e., H89 inhibits not only PKA but also
mitogen- and stress-activated kinase 1 (MSKI), which plays a
critical role in NFxB-related inflammatory responses including
production of prostaglandins, interleukin(IL)-8, and IL-10 (3, 10,
50). Multiple studies have shown that 6SG inhibits inflammatory
responses (e.g., prostaglandin E2 synthesis) concomitant with
potent suppression of the activation of certain mitogen-activated
kinases (MAPKs) (5, 14, 41) including ERK /2, which is typi-
cally located upstream of MSK1. Although the effect of 65G on
MSK has not been reported, it would be worthwhile to determine
whether the MAPK system plays a role in the stimulation by 6SG.

In conclusion, our study revealed that epithelial TRPAI-
ADM axis constitutes a possible regulatory system of IBF. In
the gastrointestinal tract, TRPA 1 appears to modulate digestive
functions in at least three ways: induction of nociception via
neuropeptide release from sensory neurons, facilitation of motility
via 5-HT release from enterochromaffin cells, and promotion of
vasodilatation via ADM release from IE cells (Fig. 7). Emerging
physiological implications of TRPA1, especially its activity on the
intestinal epithelium, identify TRPA1 ligands as promising drug
targets for the management of gastrointestinal disorders with
aberrant microcirculation.

TRPA1

stimulus

Adrenomedullin

Motility, secretion

Blood vessel
Sensory neuron

Vasodilatation

Nociception

Fig. 7. Gut TRPAI elicits physiological and pathophysiological responses in 3
ways. TRPAI activators have 3 potential target cells: intestinal epithelial (IE)
cells. enterochromaffin (EC) cells, and TRPA I-positive sensory neurons. As a
result of TRPA] stimulation, TRPA| agonists stimulate IE cells to release
ADM. EC cells to release 5-HT, and sensory neurons to release neuropeptides/
neurotransmitters, respectively, resulting in physiological and biodefensive
responses in vasodilatation, motility. secretion, and pain signaling.

AJP-Gastrointest Liver Physiol « doi:10.1152/2jpgi.00356.2012 » www.ajpgi.org

€102 ‘91 Aepy uo 1senb Aq /Bi0°ABojoisAyd-iBdle//:dny woiy papeojumoq




TRPA1-ADRENOMEDULLIN-MEDIATED GUT BLOOD FLOW

ACKNOWLEDGMENTS

We thank Drs. Masamichi Noguchi and Yoshio Kase (Tsumura Research

Laboratory) for helpful suggestions and insights.

GRANTS

This work was supported by a Grant-in-Aid for Scientific Research pro-

vided by the Ministry of Education, Culture, Sports. Science and Technology.
Japan.

DISCLOSURES

T. Kono received a research grant from Tsumura and Co. A. Kaneko, Y.

Omiya. K. Ohbuchi. N. Ohno, and M. Yamamoto are employees of Tsumura
and Co. Tsumura and Co. manufactures TU-100.

AUTHOR CONTRIBUTIONS

Author contributions: T.K. conception and design of research: TK.. AK..

Y.0.. K.O.. N.O.. and M.Y. interpreted results of experiments: AK.. Y.O..
K.O.. and N.O. performed experiments; A K., ¥.O.,, K.O., and N.O. analyzed
data: AK., Y.O., K.O.. and N.O. prepared figures; M.Y. drafted manuscript.

REFERENCES

12

ad

. Hayakawa T, Kase Y, Saito K, Hashi

. Akiho H, Nakamura K. Daikenchuto ameliorates muscle hypercontrac-

tility in a murine T-cell-mediated persistent gut motor dysfunction model.
Digestion 83: 173-179, 2011.

. Anand U, Otto WR, Anand P. Sensitization of capsaicin and icilin

responses in oxaliplatin treated adult rat DRG neurons. Mol Pain 6: 82.
2010.

. Arthur JS. MSK activation and physiological roles. Front Biosei 13:

5866-5879, 2008.

. Ashizuka S, Inagaki-Ohara K, Kuwasako K, Kato J, Inatsu H, Kita-

mura K. Adrenomedullin treatment reduces intestinal inflammation and
maintains epithelial barrier function in mice administered dextran sulphate
sodium. Microbiol Immunol 53: 573-581, 2009.

