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Topical Application of Hangeshashinto (TJ-14) in the
Treatment of Chemotherapy-Induced Oral Mucositis
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Abstract

Background: The optimal treatment of chemotherapy-induced
oral mucositis is not well established. A recent study showed that
hangeshashinto (TJ-14) might be useful for periodontal disease via
downregulating pro-inflammatory prostaglandins in the cyclooxy-
genase pathway in human. Our study aimed to determine whether
TJ-14 is effective in the management of chemotherapy-induced oral
mucositis.

Methods: Fourteen patients afflicted with chemotherapy-induced
oral mucositis during mFOLFOXG6 or FOLFIRI treatment for me-
tastasis of advanced colorectal cancer were randomly assigned to
topical TJ-14 treatment thrice daily for 7 days. Patients prepared a
50 ml solution with 2.5 g of TJ-14 dissolved in tap water and rinsed
their oral mucosa for more than 5 seconds and then expectorated it.
TJ-14 was also topically applied with a cotton pellet on the muco-
sal lesions. The severity of oral mucositis was evaluated using the
Common Terminology Criteria for Adverse Events version 4 before
and after one-week TJ-14 treatment.

Results: After the one-week topical treatment with TJ-14, thir-
teen of the fourteen patients (92.8 %) showed improvements in
oral mucositis, with significantly decreased mean CTCAE grades
(P =0.0012). Compared to baseline, none of the patients’ CTCAE
grades worsened. The compliance of TJ-14-treatment was good and
side effects from TJ-14 were not observed.
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Conclusions: Topical application of TJ-14 may have therapeutic
effects in patients with chemotherapy-induced oral mucositis via
downregulation of pro-inflammatory prostaglandins. A prospective,
randomized, controlled, double-blind studies are necessary to con-
firm the findings of this open-label, pilot study.

Keywords: Oral mucositis; Chemotherapy; Hangeshashinto; TJ-
14; Topical treatment

Introduction

Oral mucositis is a common toxicity associated with cyto-
toxic chemotherapy used for cancer treatment and results in
severe discomfort and impairs patients’ ability to eat, swal-
low, and talk. Mucositis also has an indirect effect on tumor
outcomes as its presence often necessitates an unfavorable
modification of anti-cancer therapy such as breaks in chemo-
therapy or a dose reduction of chemotherapy [1-3].

Mucositis risk varies among patients with colorectal
cancers who receive multicycle chemotherapy. Although
the reported cycle 1 incidence varies, about 15% - 20% of
patients being treated with commonly used chemotherapy
regimens for cancers reportedly develop ulcerative oral mu-
cositis [3, 4].

One of the factors associated with chemotherapy-in-
duced oral mucositis (COM) exacerbation is the activation
of cyclooxygenase pathway that mediates ulcer and pain
through the upregulation of pro-inflammatory prostaglan-
dins [5]. Chemotherapy-induced myelosuppression places
patients at significant risk of bacteremia and sepsis from oral
microorganisms resulting in increased COM [1-3, 6].

Hangeshashinto (TJ-14), a Japanese traditional medi-
cine (kampo) [7], has been reported to downregulate the
pro-inflammatory prostaglandins, such as prostaglandin E2
in colitis animal model [8, 9]. Moreover, one of the main
ingredients of TJ-14, berberine, with broad-spectrum anti-
bacterial activity has been shown to inhibit butyrate-induced
colonic epithelial cell death [10, 11].

In light of the purported anti-inflammatory and antibac-
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Table 1. Patient Characteristics

No. of Patients (%)

Gender male 6 43)
female 8 7
Age mean 62
range 34-80
PS 0 12 (86)
1 2 14
2 0
Concurrent Chemotherpy
FOLFOX 5 (36)
FOLFIRI 9 ©4)
Neutropenia
Yes 12 (86)
No 2 14

Oral mucositis

Gl 2 (14)
G2 6 “3)
G3 5 (36)
G4 1 @

terial activities of TJ-14 in experimental models, we inves-
tigated whether TI-14 had beneficial effects on COM in pa-
tients with advanced colorectal cancer.

Patients and Methods

We enrolled 14 patients with advanced colorectal cancer who
underwent chemotherapy at Asahikawa Medical University
Hospital and Higashi-Asahikawa Hospital from January
2009 through August 2010. Details of the study and testing
procedures were explained, and a written informed consent
was obtained from each participant. Fourteen patients who
agreed to participate in the study by signing the written in-
formed consent. All study participants were afebrile patients
with lesions mostly on the movable mucosa of the buccal
mucosa and lateral and ventral surfaces of the tongue that
appeared 7 to 10 days after the chemotherapy. Table 1 sum-
marizes the patient characteristics. The present study was
conducted in accordance with the guidelines for the care for
human study adopted by the ethics committee of Asahikawa
Medical University and Higashi-Asahikawa Hospital.

