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of fecAl and fecA2 was PCR-amplified with specific biotinylated
primers (fecA1 promoter, forward 5'-Bio-GAAGCTTCCACCCTTTC-
CAAATTATG and reverse 5'-CITGATAGCTTTTTATGCGACTCAAATT;
fecA2 promoter, forward 5’-Bio-CATTCATTGTGATAACCTTTCTC and
reverse 5'-AATAAATAACGCATTCTAAAACTAACAT). Biotinylated PCR
products of the fecAl or fecA2 promoter were immobilized onto
Sensor Chip SA (GE Healthcare, Piscataway, NJ, USA). At least five con-
centrations of each purified Fur protein were applied to the fecAl or
fecA2 promoter-immobilized Sensor Chip SA in HBS-EP running buff-
er (10 mM Hepes, pH 7.4, 150 mM NaCl, 3 mM ethylenediaminete-
traacetic acid, 0.005% surfactant P20) at a flow rate of 10 pl/min. The
response value of the reference cell (flow cell 3, blank) was sub-
tracted from the response values for each flow cell 4 (fecAl
promoter-immobilized or fecA2 promoter-immobilized) to correct
for nonspecific binding. The measured values were expressed in reso-
nance units proportional to the concentration of each Fur protein. The
data were analyzed and the dissociation constant (K,) values were
calculated using BlAevaluation software (Biacore).

Measurement of SOD activity

The bacteria normalized to an ODggg of 1.0 were incubated under
normal cultivation conditions or iron-restricted conditions (normal
cultivation conditions with 20 uM deferoxamine mesylate) for 5 h.
After sonication (1.5 min at 25% power) of the bacteria, the bacterial
lysates were centrifuged, and then the SOD activity was measured
using a SOD assay kit (Dojindo, Kumamoto, Japan) in accordance
with the manufacturer’s guidelines.

DNA sequencing of H. pylori sodB

The complete sodB gene was PCR-amplified with specific primers
(forward 5'-ATTAACTTTITAAAAAATTTAAAAAGAATTTG and reverse
5'-TTAAGCTTTTTTATGCACC) using Ex Taq DNA polymerase (TaKaRa).
The specific PCR products were direct-sequenced using the BigDye
terminator version 1.1 cycle sequencing kit (Applied Biosystems,
Foster City, CA, USA) and the deduced amino acid sequences were
aligned using GENETYX version 5.1.

Disk assays for H,0, susceptibility

The bacteria, normalized to an ODggg of 0.1, were plated for con-
fluent growth on Brucella agar with or without 20 uM deferoxamine
mesylate. Sterile 5-mm disks saturated with 10 pl of 5 M H,0, were
placed onto the plates. After 3 days, the zone of inhibition around
the disks was measured.

Measurement of the MICs of Mtz

The bacteria, normalized to an ODgqg of 0.1, were inoculated onto
an agar plate containing Mtz in serial twofold dilutions (0.5-128 pg/ml)
with or without 20 uM deferoxamine mesylate. After 3 days, the
minimum inhibitory concentration (MIC) values were determined
[22].

Measurement of the intracellular iron (Fe?* and Fe> ) concentration

The bacteria, normalized to an ODggg of 1.0, were incubated under
normal cultivation conditions and iron-restricted conditions (normal
cultivation conditions with 20 uM deferoxamine mesylate) for 5 h.
After sonication (1.5 min at 25% power) of the bacteria, the bacterial
lysates were centrifuged, and then the intracellular iron (Fe?* and
Fe?*) concentration was measured using a Metalloassay Kit Fe (AK]
Global Technology Co., Chiba, Japan) in accordance with the manufac-
turer's guidelines. The data for the intracellular iron (Fe?* and Fe3™)
concentration were corrected for total cellular protein.

Mongolian gerbil colonization studies

All experiments and procedures were carried out by the Keio
University Animal Research Committee (08080-10). Six-week-old
male specific-pathogen-free Mongolian gerbils (MON/Jms/Gbs Slc)
(n=42) were purchased from Japan SLC. Seven-week-old animals
were inoculated with one of the fecAl mutant H. pylori strains
(ATCC700392, ATCC700392 fecAl-deletion mutant, KSO048, KS0048
fecAl-deletion mutant, KS0145, and KS0145 fecAl-deletion mutant);
0.6 ml of each bacterial suspension at a concentration of 10°CFU/ml
was administered using an orogastric catheter. Twelve weeks after the
inoculation, the animals were sacrificed after 12 h of food deprivation
and their stomachs were excised. One half of the tissues were weighed
and homogenized in sterile saline, and the number of viable colony-
forming units was determined by plating portions on Nissui Helicobacter
agar (Nissui, Tokyo, Japan).