. Bang S, Hwang SW. Polymodal ligand sensitivity of TRPAI and its

modes of interactions. J Gen Physiol 133: 257-262, 2009.

. Brierley SM, Hughes PA, Page AJ, Kwan KY, Martin CM, O’Donnell

TA, Cooper NJ, Harrington AM, Adam B, Liebregts T, Holtmann G,
Corey DP, Rychkov GY, Blackshaw LA. The ion channel TRPAI is
required for normal mechanosensation and is modulated by algesic stim-
uli. Gastroenrerology 137: 2084 -2095. 2009.

. Cattaruzza F, Spreadbury I, Miranda-Morales M, Grady EF, Vanner

S, Bunnett NW. Transient receptor potential ankyrin-1 has a major role in
mediating visceral pain in mice. Am J Physiol Gastrointest Liver Physiol
298: G81-G91, 2010.

. Chikakiyo M, Shimada M, Nakao T, Higashijima J, Yoshikawa K,

Nishioka M, Iwata T, Kurita N. Kampo medicine “Dai-kenchu-to™
prevents CPT-11-induced small-intestinal injury in rats. Surg Today 42:
60-67. 2012.

. Christianson JA, Bielefeldt K, Malin SA, Davis BM. Neonatal colon

insult alters growth factor expression and TRPAI responses in adult mice.
Pain 151: 540-549, 2010.

. Das S, Tosaki A, Bagchi D, Maulik N, Das DK. Potentiation of a

survival signal in the ischemic heart by resveratrol through p38 mitogen-
activated protein kinase/mitogen- and stress-activated protein kinase
1/cAMP response element-binding protein signaling. J Pharmacel Exp
Ther 317: 980-988, 2006.

. Doihara H, Nozawa K, Kawabata-Shoda E, Kojima R, Yokoyama T,

Ito H. Molecular cloning and characterization of dog TRPAI and AITC
stimulate the gastrointestinal motility through TRPA1 in conscious dogs.
Enur J Pharmacol 617. 124-129. 2009.

. Doihara H, Nozawa K, Kawabata-Shoda E, Kojima R, Yokoyama T,

Ito H. TRPA| agonists delay gastric emptying in rats through serotonergic
pathways. Naunyn Schmiedebergs Arch Pharmacol 380: 353-357. 2009.

. Gonzalez-Rey E, Fernandez-Martin A, Chorny A, Delgado M. Ther-

apeutic effect of urocortin and adrenomedullin in a murine model of
Crohn’s disease. Gut 55: 824-832, 2006.

. Ha SK, Moon E, Ju MS, Kim DH, Ryu JH, Oh MS, Kim SY.

6-Shogaol, a ginger product, modulates neuroinflammation: a new ap-
proach to neuroprotection. Newropharmacology 63: 211-223, 2012,

to K, Ishige A, Komatsu Y,
Sasaki H. Effects of Dai-kenchu-to on intestinal obstruction following
laparotomy. J Smooth Muscle Res 35: 47-54, 1999.

16.

30.

31,

32,

33.

34,

G435

Hayashi Y, Narumi K, Tsuji S, Tsubokawa T, Nakaya MA, Wa-
kayama T, Zuka M, Ohshima T, Yamagishi M, Okada T. Impact of
adrenomedullin on dextran sulfate sodium-induced inflammatory colitis in
mice: insights from in virro and in vivo experimental studies. Inr J
Colorectal Dis 26: 1453-1462, 2011.

. Inoue K, Naito Y, Takagi T, Hayashi N, Hirai Y, Mizushima K, Horie

R, Fukumoto K, Yamada S, Harusato A, Hirata I, Omatsu T, Yoshida
N, Uchiyama K, Ishikawa T, Handa O, Konishi H, Wakabayashi N,
Yagi N, Ichikawa H, Kokura S, Yoshikawa T. Daikenchuto. a Kampo
medicine, regulates intestinal fibrosis associated with decreasing expres-
sion of heat shock protein 47 and collagen content in a rat colitis model.
Biol Pharm Bull 34: 1659-1665, 2011.

. Iwabu J, Watanabe J, Hirakura K, Ozaki Y, Hanazaki K. Profiling of

the compounds absorbed in human plasma and urine after oral adminis-
tration of a traditional Japanese (kampo) medicine, daikenchuto. Dirug
Merab Dispos 38: 2040-2048.