Grading of oral mucositis

The severity of COM was graded by two blinded physicians
using the Common Terminology Criteria for Adverse Events
v4.0 (CTCAE). For the characterization of mucositis, CT-
CAE v4.0 grades were defined as follows: 1) grade 0: no
mucositis; 2) grade 1: asymptomatic or mild symptoms; 3)
grade 2: moderate pain, does not interfere with oral intake
but modified diet is indicated; 4) grade 3: severe pain, in-
terferes with oral intake; 5) grade 4: life-threatening conse-
quence requiring urgent intervention.

TJ-14 application

The patients prepared a total 50 ml oral rinse solution with
2.5 g of TJ-14 (Tsumura & Co., Tokyo) and tap water and
rinsed their oral mucosa three times daily after each meal.
Patients were instructed to hold the solution in the mouth for
10 seconds and then expectorate it. Additionally, TJ-14 was
topically applied with a cotton pellet on the oral mucositis at
the time of ulcer lesion presentation. Food and drinks were
prohibited within 30 minutes of each mouthwash. Treatment
continued daily for 7 days. None of the patients received
cryotherapy or other mucosal treatment concurrently with
chemotherapy. No other mucosal treatment was used with
over-the-counter drugs or other medications during the study.

Statistical analysis

All values were expressed as mean = standard deviation of
the mean (SD). Statistical calculations and analyses were
performed with the use of Prism 5 (GraphPad Software, Inc.,
San Diego, CA) statistical software package for comparing
the grades of mucositis before and after TJ-14 treatment.
Mann-Whitney test was used. All statistical tests performed
were two-sided. Differences were considered to be signifi-
cant at P < 0.05.

Results

Fourteen patients with COM received TJ-14 and completed
the study. The compliance was good and side effects from
TJ-14 were not observed during the study period. Prior to TJ-
14 treatment, one patient had grade 4, five patients had grade
3, six patients had grade 2, and two patients had grade 1.
After the one-week TJ-14 topical treatment, the patient with
grade 4 mucositis improved to grade 2. Of the five patients
with grade 3 mucositis, three improved to grade 2 and two
improved to grade 1. Among the six patients with grade 2
mucositis, three improved to grade 1, two improved to grade
0, and one had no change. Two patients with grade 1 muco-
sitis improved to grade 0. None of the patients became worse
compared to baseline. At the end of the study, thirteen of
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Figure 1. Improved CTCAE grades for oral mucositis following
topical treatment of the oral mucosa with hangeshashinto (TJ-14).
There was significant reduction in all the grades mucositis from
2.4+08to 1.1+ 0.8 (* p=0.0012). The severity of chemother-
apy-induced oral mucositis was graded according to the Com-
mon Terminology Criteria for Adverse Events v4.0. Results are
expressed as mean + SD.

the fourteen patients (92.8 %) showed improvements in oral
mucositis, with significantly decreased mean CTCAE grades

(P =0.0012) Fig. 1).

Discussion

We found that repeated topical application of TJ-14, even on
a short-term basis, improved the severity of COM symptoms
in the majority of patients. We also noted that two-thirds of
patients on FOLFIRI treatment developed COM.

The current standard of care for patients with advanced
colorectal cancer includes varied schedules of chemotherapy
like FOLFOX (leucovorin, 5-FU, and oxaliplatin) or FOL-
FIRI (leucovorin, SFU, and irinotecan), with FOLFIRI pos-
ing a slightly higher risk of developing COM (35%) [4]. Mu-
cosal lesions typically appear between 7 and 14 days after
the initiation of chemotherapy [6, 12], mainly on the mov-
able mucosa and rarely affecting the dorsum of the tongue,
the hard palate, or the gingiva [3]. In this study, we noted
similar observations in our patients, notably a higher inci-
dence of COM among those on FOLFIRI regimen.

Previous reports implicate that some of the exacerbat-
ing factors of COM include pro-inflammatory cytokines,
nitric oxide, ceramide, matrix metalloproteinases, and pro-
inflammatory prostaglandins that lead to apoptosis and tis-
sue injury [1, 3, 5]. Moreover, because prostaglandin E2,
a pro-inflammatory prostaglandin, is known to act at pain
receptors on neurons and to mediate tissue mjury via re-
lease of matrix metalloprotemase [5, 13], targeted therapy
to downregulate the cyclooxygenase pathway and inhibit
prostaglandin synthesis appears important for pain control
and mucosal healing in COM [5]. TJ-14 has been reported
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the anti-inflammatory effects, such as inhibition of pro-
inflammatory prostaglandins, including prostaglandin E2,
cytoplasmic phospholipase(cPLA), and COX-2 in both in
vivo and vitro studies [8, 9]. In clinic, TJ-14 has been used
for inflammatory diseases such as gastrointestinal catarth
and gastritis [14]. Although the precise mechanisms remain
elusive, TJ-14 might show the anti-COM effect via down-
regulation of pro-inflammatory prostaglandins, especially
prostaglandin E2.

As most of the patients in the study had neutropenia, we
also suspected the dynamic alteration of oral microbiota in
promoting infective processes which occur more readily in
the presence of neutropenia (as in chemotherapy patients)
or other deterioration in host defense systems that causes
reduced levels of salivary IgG, IgA, and IgM [15]. Myelo-
suppression is known to increase gram-negative organisms.
Bacterial cell wall products such as lipopolysaccharide
(LPS) amplify mechanisms that exaggerate and extend the
njury by stimulating infiltrating macrophages to produce ad-
ditional damaging cytokines [3, 6, 12].