Statistical analysis

All values were expressed as means 4+ SD. The statistical signifi-
cance of differences between the two groups was evaluated using
the Student t test. The analysis was performed using the JSTAT statis-
tical software (Version 8.2). Statistical significance was accepted at
P<0.05, unless otherwise indicated.

Results

Enhancement of SodB activity and derepression of fecA1 mRNA
expression in Mtz-resistant strains carrying mutant Fur

The SodB activity was significantly higher in the KS0048 and
KS0145 strains compared with that in the ATCC700392 and KS0189
strains (Mtz-susceptible strains with wild-type Fur) under normal
cultivation conditions (Fig. 2). Subsequently, in order to assess if
amino acid mutation of SodB would contribute in the enhancement
of its enzymatic activity, we aligned the predicted amino acid se-
quences of SodB for ATCC700392, KS0189, KS0048, and KS0145. No
distinct amino acid mutation of the SodB protein was observed in
the KS0048 and KS0145 strains (Supplementary Fig. 1). Based on
these results, it is conceivable that KS0048 and KS0145 have an al-
tered Fe? ™ supply system for the SodB protein that enhances its enzy-
matic activity. Therefore, we next examined the iron (Fe?* and Fe>*)-
transport mechanisms of KS0048 and KS0145 in relation to the SodB ac-
tivity. Initially, the mRNA expression of the fecA genes (fecAl and fecA2)
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Fig. 2. Enhancement of SodB activity in the Mtz-resistant strains with mutant Fur under
normal cultivation conditions. Under normal cultivation conditions, the SodB activity
in ATCC700392 and KS0189 (Mtz-susceptible strains with wild-type Fur) and KS0048
and KS0145 (Mtz-resistant strains with mutant Fur) was measured by the method
described under Materials and methods. Results are means + SD of three independent
assays. **P<0.01, statistically significant difference compared with the SodB activity in
ATCC700392 and KS0189.
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regulated by Fur was evaluated to assess whether expression of the Fe>
*_dicitrate transporter contributed to the increase in the SodB activity.
The fecA1 mRNA expression in KS0048 and KS0145 was significantly
derepressed compared with that in ATCC700392 and KS0189 under
normal cultivation conditions (Fig. 3A). Interestingly, the fecA2 mRNA
expression was not derepressed under normal cultivation conditions
(Fig. 3B). These results suggest that the enhanced SodB activities of
KS0048 and KS0145 were related to the increase in the Fe3*-dicitrate
uptake mediated by the fecAl gene. Next, to assess the mechanisms of
fecA1 mRNA derepression in KS0048 and KS0145, we aligned the
nucleic acid sequences of the Fur-binding consensus sequence (Fur-
box: AACTAATAATGGTTATT) of the fecA1 promoter [15] and then ex-
amined the binding affinity of the iron-bound wild-type Fur and iron-
bound mutant Fur to the promoters of fecAl and fecA2 by surface plas-
mon resonance assay (BlAcore2000). No distinct mutation in the fecAl
promoter was observed in KS0048 and KS0145 (data not shown). The
Ky value of the binding of iron-bound mutant Fur to the fecA1 and
fecA2 promoters as control was measured in comparison with that of
iron-bound wild-type Fur. The results of the BlAcore assay revealed a
significant increase in the Ky value for binding of iron-bound mutant
Fur to the fecAl promoter compared with that of iron-bound wild-
type Fur to the fecAl promoter (Fig. 3C), indicating a significantly re-
duced affinity of iron-bound mutant Fur for the fecAl promoter; there-
fore, fecAl expression was derepressed to a greater extent in KS0048
and KS0145 than in ATCC700392 and KS0189. On the other hand, the
K4 value of iron-bound mutant Fur binding to the fecA2 promoter did
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not increase (Fig. 3D), indicating that the amino acid mutations in Fur
did not influence binding affinity to the fecA2 promoter.