. Iwabu J, Watanabe J, Hirakura K, Ozaki Y, Hanazaki K. Profiling of

the compounds absorbed in human plasma and urine after oral adminis-
tration of a traditional Japanese (kampo) medicine. daikenchuto. Drirg
Metab Dispos 38 2040-2048, 2010.

. Iwasa T, Ogino H, Nakamura K, IThara E, Akiho H, Takayanagi R.

Feeding administration of Daikenchuto suppresses colitis induced by naive
CD4(+) T cell transfer into SCID mice. Dig Dis Sci 57: 2571-2579, 2012.

. Iwasaki Y, Morita A, Iwasawa T, Kobata K, Sekiwa Y, Morimitsu Y,

Kubota K, Watanabe T. A nonpungent component of steamed ginger—
[10]-shogaol—increases adrenaline secretion via the activation of TRPVI.
Nutr Newrosci 9: 169-178. 2006.

. Jin XL, Shibata C, Naito H, Ueno T, Funayama Y, Fukushima K,

Matsuno 8, Sasaki I. Intraduodenal and intrajejunal administration of the
herbal medicine, dai-kenchu-tou, stimulates small intestinal motility via
cholinergic receptors in conscious dogs. Dig Dis Sci 46: 1171-1176. 2001.

. Kaji I, Karaki S, Kuwahara A. Effects of luminal thymol on epithelial

transport in human and rat colon. Am J Physiol Gastrointest Liver Physiol
300: G1132-G1143, 2011,

. Kaji I, Yasuoka Y, Karaki SI, Kuwahara A. Activation of TRPA1 by

luminal stimuli induces EP4-mediated anion secretion in human and rat
colon. Am J Physiol Gastrointest Liver Physiol 302: G690-G701. 2012.

. Kawasaki N, Nakada K, Nakayoshi T, Furukawa Y, Suzuki Y, Hanyu

N, Yanaga K. Effect of Dai-kenchu-to on gastrointestinal motility based
on differences in the site and timing of administration. Dig Dis Sei 52:
2684-2694, 2007.

. Kojima R, Doihara H, Nozawa K, Kawabata-Shoda E, Yokoyama T,

Ito H. Characterization of two models of drug-induced constipation in
mice and evaluation of mustard oil in these models. Pharmacology 84:
227-233, 2009.

. Kono T, Kaneko A, Hira Y, Suzuki T, Chisato N, Ohtake N, Miura N,

Watanabe T. Anti-colitis and -adhesion effects of daikenchuto via en-
dogenous adrenomedullin enhancement in Crohn’s disease mouse model,
J Crohns Colitis 4: 161-170, 2010.

. Kono T, Kanematsu T, Kitajima M. Exodus of Kampo, traditional

Japanese medicine, from the complementary and alternative medicines: is
it time yet? Surgery 146: 837-840, 2009.

. Kono T, Koseki T, Chiba S, Ebisawa Y, Chisato N, Iwamoto J, Kasai

S. Colonic vascular conductance increased by Daikenchuto via calcitonin
gene-related peptide and receptor-activity modifying protein 1. J Surg Res
150: 78-84. 2008.

Kono T, Omiya Y, Hira Y, Kaneko A, Chiba S, Suzuki T, Noguchi M,
Watanabe T. Daikenchuto (TU-100) ameliorates colon microvascular
dysfunction via endogenous adrenomedullin in Crohn's disease rat model.
J Gastroenterol 46: 1187-1196, 2011.

Koo JY, Jang Y, Cho H, Lee CH, Jang KH, Chang YH, Shin J, Oh U.
Hydroxy-alpha-sanshool activates TRPV1 and TRPA] in sensory neurons.
Eur J Neurosci 26: 1139-1147. 2007.

Malin S, Molliver D, Christianson JA, Schwartz ES, Cornuet P,
Albers KM, Davis BM. TRPV| and TRPA| function and modulation are
target tissue dependent. J Newrosci 31: 10516-10528, 2011.

Manabe N, Camilleri M, Rao A, Wong BS, Burton D, Busciglio I,
Zinsmeister AR, Haruma K. Effect of daikenchuto (TU-100) on gastro-
intestinal and colonic transit in humans. Am J Physiol Gastrointest Liver
Physiol 298: G970-G975. 2010.