TJ-14 is comprised of 7 extracted components: Pinel-
liae Tuber, Scutellariae Radix, Zingiberis Rhizoma, Ginseng
Radix, Glycyrrhizae Radix, Zizyphi Fructus, and Coptidis
Rhizoma. Berberine is the main ingredient of Coptidis Rhi-
zoma with strong and wide-spectrum antimicrobial activity
[10, 11]. We therefore speculated that compounds like ber-
berine might be responsible for the antimicrobial and anti-
inflammatory effects, suppression of prostaglandins, and al-
leviation of COM symptoms induced by TJ-14.

In conclusion, our findings support the possible benefits
of TJ-14. This must be counter-balanced by cautions that fur-
ther controlled, double blind studies are needed to confirm
the findings.
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Abstract

Background and aims: Adrenomedullin (ADM) is a member of the calcitonin family of regulatory
peptides, and is reported to have anti-inflammatory effects in animal models of Crohn's disease
(CD). We investigated the therapeutic effects of daikenchuto (DKT), an extracted Japanese
herbal medicine, on the regulation of endogenous ADM in the gastrointestinal tract in a CD mouse
| C r model.

k‘ihtéffémzft"‘{ Methods: Colitis was induced in mice by intrarectal instillation of 2,4,6-trinitrobenzenesulfonic
: acid (TNBS); afterwards, DKT was given oratly. Colonic damage was assessed on day 3 by
macroscopic and microscopic observation, enzyme immunoassays of proinflammatory cytokines
in the colonic mucosa, and serum amyloid A (SAA), a hepatic acute-phase protein. To determine
the involvement of ADM, an ADM antagonist was instilled intrarectally before DKT administration.
The effect of DKT on ADM production by intestinal epithelial cells was evaluated by enzyme
immunoassay and real-time PCR.

Results: DKT significantly attenuated mucosal damage and colonic inflammatory adhesions, and
inhibited elevations of SAA in plasma and the proinflammatory cytokines TNFa and IFNy in the
colon. Small and large intestinal epithelial cells produced higher levels of ADM after DKT
stimulation. A DKT-treated IEC-6 cell line also showed enhanced ADM production at protein and
mRNA levels. Abolition of this effect by pretreatment with an ADM antagonist shows that DKT
appears to exert its anti-colitis effect via up-regulation of endogenous ADM in the intestinal
tract.

* Part of this work was presented at Digestive Disease Week 2009, American Gastroenterologic Association (AGA), Chicago, USA.
* Corresponding author. Division of Gastroenterologic and General Surgery, Department of Surgery, Asahikawa Medical College, 2-1
Midorigaoka-Higashi, Asahikawa, Hokkaido 078-8510, Japan. Tel.: +81 166 68 2503; fax: +81 166 68 2193.
E-mail address: kono@asahikawa-med.ac.jp (T. Kono).

1873-9946/$ - see front matter © 2009 European Crohn’s and Colitis Organisation. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.crohns.2009.09.006
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Conclusion: DKT exerts beneficial effects in a CD mouse model through endogenous release and
production of ADM. Endogenous ADM may be a therapeutic target for CD.
© 2009 European Crohn's and Colitis Organisation. Published by Elsevier B.V. All rights reserved.

1. Introduction

Adrenomedullin (ADM) is a peptide of the calcitonin family and a
potent endogenous vasodilator.” ADM is ubiquitous in the
gastrointestinal {Gl) tract and plays important roles in micro-
circulation regulation; ADM also possesses anti-inflammatory
actions via the inhibition of proinflammatory cytokines, most
notably for its ability to inhibit tumor necrosis factor-c (TNFa).?
The inhibitory effect of ADM on TNFa production has received
considerable attention in the field of Crohn's disease (CD)
research. Similar in many respects to therapeutic use of
infliximab (which targets TNFx), ADM has advanced our
understanding of possible treatment goals in CD.? Indeed, ADM
has demonstrated anti-colitis effects in mouse® and rat® models
of CD. Although the combined results of these studies suggest a
novel approach to the treatment of CD with ADM, exogenous
administration of ADM is clearly not practical because of the
potential systemic effects of this agent and its metabolic
clearance, which makes chronic delivery of small peptides
impracticat.58