H,0, sensitivity and Mtz resistance in the Mtz-resistant strains with
mutant Fur under iron-restricted conditions

Next, we expected that the enhanced SodB activity in KS0048 and
KS0145 might be repressed by iron-restricted conditions, to increase
the H,0, sensitivity and decrease Mtz resistance. First of all, to
characterize the H,0, sensitivity under iron-restricted conditions,
we used an inhibition zone assay to comparatively examine the sen-
sitivity of the ATCC700392, KS0189, KS0048, KS0145, and SodB-
overexpressing mutants (ATCC700392 pHel3::sodB). The H,0, sensi-
tivity of KS0048, KS0145, and ATCC700392 pHel3::s0dB was signifi-
cantly decreased compared with that of ATCC700392 under normal
cultivation conditions (Table 1). Under iron-restricted conditions, on
the other hand, whereas the H,0, sensitivity of ATCC700392
pHel3::s0dB increased to the same level as that of ATCC700392, that
of KS0048 and KS0145 was significantly lower compared with that
of ATCC700392 (Table 1). Similarly, although the Mtz resistance of
ATCC700392 pHel3::sodB (MIC=32pg/ml) [6] decreased to the
level of Mtz sensitivity (MIC<8 pg/ml) under iron-restricted condi-
tions (MIC=4 pg/ml), no decrease in the Mtz resistance of KS0048
and KS0145 was observed (Table 1). A possible reason for this finding
is that the SodB activity was significantly higher in KS0048 and
KS0145 compared with that in ATCC700392 and KS0189 under iron-
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Fig. 3. Derepression of fecA1 mRNA transcription by decreased affinity of mutant Fur for the fecA1 promoter. (A) Under normal cultivation conditions, transcription of fecAT mRNA in
ATCC700392 and KS0189, KS0048, and KS0145 was measured by quantitative RT-PCR. Results are means = SD of three independent assays. **P<0.01, statistically significant differ-
ence compared with the fecAl mRNA expression in ATCC700392 and KS0189. (B) Under normal cultivation conditions, transcription of fecA2 mRNA in ATCC700392 and KS0189,
KS0048, and KS0145 was measured by quantitative RT-PCR. Results are means & SD of three independent assays. NS, not significant. (C) The K4 value for binding of each Fur protein
to the fecA1 promoter was calculated as a reference in the non-fecA1 promoter-immobilized flow cells using BlAevaluation software. The white bar indicates the affinity of wild-type
Fur for the fecA1 promoter, and the black bar indicates the affinity of mutant Fur for the fecA1 promoter. Results are means - SD of three independent assays. *P<0.05, statistically
significant difference compared with ATCC700392-Fur and KS0189-Fur. (D) The K4 value for binding of each Fur protein to the fecA2 promoter was calculated as a reference in the
non-fecA2 promoter-immobilized flow cells using BlAevaluation software. The white bar indicates the affinity of wild-type Fur for the fecA2 promoter, and the black bar indicates
the affinity of mutant Fur for the fecA2 promoter. Results are means 4 SD of three independent assays. NS, not significant.
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Table 1
H,0, and Mtz resistance of Mtz-resistant strains carrying mutant Fur under iron-
restricted conditions.

Strain Substitutions Iron-replete (normal  Iron-restricted condition
in Fur [6] cultivation) (20 pM deferoxamine
condition mesylate)
Mean P Mean P MIC
inhibition  value inhibition value (pg/ml)
zone (mm) zone (mm)
ATCC700392  Wild type 28+029 4.5+0.89 <0.5
KS0189 N118H 344052 0.8 46+040 091 <05
KS0048 P114S, 194010 0006 224025 0.013* 16
N118H
KS0145 C78Y,N118H 1.64+047 0020 214012 0042° 32
ATCC700392, Wild type 164045 0019* 434058 0.78 4
pHel3::sodB
ATCC700392, Wild type 304045 069 454030 10 2
pHel3

control

Results are means =+ SD of three independent assays.MIC, minimum inhibitory concentration

(pg/mL).
*P<0.05 compared with ATCC700392.