Mandadi S, Armati PJ, Roufogalis BD. Protein kinase C modulation of
thermo-sensitive transient receptor potential channels: Implications for
pain signaling. J Nar Sci Biol Med 2: 13-25, 2011

AJP-Gasirointest Liver Physiol « doi:10.1152/ajpgi.00356.2012 « www.ajpgi.org

€102 ‘91 Aey uo 1senb Aq /610 AbojoisAyd 1Bdleys:dny woly papeojumoq




G436

35.

36.

37.

38.

39.

40.

41.

43,

44,

45.

46.

Meeran K, O’Shea D, Upton PD, Small CJ, Ghatei MA, Byfield PH,
Bloom SR. Circulating adrenomedullin does not regulate systemic blood
pressure but increases plasma prolactin after intravenous infusion in
humans: a pharmacokinetic study. J Clin Endocrinol Metab 82: 95-100.
1997.

Mitrovic M, Shahbazian A, Bock E, Pabst MA, Holzer P. Chemo-
nociceptive signalling from the colon is enhanced by mild colitis and
blocked by inhibition of transient receptor potential ankyrin 1 channels. Br
J Pharmacol 160: 1430-1442, 2010.

Munekage M, Kitagawa H, Ichikawa K, Watanabe J, Aoki K, Kono T,
Hanazaki K. Pharmacokinetics of daikenchuto, a traditional Japanese
medicine (kampo) after single oral administration to healthy Japanese
volunteers. Dritg Metab Dispos 39: 17841788,

Murata P, Kase Y, Ishige A, Sasaki H, Kurosawa §, Nakamura T. The
herbal medicine Dai-kenchu-to and one of its active components [6]-
shogaol increase intestinal blood flow in rats. Life Sci 70: 2061-2070.
2002.

Nozawa K, Kawabata-Shoda E, Doihara H, Kojima R, Okada H,
Mochizuki S, Sano Y, Inamura K, Matsushime H, Koizumi T,
Yokoyama T, Ito H. TRPAI regulates gastrointestinal motility through
serotonin release from enterochromaffin cells. Proc Narl Acad Sci USA
106: 3408-3413, 2009,

Ogasawara T, Morine Y, Ikemoto T, Imura S, Fujii M, Soejima Y,
Shimada M. Influence of Dai-kenchu-to (DKT) on human portal blood
flow. Hepatogastroenterology 55: 574-577. 2008.

Pan MH, Hsieh MC, Hsu PC, Ho SY, Lai CS, Wu H, Sang S, Ho CT.
6-Shogaol suppressed lipopolysaccharide-induced up-expression of iNOS
and COX-2 in murine macrophages. Mol Nutr Food Res 52: 1467-1477,
2008.

2. Penuelas A, Tashima K, Tsuchiya S, Matsumoto K, Nakamura T,

Horie S, Yano S. Contractile effect of TRPAI receptor agonists in the
isolated mouse intestine. Eur J Pharmacol 576: 143-150, 2007.

Poole DP, Pelayo JC, Cattaruzza F, Kuo YM, Gai G, Chiu JV, Bron
R, Furness JB, Grady EF, Bunnett NW. Transient receptor potential
ankyrin 1 is expressed by inhibitory motoneurons of the mouse intestine.
Gastroenterology 141: 565-575, 575, e561-e564. 2011.

Satoh K, Hashimoto K, Hayakawa T, Ishige A, Kaneko M, Ogihara S,
Kurosawa S, Yakabi K, Nakamura T. Mechanism of atropine-resistant
contraction induced by Dai-kenchu-to in guinea pig ileum. Jpn J Phar-
macol 86: 32-37, 2001.

Satoh K, Hayakawa T, Kase Y, Ishige A, Sasaki H, Nishikawa S,
Kurosawa S, Yakabi K, Nakamura T. Mechanisms for contractile effect
of Dai-kenchu-to in isolated guinea pig ileum. Dig Dis Sci 46: 250-256,
2001.

Satoh K, Kase Y, Hayakawa T, Murata P, Ishige A, Sasaki H.
Dai-kenchu-to enhances accelerated small intestinal movement. Biol
Pharm Bull 24: 1122-1126, 2001.