Daikenchuto (DKT), an extracted Japanese herbal medi-
cine, is manufactured as a recognized prescription drug with
standardized quality and ingredient quantities.® The formula-
tion is composed of extract granules of Japanese pepper,
processed ginger, ginseng radix and maltose powder. DKT is
prescribed in Japan to improve Gl motility and prevent
postoperative adhesion and paralytic ileus after abdominal
surgery with defined clinical efficacy.'~"3 In experimental
studies, DKT enhanced gastrointestinal motility in vivo'* '
and in vitro,'”>'® and prevented formation of intestinal
adhesions in a rat talc-induced adhesion model.'®2° We have
reported that intraduodenal? or intracolonic?? administration
of DKT in normal rats increases small and large intestinal blood
flow in a dose-dependent manner, and that this activity is
abolished completely by pretreatment with the calcitonin
gene-related peptide (CGRP) antagonist CGRPg_37. it is also
known that CGRPg_37 can block the signal pathway of ADM as
well as that of CGRP, because these peptides bind to varying
degrees to each other's receptors.?3?1 A heterodimer complex
of calcitonin receptor-like receptor (CRLR) and receptor
activity-modifying protein (RAMP} 1 is a known CGRP receptor,
while a similar heterodimer complex of CRLR and RAMP2 or
RAMP3 has been reported as the ADM receptor. ADMand CGRP,
however, cross-react with one another's receptors, and thus
these peptides share common biologic actions.”?? On the
other hand, a decrease in endogenous CGRP is observed in
animal models of CD and in clinical cases.?® In animal models,
this results in severe inflammation.?%-28

Based on these observations, we hypothesize that DKT-
induced up-regulation of endogenous ADM may compensate
for the decrease of CGRP in CD and that DKT therapy may be
beneficial in the management of CD. We investigated the
beneficial effects of DKT in a mouse acute colitis model using
2,4,6-trinitrobenzenesulfonic acid (TNBS), which is widely
used to test potential therapeutic agents of CD.*?°

2. Materials and methods

2.1. Test substances

DKT was obtained from Tsumura & Co. (Tokyo, Japan) as a
water-soluble extract containing processed ginger (5.6%),
ginseng radix (3.3%), Japanese pepper (2.2%), and maltose
powder (88.9%). Prednisolone (PSL) was purchased from
Shionogi & Co. (Osaka, Japan). The ADM antagonist ADM;;_s;
was purchased from Peptide Institute Inc. (Osaka, Japan).

DKT (300, 900, or 2700 mg/10 ml/kg) was suspended in
distilled water and given orally to mice at 8, 24, 32, 48, and 56 h
after colitis induction. To evaluate the participation of luminal
endogenous ADM, ADMy,_s, (3.57 nug/0.1 ml/mouse) was intrar-
ectally institled under ether anesthesia through a 3.5 F catheter
inserted 3.5 cm from the anus 10 min before DKT administra-
tion in a subset of the mice. PSL (3 mg/10 mt/kg) was dissolved
in distilled water, and given orally 2 and 18 h before and 8, 24,
32, 48, and 56 h after colitis induction.

2.2. Induction of acute colitis

Male BALB/c mice were purchased from Japan SLC (Shizuoka,
Japan). Mice (6-8 weeks old) were anesthetized by intra-
peritoneal injection of sodium pentobarbital (55 mg/kg,
Abbott Laboratories, North Chicago, IL) and atropine sulfate
(3 mg/kg, Sigma-Aldrich, St. Louis, MO). To induce colitis,
1.5 mg TNBS (Tokyo Chemical Industry Co, Tokyo, Japan)
dissolved in 0.1 ml of 50% ethanol was instilled transanally
into the lumen of the colon 3.5 cm from the anus usinga 3.5 F
catheter. Control mice received 50% ethanol alone. Colonic
damage was evaluated 3 days after the TNBS instillation. No
mice died during the experiment. Ethical approval for the
experimental procedures used in this study was obtained
from the Asahikawa Medical College Animal Care and Use
Committee. All experimental procedures were in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

2.3. Assessment of colonic damage

Two observers blinded to treatment group scored the colon
specimens for macroscopically visible damage on a 0-10 scale
according to the previously published criteria®® with slight
modification. The large intestine was removed after evalua-
tion of the adhesion score and opened longitudinally. After
washing out the luminal contents, mucosal damage in the
colon was assessed macroscopically. The criteria reflect both
colonic inflammatory adhesions {0=no adhesions, 1=minor
adhesions, 2=major adhesions) and mucosal damage de-
scribed as the following: 0=no damage, 1=focal hyperemia
with no ulcers, 2=ulceration without hyperemia or bowel
wall thickening, 3=ulceration with inflammation at one site,
4=two or more sites of ulceration and inflammation, 5=two or
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more major sites of ulceration and inflammation or one site of
ulceration extending >1 cm along length of colon, 6-8=dam-
age covering >2 cm along length of colon, with score increased
by 1 for each additional centimeter of involvement. A
photograph was taken to evaluate necrotic areas by image
analysis {ImageJ ver.1.37 software). For histological assess-
ment, the colon was fixed in 4% buffered paraformaldehyde.
Cross-sections were stained with hematoxylin and eosin. A
microscopic score was assigned on a scale of 0-11 according to
previously published criteria®® by two pathologists blinded to
the experimental groups.

2.4, Determination of cytokines in colon and serum
amyloid A

For determination of cytokines in the colonic mucosa, protein
extracts were obtained by homogenization of the colonic
mucosa (0.5 mg tissue/ml) in 50 mM Tris HCL, pH 7.4, 0.5 mM
dithiothreitol, and 10 pg/ml cocktail of proteinase inhibitors
containing phenytmethylsulfonyl fluoride, pepstatin, and
leupeptin {Sigma-Aldrich). Samples were centrifuged at
10,000¢ for 20 min at 4 °C, and the supernatants were stored
at —80 °C until assay. Levels of the cytokines interleukin-1p
(IL-1p), interleukin-6 (IL-6), TNFa, and interferon-vy (IFNvy)
were determined by a specific sandwich ELISA using capture/
biotinylated detection. Antibodies from BD Biosciences (San
Jose, CA) were used according to the manufacturer's recom-
mendations. Serum amyloid A (SAA) in plasma samples was
determined using a murine ELISA kit (Tridelta Development,
Morris Plains, NJ).