restricted conditions (Fig. 4A). From this result, we expected that
KS0048 and KS0145 might show enhanced iron (Fe** and Fe®*)-
storage ability under normal cultivation conditions and then may
make efficient reuse of the ferrous ion under iron-restricted condi-
tions. Therefore, to examine the Fe? "-storage ability of KS0048 and
KS0145, we evaluated the mRNA expression of ferritin pfr, which is
the major Fe?*-storage protein regulated by Fur in H. pylori under
normal cultivation conditions [23-25]. The expression levels of pfr
mRNA in KS0048 and KS0145 were significantly increased compared
with those in ATCC700392 and KS0189 under normal cultivation con-
ditions (Fig. 4B). Actually, the levels of intracellular iron (Fe?* and
Fe3*) in KS0048 and KS0145 were significantly higher than those in
ATCC700392 and KS0189 under normal cultivation conditions
(Fig. 4C). Additionally, under iron-restricted conditions, the pfr
mRNA expression in the KS0048 and KS0145 strains was significantly
derepressed compared with that in ATCC700392 and KS0189
(Fig. 4D), and the levels of intracellular iron in the KS0048 and
KS0145 strains were also increased (Fig. 4E). These results suggested
that KS0048 and KS0145 have an enhanced capability for ferrous ion
storage by derepression of pfr under both normal cultivation and
iron-restricted conditions.

Contribution of FecAl to SodB activity, H,0, sensitivity, and Mtz
resistance

To characterize the contribution of FecAl to the SodB activity,
H,0, sensitivity, and Mtz resistance of H. pylori, we constructed a
fecAl-deletion mutant strain of each H. pylori strain (ATCC700392
fecAl-deletion mutant, KS0048 fecAl-deletion mutant, and KS0145
fecAl-deletion mutant). Deletion of the fecA1 gene hardly influenced
the bacterial growth in this study (data not shown). One reason for
this may be that there was no decrease in the uptake of Fe ions
(both 3°Fe?* and 5°Fe3*) into the bacterial cells of the fecAl-
deletion mutant strains [26]. The SodB activity of all fecAl-deletion
mutant strains was significantly decreased (Fig. 5A). The SodB activity
of ATCC700392 was the most significantly decreased with fecAl dele-
tion, suggesting that Fe? * is supplied to SodB through FecA1 in H. pylori,
regardless of the presence/absence of amino acid mutations in Fur.
Similarly, the H,0, resistance of each fecAl-deletion mutant was sig-
nificantly decreased by 30-60% (Fig. 5B). In addition, the MICs of Mtz
for KS0048 and KS0145 decreased dramatically from 32 to 4 and
from 128 to 32 pg/ml, respectively. Especially, the Mtz resistance of
KS0048 was completely reversed by fecAl deletion (MIC<8 pg/ml).
To assess whether derepression of fecAl mRNA expression was

dependent on mutant Fur, we measured the MIC of Mtz in a fecAl-
deletion mutant of ATCC43504. Development of Mtz resistance in
ATCC43504 was caused by the deletion of the rdxA gene [18]. Align-
ment of the predicted amino acid sequences of ATCC43504-Fur
showed that ATCC43504-Fur was the wild type. This sequence
showed a 100% homology with KS0189-Fur (data not shown). The
MIC of Mtz for ATCC43504 decreased slightly (from 128 to 64 pg/ml)
after fecAl deletion. This finding demonstrated that development of
Mtz resistance by FecAl depended on the mutant Fur.

Colonization of Mongolian gerbils by the fecAl-deletion mutant

To assess the role of FecA1l in the host-colonization ability of
H. pylori, we measured the colonization of the gastric mucosa by
wild-type and fecA1-deletion mutant strains at 12 weeks after inocu-
lation into Mongolian gerbils. The fecAl-deletion mutant of
ATCC700392 tended to show reduced host colonization compared
with the wild-type ATCC700392 (P=0.050; Fig. 6). The fecAl-
deletion mutants KS0048 and KS0145 showed a significantly reduced
capability for host colonization compared with the wild type of each
strain (P=0.014 and P=0.016, respectively; Fig. 6). Our finding did
not indicate whether the host-colonization abilities of KS0048 and
KS0145 were significantly increased compared with that of the
ATCC700392 (Fig. 6). This result suggested that derepression of
fecA1 by mutant Fur alone did not lead to enhanced host colonization.