47.

48.

49,

50

51

S

54.

55.

56.

57,

58.

59.

TRPAI-ADRENOMEDULLIN-MEDIATED GUT BLOOD FLOW

Shibata C, Sasaki I, Naito H, Ueno T, Matsuno S. The herbal medicine
Dai-Kenchu-Tou stimulates upper gut motility through cholinergic and
S-hydroxytryptamine 3 receptors in conscious dogs. Surgery 126: 918~
924, 1999.

Takayama S, Seki T, Watanabe M, Monma Y, Sugita N, Konno §,
Iwasaki K, Takeda T, Yambe T, Yoshizawa M, Nitta S, Yaegashi N.
The herbal medicine Daikenchuto increases blood flow in the superior
mesenteric artery. Tohoku J Exp Med 219: 319-330. 2009.
Temmesfeld-Wollbruck B, Hocke AC, Suttorp N, Hippenstiel S. Ad-
renomedullin and endothelial barrier function. Thromb Haemost 98: 944~
951, 2007.

Terazawa 8, Nakajima H, Shingo M, Niwano T, Imokawa G. Astax-
anthin attenuates the UVB-induced secretion of prostaglandin E2 and
interleukin-8 in human keratinocytes by interrupting MSK|1 phosphoryla-
tion in a ROS depletion-independent manner. Exp Dermatol 21, Suppl 1:
11-17. 2012.

Tokita Y, Yamamoto M, Satoh K, Nishiyvama M, lizuka S, Imamura
S, Kase Y. Possible involvement of the transient receptor potential
vanilloid type 1 channel in postoperative adhesive obstruction and its
prevention by a kampo (traditional Japanese) medicine. daikenchuto. J
Pharmacol Sci 115: 75-83, 2011.

. Tokita Y, Yuzurihara M, Sakaguchi M, Satoh K, Kase Y. The phar-

macological effects of Daikenchuto. a traditional herbal medicine, on
delayed gastrointestinal transit in rat postoperative ileus. J Pharmacol Sci
104: 303-310, 2007.

Venkatachalam K, Montell C. TRP channels. Annu Rev Biochem 76:
387417, 2007.

‘Wang S, Dai Y, Fukuoka T, Yamanaka H, Kobayashi K, Obata K, Cui
X, Tominaga M, Noguchi K. Phospholipase C and protein kinase A
mediate bradykinin sensitization of TRPAI: a molecular mechanism of
inflammatory pain. Brain 131: 1241-1251, 2008.

Westphal M, Booke M, Dinh-Xuan AT. Adrenomedullin: a smart road
from pheochromocytoma to treatment of pulmonary hypertension. Eur
Respir J 24: 518-520. 2004.

Wiesner J, Vilcinskas A. Antimicrobial peptides: the ancient arm of the
human immune system. Virulence 1: 440464, 2010.

Yang J,LiY, Zuo X, Zhen Y, Yu Y, Gao L. Transient receptor potential
ankyrin-1 participates in visceral hyperalgesia following experimental
colitis. Newrosci Lert 440: 237-241, 2008.

Yoshikawa K, Kurita N, Higashijima J, Miyatani T, Miyamoto H,
Nishioka M, Shimada M. Kampo medicine "Dai-kenchu-t0” prevents
bacterial translocation in rats. Dig Dis Sci 53: 1824-1831, 2008.

Yu YB, Yang J, Zuo XL, Gao LJ, Wang P, Li YQ. Transient receptor
potential vanilloid-1 (TRPVI1) and ankyrin-1 (TRPAI) participate in
visceral hyperalgesia in chronic water avoidance stress rat model. Neuro-
chem Res 35: 797-803. 2010.

AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00356.2012 - www.ajpgi.org

€10g ‘91 Aey uo 1senb Aq /610 ABojoisAyd-iBdle;/:dny wouj papeojumog]




ESRkik (L 88 PI% 2018 Vol 28 No.2
DEEAF1 ANV I —

BUEEB HT 3RSEEHISNTTO-F—RKEEE

$ HIEBRBICHT DRAERDRE

4 AL X

Key words : 75, KESE, ALV A, W, &£X

— B E

IEFyAEROBRERTESIZIFER2ED
TETWE, FORBERSDOMPKEFHBOE
SR ICE T A0 F L R OET, BEERIC
Bi5 T 3 MR EEDELUC b ILIRPEEDOR S
DR E RS E MY S HERER 7S FRem b
—vEHE L, BEMRCBE R, e, M
DRERGZ T 2 EBEO Lo, &
NEZBICKE, BETHEHO 77t X _EER
RS Thh, KEFBOBE ERENE
MIBREN-o2H B, E6ic, EPEREZHL»
2§ 3O RKETBORNEESThh, LR
BEEOEYRSPRNENEZ EbHEhERS
b=, REPBEEZMERERcERTAIETA LY
ARFERIE T2 2 LS,

_

EUSHIC—REMALYXERBEMHILIA

BEREBXVSTETHBLENBALIR
(BBEAZE) IR BB 2 BADKIFT, B
EEAEBEEORRICLD, BRI/ LR LH
BERVA L RAIRKRBIEND, HEIZBWT2H
AR EVBA LY ZBEOLELRICL S L
EEALIZANE0%TED S b, FMEEDH
BED BB L, £ DK ICHEE FMBEED

LR M SRR RS R v 4 —
(7 065-0033 ALHBEALBRTRENL=+=£H 4 THIHF1S)

0911~601X/13/JCOPY

o &

bote, KETOLRERHAL 7 AD b 2L bS

{, ZHPLAKTH S, Mk LY AREHD
FREEA LY R EZDRDOBWESEA L T ADE
TNBA, AlRESLE LHICABRPHERER L
L CTEREFENICO BRI REEELER
LLTMEZu—X7y 7EhTETV S,

AR TED EiF24 L7 2138 b ICBEBEFM
BOAVIATHS, MRIZIFLFICHEETS
FREMEAS Lo R IZIBEERNERL, BERNE
VT B2 L CHREBRRVBEL 2D TH
%, FFEESIAR, SO oD FiBREIC
IO TEIZEETHS. 77NNy N HE
Tl oA R —E#E PO D N— VAEM
EBR—AX=h—tRbfifEnTn3, F
MA P VAL > TRBHREEM L 2 ) BEE
B I N LEXOSNT WS, i, FMl
2 & 2 AFHBRME FRANBRELSICE-TE
EREICHRIENRRI D, —BLERP T uRy S
5 VT 4 v E(PGE;) B EE ICER X N FiEfH
INKEEEZIMHT 2 Z LB RETH B L vbh
’fl{lél),

—%h, BWEEA LY RICBE L TREEICHE) 4
vE—=7z0r y BERRDOYA P AL VTH
5LVIHIBHEFLVTORED H 2P, k¥
ICAENREFRBICIRE>TwRY, BED

EME{LEE AR Vol.28 No.2 2013 189



RFNEGE BN, Rk 28R
EVERTRZV»LEZ SN, YWENHBP
EReEI LIt WEBSEFMS#EREIATY
53D INODRZEEMLI7DTH 3,

¥7, RHBERIREEA LY RICETS
B LIBRBRNICOP TR EEY, 20
Hl1 e LTREZED L BERL M L
DEMBEHEPR BB LREVRETL VRS
VEE B EpoBUEHET ST L THEMKRHE
REMEL, MEREZPBVTWVLRLEEIONT
W3, L7edioT, MBEOMEEA LY AE
JET 3 Z L RRBEEREDELSOFRFTHD,
BHAICHREMA LY A2 HET S 2 LITEE
AVIARPBRET S LIcRIZZDZ LIS
DTH 5,

1. EEMEs

COEDEA b
o B LRILB XUFFLANILE TORFRERIZAT

bhTzhbok

ALY RDBFICKE BB X A
oD 1990 ERTH 2, KEFHHRMENE
IRBE N7 D231986 FETH D, UKD 5 BE
EENEEABPEFINTHERAINTE R, ¢
IT, 4Ly AED L KIEHBBEBREZTR LA
DI ELTAVLIADREINDIEFAIS L, &K
% DEFAMEV R INLDOD I ORETH
%, FRICEFRELRED, BEESICE
5F37eFNa)y, Y F7AF VAP, BN
v FoVBETEER TS N CAREEYE
REF Y VGMERALZ EBHEROTERIN
?»‘:3}'“8)‘