2.5. Immunohistochemistry for ADM

Immunohistochemistry was performed as described below.
Jejunal and distal colonic tissues obtained from normal mice
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 Laboratory,
Inc., Belmont, CA) as the primary antibody, and peroxidase-
conjugated goat anti-rabbit 1gG (DAKO A/S, Glostrup, Den-
mark) were used as a secondary antibody. The reaction was
developed by adding 3,3’ diaminobenzidine (Sigma-Aldrich)
solution. All incubations were 20min, with saturated
antibody concentrations and followed by two washes.

2.6. Preparation of intestinal epithelium
cells, mesenteric lymph node cells, and splenocytes

Intestinal epithelium (IE) cells were isolated according to the
previously published protocol®' with a slight modification.
Briefly, the small or large bowel was removed, cut into 5 mm
pieces, and washed 3 times with Hanks solution. Then, the
fragments were incubated in Hanks solution {pH 7.4) contain-
ing 5 mM EDTA, 1 mM dithiothreitol, 15 mM HEPES, and 10%
heat-inactivated fetal bovine serum (FBS) with continuous
brisk stirring at 37 °C for 30 min. The supernatant was
harvested and centrifuged at 300g for 10 min. The pellets
were suspended in Ficoll-Hypaque (Pharmacia, Piscataway,
NJj, and Hanks solution containing 10% FBS was overlaid. The
layer of cells at the interface after centrifugation at 710¢ for

15 min was collected, washed, and applied to a 25-40%
gradient of Percoll (Pharmacia). After centrifugation at 710¢
for 30 min, the interface containing IE cells was collected.
Following these procedures, yields of >95% viable cells were
routinely obtained. Further, purified IE cells were stained with
rabbit anti-cytokeratin 12 polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) following cytospin. The
phenotypes of small and large intestinal IE cells were 80-90%
and 95-98% cytokeratin 12, respectively. Twenty four hours
after the culture, the cell viability was 35%, 28%, respectively.

Mesenteric lymph nodes (MLN) and spleen were removed
aseptically from normal mice. Single-cell suspensions were
prepared by teasing the tissues in Hanks solution containing
10% FBS. Splenocytes were prepared after being suspended
in erythrocyte lysing buffer (0.155 M NH4CL, 0.1 mM EDTA,
and 0.01 M KHCO3).

2.7. Flow cytometry analysis

Single cells were suspended in Cytofix/Cytoperm solution
(BD Biosciences) for 20 min at 4 °C, washed, and then pre-
incubated for 5 min at 4 °C with goat polyclonal IgG antibody
(Abcam, Cambridge, UK) to reduce non-specific binding of
antibodies. Next, cells were incubated for 20 min at 4 °C
with rabbit polyclonal IgG antibody (4 pg/ml) against rat
ADM, cytokeratin 12, or isotype control IgG (Abcam). Cells
were washed, incubated for 20 min with the Alexa Fluor 488-
labeled goat polyclonal antibody against rabbit IgG (Invitro-
gen, Carlsbad, CA}, and subjected to flow cytometry analysis
using a FACScalibur analyzer and CellQuest Pro software (BD
Biosciences).

2.8. ADM production test

IE cells of the small or large intestine were plated in 96-well
round-bottom microtiter plates at 1x10° cells/ml in Dulbec-
co's modified Eagle’s medium (DMEM) supplemented with 10%
FBS, 2 mML-glutamine, 100 U/ml penicillin, 100 pg/ml strep-
tomycin, 10 mM HEPES, and 0.1% dimethyl sulfoxide (DMSO).
DKT was suspended in DMSO, diluted in DMEM, passed through
a 0.45pym filter, and then added to the cultures at final
concentrations of 90, 300, or 900 pg/ml. Cells were incubated
for 24 h, and ADM in the culture fluids was quantified using
enzyme immunoassay (EIA) kits specific for rat ADM according
to the procedure provided by the manufacturer (Phoenix
Pharmaceuticals, Burlingame, CA). The rat ADM assay has 100%
cross-reactivity with murine ADM. The least level of detection
for ADM was 10 pg/ml.

A rat small intestine epithelial cell line, IEC-6, was
obtained from Dainippon Pharmaceuticals (Osaka, Japan)
and grown in DMEM supplemented with 10% FBS, 2 mMt-
glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and
10 mM HEPES. IEC-6 cells between the 30th and 37th passage
were plated in 96-well flat-bottom microtiter plates at
1x10% cells/well in DMEM supplemented with the same
additives as described above, allowed to settle overnight,
and then culture fluids were replaced with fresh DMEM
containing 3% FBS, 0.1% DMSO, and 90, 270, or 900 ug/ml DKT
passed through a 0.45 pm filter. Cells were incubated for an
additional 12, 24, 48, 72, and 96 h, and ADM in the
supernatants was assessed using the EIA kit.
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Figure 1 Protective effect of DKT on 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis model. Macroscopically visible

damage was evaluated 3 days after TNBS instillation. {(a) Colitis was scored on a 0-10 scale, which was a sum of the mucosal damage
score {0-8) and the colonic adhesion score (0—2). DKT (300, 900, or 2700 mg/kg) was given orally 8, 24, 32, 48, and 56 h after TNBS
instillation. N=9. (b) DKT was given orally at 900 mg/kg. Clinical severity was monitored by mucosal damage score, necrotic area of
colonic mucosa, adhesion score, and adhesion frequency. N=9 (naive and 50% EtOH), 13 (colitis groups). *, **: P<0.05, 0.01 versus

TNBS/water (colitis control), respectively.

2.9. Gene expression analysis

IEC-6 cell pellets were homogenized in QlAzol reagent (Qiagen,
Valencia, CA) and total RNA was isolated using RNeasy kit
(Qiagen) according to the manufacturer's recommendations.
Expressions of ADM and ADMZ mRNAs were measured using a
multiplex real-time quantitative RT-PCR method (TagMan
gene expression assays) and the ABI Prism 7900 sequence
detection system {Applied Biosystems, Warrington, UK).

Naive

50% EtOH

Figure 2

Sample-to-sample variation in RNA loading was controlled by
comparison with the housekeeping gene G3PDH.

2.10. Effect of ADM on proinflammatory cytokine
production

MLN cells and splenocytes were cultured in 96-well flat-
bottom microtiter plates pre-coated with 5 pg/ml of anti-

TNBS / Water

TNBS / DKT

Effect of DKT on histological evaluation in colitis mice. DKT was given orally at 900 mg/kg after 2,4,6-trinitrobenzenesulfonic

acid (TNBS) instillation. Three days after TNBS instillation, histopathological analysis {x40) of hematoxylin and eosin-stained sections of

the colon was performed.
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Figure 3 Effects of DKT on the mucosal and systemic
inflammatory responses in colitis mice. Three days after colitis
induction, colonic mucosa and plasma were collected. (a)
Concentrations of cytokines in protein extracts of the colonic
mucosa were determined by ELISA, N=6. (b) Serum amyloid A
(SAA) concentration in plasma was determined by ELISA. N=11.
SAA of naive and vehicle (50% EtOH)-treated control mice were
less than 1 pyg/ml, respectively. *, **: P<0.05, 0.01 versus colitis
control, respectively.

CD3 antibody (clone 145-2C11, BD Biosciences) at
3x10° cells/well in RPMI 1640 medium supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin, 2 mMi-gluta-
mine, 50 pM 2-mercaptoethanol, and 10% FBS. Rat ADM
(American Peptide, Sunnyvale, CA) was added at various
concentrations (0.01, 0.1, or 1 pmol/L). After 24 h culture,
TNFa and IFNy concentrations in harvested culture fluids
were determined as described above.

2.11, Statistics

All values are expressed as the mean+S.E.M. The statistical
significance of differences between two groups was assessed
using Student's t-test. For comparisons of multiple groups,
Dunnett’s test was used. A probability of less than 0.05 was
considered significant.

3. Results
3.1. Effect of DKT on development of acute colitis

Macroscopic examination of the colons obtained 3 days after
instillation of TNBS showed striking adhesion, hyperemia,

inflammation, and necrosis compared with vehicle (50%
EtOH)-instilled control mice. In contrast, the macroscopic
evaluation scores of the colons of DKT-treated mice were
lower than those of the colitis control mice in a dose-
dependent manner (Fig. 1a). PSL was significantly effective.
We performed another study to examine the effect of DKT
{900 mg/kg) and to evaluate the individual results of mucosal
damage and colonic inflammatory adhesion (Fig. 1b). DKT
treatment provided significant protection against the re-
spective parameters associated with colitis progression.

Histological examination of the colitis control specimens
showed transmural inflammation with a marked increase in
the thickness of the muscular layer, adherence to surrounding
tissues, patchy ulceration, epithelial cell loss, pronounced
depletion of mucin-producing goblet cells, reduction of the
density of tubular glands, and focal loss of crypts (Fig. 2).
A large number of inflammatory cells infiltrated the lamina
propria. The microscopic score of colitis control mice was 6.4 +
0.1, whereas that of DKT-treated mice was 2.7+0.6.

We assessed the effect of DKT (900 mg/kg) on the
induction of inflammatory mediators that are mechanisti-
cally linked to colitis development. As shown in Fig. 3a, DKT
treatment significantly reduced TNFa and IFNvy levels in the
colonic mucosa of colitis mice compared with colitis control
mice. SAA, a hepatic acute-phase protein involved in tissue
damage with inflammatory conditions, was prominently
increased in the plasma of colitis control mice (3398+910
versus 0.5+0.1 pg/ml in vehicle control mice). As shown in
Fig. 3b, DKT treatment significantly decreased SAA.