L Ladss, ERIIFEICBLTRILAR
NBIUDFL R ETOBFERBIRITHONT
ot BEARBLWTHIET VAL
XVELTREL, 77 RXNBOZEERR
BRifTbhTohdotk, o, BEHTD

190 EEARIE{LEA AR Vol 28 No.2 2013

EAEBEVLE-2TELT, S DERZBIC
LoTAYRBAL ELAURBERE LT
BEoonTE:, ¥, PEOFELESD
BOBBRINTLRELI b, ZL2MDR
BicLUBENRERLSE o/, 61,
1990 4RI D %2 > TR 4 DRANR IR >
22— BBEL Tk /N EEB YRR
A TRHREHAZHL THS, EHRS»2W
D LNRVRHBRLTHS] LwIrhETo
FENRKECHN, —KRICEFRIZBDTL
Fol, TORMEITHL OBKEFETH
B

0. KEfiH

CHDIEOQRA 2 b

o BAREICTE L TEEARDRL, REOHRE

CHBARBBE FE > RRBERABTS

5.

BRI 500 4201 TEEBL T & L ARS
BOBRZPEOPE(WTEDRERE) ITH
D, WILE (F)RE CETET (KB £ 1> )
BKRTH2Y, ﬁiﬂaé%wf«fﬁ*ﬁ
mgnéaxﬁ¢gauiot<%&a v ¥
£.00H - 5% BosmssolRsn
ka,ﬁ@ﬁ%ﬁﬁ%@%z&ﬁ%ﬁﬁﬁ@

=0h 5

I. EEERMAF

COIEOARA » b

o FREEHEEE FEZHERE S ADM O R /%ﬁ&

TR ETHENTENE BEEHTEER%E

KB IELTUND

D 5BRT WL KERERY LS THiH
INEDLDTHS, EHFEORFEL L THES
BICREESBHICEBEVR)Z LS, £,
BEEBICBOLTORHICATI Y FNHB I L
VEETH 3, RKEFBORMAERE (UM, 522,




AE)iZHbETH 10%KRET, BD 0%IE=
W —ARF 7 P —ALEDOFEETH 5,

1. CGRP ~(D{EHA

BHicbhbnBEB L DIk, REFBIC
EoTHBENI/ESTFF, Arv b=V
BIEFEHE7F FD CGRP (calcitonin gene
related peptide) T%H 5. CGRP izt F23E T 5
b o b bRV IMEIRREA %2 oM 7+ ¥
LT TV R, 2 I THFEIEDEK
A& LTIDMERTF F CGRP S KEH B
DEMOWRZ OREERICEEL T2 LV
Rz D LIHREED:, T IZDRBLR
XNz tickotd, BEEBICEHALT
CGRP #1}T% { CGRP ZEMABERF K
BRBICLoTHEER TR LBH DL
ov-. .

2. CGRP B&f ;

CGRP DRBFIZERNICHEELTT, REHK
% ZAEEHTH 3 CRLR (calcitonin receptor-
like receptor) D3SREML 3 3 7' 0 X R HSHET,
Z D B H 1t ic i RAMP (receptor activity-
modifying membrane protein) 234 ETH 5.,
RAMP iCIZ 3D Y A 7% H, RAMP1 %3
HE LER#ILICBES % & CGRP ZEMKICR
%53, RAMP2, RAMP3 %338 L ¥z 55
TS LCGRP ERHUC AN PEV s 727 E
)—+ 74 FTH5 ADM (adrenomedullin)
DRBBRIEMTEI LBREINT VI,

bNDLNDEBRERD S RBHBICL-T
3D RAMP Wi bigmd 3 2 L AL »
D, AN REY ¢ 77 E N RNFF R
DZHDRT7FF, CGRP ¢ ADM B LU %2®D
ZABBER T KEFE D e &R B

(mAU)
250

R BN [
[-‘l)ﬂo-lﬂu‘wﬂ 17

E1 KBFEDERS® ID-HPLC(3D BEAFB /AT NI 57 1 —)ICLB8E4R
hydroxy-a-sanshool (Japanese pepper), 6-shogaol (processed ginger), ginseno-
side Rbl (ginseng radix), maltose (maltose powder)
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(Kono, T. etal. : J. Gastroenterol. 46 ; 1187-1196, 2011'* & b 5| &)
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