To examine the involvement of luminal endogenous ADM
in the anti-colitis effect of DKT, ADM;,_ s, was instilled
intrarectally before administration of 900 mg/kg DKT. DKT
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Jejunum

Distal colon

Figure 4 Expression of adrenomedullin (ADM) in mucosal epithelium of intestinal tract. Jejunum and distal colon were obtained from
normal mice, and stained with rabbit anti-ADM antibody. Scale bar shown in panels a and ¢ is 50 um; scale bar shown in panelsb and d is 20 pm.

alone showed an anti-colitis effect, whereas the effect of
DKT was reduced by ADM,,_s, pretreatment (Table 1).

3.2. ADM enhancement by DKT in cell culture
systems

ADM immunoreactivity was mainly observed on the apical side
of intestinal mucosa surface columnar epithelia (Fig. 4). In
addition, ADM immunoreactivity was observed in the sub-
epithelial sites. To investigate the possibility that DKT affects
release of ADM from the IE, IE cells were isolated from the
small and large intestines. First, phenotypic analysis was
performed using flow cytometric techniques. As shown in
Fig. 5, IE cells of both small and large intestines expressed
cytokeratin and ADM. Next, an ADM production test was
performed. As shown in Table 2, 900 pg/ml DKT enhanced ADM
production in both small and large intestinal IE cells.

Because primary cultured IE cells do not proliferate during
the ADM production test, a cell line of rat small intestinal
epithelial cell IEC-6 was utilized to further examine the ADM-
enhancing activity of DKT. As indicated by flow cytometric
analysis, 1EC-6 cells expressed intracellular ADM (Fig. 6a) and
DKT enhanced ADM production in a concentration-dependent
manner (Fig. 6b). Addition of 900 pg/ml DKT to culture fluids of
IEC-6 cells resulted in an ADM concentration of 70+7 pg/ml,
significantly higher than that of the control (39+4 pg/ml).
Moreover, ADM production by IEC-6 cells treated with DKT
(900 pg/ml) was higher than that of the control at any time
point (Fig. 6c). Examination of the mRNA expression levels of

ADM and ADM2 in IEC-6 cells treated with or without DKT
(900 pg/ml) by real-time PCR revealed that DKT significantly
up-regulated both ADM and ADM2 gene expression.

IE cells of small intestine
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Figure 5 Phenotypic characterization of IE cells from small and

large intestines. |E cells isolated from small and large intestines of
normal mice were enriched using density gradient centrifugation
and analyzed by flow cytometric techniques. Adrenomedultin
(ADM) and cytokeratin were stained with the respective specific
antibody (grey histograms) after cells were suspended in Cytofix/
Cytoperm solution. Isotype controls are shown as open histograms.
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3.3. Inhibitory effect of ADM on cytokine production
by MLN cells and splenocytes

To test the anti-inflammatory effect of ADM, MLN cells and
splenocytes were cultured in plates coated with anti-CD3 in
the presence of various concentrations of ADM. TNFa and
IFNy were determined in this study as representative
proinflammatory cytokines related to enteritis. As shown in
Fig. 7, both cytokines were significantly decreased in ADM-
treated cells compared with untreated control.

4, Discussion

In this study, ADM immunoreactivity was abundant in intestinal
epithelial mucosa. Several investigators have suggested that

ADM plays an important role in mucosal defense as an
antimicrobial peptide.3%33 Invasion of microbes through the
mucosal barrier stimulates the host immune system and
intimately correlates with the development of morbidity in
experimental and human inflammatory bowel disease.?"
Besides epithelial cells, ADM is known to be synthesized and
secreted from vascular smooth muscle cells, endothelial cells,
fibroblasts, neuronal cells, and immune cells,33 however, we
did not identify the ADM-staining cells in subepithelial sites.

It has already been verified that ADM diminishes proin-
flammatory cytokine production.3¢ Thus, ADM may play a
regulatory role in inflammatory gut diseases such as CD.
Actually, the anti-colitis effect of ADM was previously
demonstrated in mouse” and rat®> models of CD. Combined
results of these studies support the potential treatment of
CD with ADM, as exogenous ADM administration has proven
efficacy in animal models.

However, clinical application of exogenous ADM as a
therapeutic agent is clearly impossible because of its effects
on the entire systemic circulation, and rapid metabolic
clearance makes delivery impractical.®8 Thus, it is more
desirable to develop an agent that causes release and
production of endogenous ADM in the bowel rather than
supplying exogenous ADM. As shown in Table 2 and Fig. 6,
DKT stimulates and enhances ADM production by IE cells and
the IEC-6 cell line. Messenger RNA expressions of ADM and
ADM2 were prominently increased by DKT stimulation. ADM2
is a peptide with 33% sequence homology to ADM, binding to
ADM and CGRP receptors.’” Indeed, ADM2 has many
biological effects similar to those of ADM and CGRP, and
could be important for regulation of diverse physiological
processes that have been attributed to CGRP and ADM.
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Figure 6

DKT-enhanced ADM production by IEC-6 cell line. (a) A line of rat small intestine epithelial cells, IEC-6, was stained with

anti-adrenomedutlin (ADM) polyclonal antibody, and determined by flow cytometry. (b) [EC-6 cells were plated in 96-well flat-bottom
plates at 1x10% cells/well. The next day, culture fluids were replaced with fresh medium containing DKT (90, 270, or 900 pg/ml). Cells
were allowed to incubate an additional 24 h, and the supernatants were harvested. Concentrations (pg/ml} of adrenomedullin (ADM)
in culture fluids were determined using the EIA method. N=3. (c) A time-course study was performed. [EC-6 cell was cultured with or
without 900 pg/ml of DKT for 12, 24, 48, 72, or 96 h. N=3. (d) Total RNA was isolated from |IEC-6 cell cultured with or without 900 pg/
ml of DKT for 24 h. Expressions of ADM and ADM2 mRNA were measured by real-time PCR and normalized by GAPDH expression. N=5. %,

**: P<0.05, 0.01 versus no DKT control, respectively.
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Figure 7 Inhibitory effect of ADM on TNFo and IFNy production by immune cells. Mesenteric lymph node (MLN) cells and splenocytes

were isolated from normal mice and cultured at 3x10° cells/well for 24 h in 96-well flat-bottom microtiter plates pre-coated with
anti-CD3 antibody. Adrenomedullin (ADM) was added at final concentrations of 0.01, 0.1, or 1 ymol/L. Concentrations (pg/ml) of TNF«
and IFN+y in culture fluids were determined by ELISA. N=3. *, **: P<{.05, 0.01 versus no ADM control, respectively.

Several investigators demonstrated that various cells pro-
duce ADM and ADM2 and that their production profiles are
modified by inflammation-related substances including
cytokines and steroid hormones.3%38

The main ingredients of DKT have been identified by three-
dimensional high-performance liquid chromatography.™ A
study of the active ingredients that enhance ADM production
is now being performed. According to our preliminary tests, 6-
shogaol and hydroxy «-sanshool, the primary ingredients of
DKT, have the ability to enhance ADM synthesis in an ADM
production test using IEC-6 cells. It is of interest that these
ingredients elevate intestinal blood flow when they are
administered to the intestinal tract.?"?? In the current
study, we investigated the relationship between the anti-
colitis effect of DKT and endogenous ADM in the bowel using
ADM;;_s,. Pretreatment with ADM,,_s; reduced the anti-colitis
effect of DKT. Moreover, we demonstrated that DKT induces
the release of ADM from IE cells in a dose-dependent manner.
These lines of evidence indicate that endogenous epithelial
ADM is directly up-regulated by luminal DKT. Further studies
are needed to elucidate the precise mechanisms underlying
up-regulation of endogenous ADM in the intestine.

We confirmed that DKT increased the blood flow at
ischeria sites found in chronically inflamed colons in a TNBS-
induced rat colitis model (data not shown), as well as in a
normal rat model.?"?%2 Recurrent strictures frequently
emerge around anastomosis sites in CD. This morbidity is
related to local ischemia at the anastomosis site, although its
precise mechanism is not clear. It is speculated that
recurrent lesions at an anastomosis site in clinical practice
may be reduced by postoperative DKT administration.

The inhibitory effect of ADM on TNFw and IFNvy production -

has been reported previously.®3¢ As shown in Fig. 3a,

administration of DKT, an enhancer of endogenous ADM,
resulted in reduction of TNFa and IFNy levels in the colonic
mucosa of colitis mice. DKT-induced inhibition of TNFu« and
IFNvy production has received considerable attention in the
field of CD, similar in many respects to the advances in CD
treatment with infliximab, which targets TNFw.? Recent
study revealed that there is a potential advantage of
targeting IFNy for the treatment of CD. Neutralization of
IFNy may interrupt the cytokine cascade that leads to TNFu
up-regulation, resulting in decreased TNF and IFNy levels.??
In fact, some of the clinical effects of anti-IFNvy therapy have
been reported."®1" Based on these facts, targeting endog-
enous ADM may be a potential advantage for the CD
treatment. Additionally, DKT may be a unigue therapeutic
agent for CD as an intestinal endogenous ADM enhancer.
Finally, as shown in Fig. 1b, DKT dramatically inhibited
formation of inflammatory adhesions between the inflamed
colon and adjacent tissue. Bowel adhesions are frequently
found in CD, associated with morbidity in the form of
obstruction and fistula formation, and may require surgical
removal of the bowel. Recent studies have confirmed that
IFNvy plays a crucial role in the regulation of fibrous tissue
formation by disrupting the balance between plasminogen
activator inhibitor type 1 and tissue-type plasminogen
activator, which reciprocally regulate fibrin deposition.? It
is plausible that the anti-adhesion effect of DKT is due to the
reduction in IFNvy, which can be down-regulated by ADM;
however, a precise mechanism of the anti-adhesion effect of
ADM is still unclear. Interestingly, for nearly a decade in
Japan, DKT has been employed to speed the recovery from
postoperative ileus after abdominal surgery and its efficacy
has been reported in clinical’ and animal study.'® The
Japanese government has covered DKT as a prescription drug
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