Discussion

H. pylori encodes only one single iron (Fe?*)-cofactored SOD
(SodB). Therefore, ferrous ion is indispensable for activation of SOD in
H. pylori [8]. Our findings indicate that the enhanced Fe? "-supply sys-
tem associated with SodB activation in the KS0048 and KS0145 strains
can be explained as follows: under iron-replete conditions, Fe* *-dicitrate
transport was enhanced by derepression of fecAl mRNA expression by
iron-bound mutant Fur. Intracellular ferric ion (Fe**) was reduced to
Fe2* by Fe3*-reductase (ribBA) [27], providing Fe? * to SedB (Fig. 7).
Under iron-restricted conditions, Fe?* storage in KS0048 and KS0145
was enhanced through derepression of pfr mRNA expression by apo-
mutant Fur, supplying Fe?* to SodB (Fig. 7). In addition, our results
demonstrated, for the first time, that FecA1 may play an indispensable
role in the bacterial survival in the stomach and in the development of
Mtz resistance of H. pylori through Fe? ™ supply to SodB.

Because H. pylori is a highly genetically diverse organism, different
strains may show great variations in phenotype. However, in this
study, all fecAl-deletion mutant strains of H. pylori (ATCC700392,
KS0048, and KS0145) showed reduced SodB activity and reduced gas-
tric mucosal colonization ability. Therefore, it is thought that Fe3*-
dicitrate transport by FecAl is associated with the activation of
SodB, regardless of the genetic diversity of the strains.

The fecA1 and fecA2 genes, encoded in H. pylori as a Fe* "-dicitrate
transporter, are both regulated by Fur [10,11]. In this study,
interestingly, in KS0048 and KS0145, only fecA1 expression was
derepressed by mutant Fur under normal cultivation conditions
(Fig. 3A), whereas the expression of fecA2 was repressed (Fig. 3B). The
underlying reason was the high affinity of iron-bound wild-type Fur
for the fecA2 promoter compared with that for the fecAl promoter;
the Ky value of iron-bound wild-type Fur binding to the fecA2 promoter
(Kg=34nM) was low compared with that to the fecAl promoter
(Kq=273 nM) (Figs. 3C and D). This result suggested that the expres-
sion of fecA1, but not of fecA2, was more influenced by amino acid mu-
tations in Fur, and then only the expression of fecA1 was derepressed by
mutant Fur. Recently, Ernst et al. [5] reported that the Ky value for the
sodB promoter of apo-wild-type Fur was also low (Kq3=270 nM, from
the data of [5]), similar to the Ky value for the fecA1 promoter of iron-
bound wild-type Fur. Because H. pylori is continuously exposed to
superoxides generated by its own respiration and metabolism and the
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significant difference compared with the intracellular iron concentration in ATCC700392 and KS0189.

host immune response, sustained expression of SodB activity is re-
quired for the dismutation of such superoxides [28,29]. Hence, it is
thought that a low affinity of apo-Fur and iron-bound Fur for the sodB
and fecA1 promoters, respectively, is required for efficient and persis-
tent activation of SodB.

In H. pylori, Fur regulates the gene expression of both iron-bound
and apo-Fur [11]. sodB mRNA expression is repressed by apo-Fur; on
the other hand, fecA1 mRNA expression is repressed by iron-bound
Fur [5,14,15]. In fact, despite the difference in the binding patterns
of Fur to the sodB promoter and fecAl promoter, the mRNA expres-
sion of both sodB and fecAl was co-derepressed by mutant Fur
(Fig. 3) [6], suggesting that the amino acid mutations (C78Y and
P114S) in Fur alter its binding to promoter DNA, but not to Fe?™.

H. pylori Fur monomer contains two domains, the N-terminal DNA-
binding domain and the C-terminal dimerization domain with
metal-binding sites, and after dimerization, the Fur protein binds to
the target promoter DNA [6,30]. We showed, using homology model-
ing, that the mutation C78Y was localized in the DNA-binding do-
main, whereas P114S was localized in the oligomerization domain
[6]. Changes in the target-DNA binding of Fur by amino acid mutation
have been categorized into the following two groups: (i) effects on
the binding ability of Fe?* and (ii) effects on dimerization [30].
Dian et al. identified the S2 functional domain, which was essential
for dimerization in H. pylori Fur [31]. According to that report, re-
placement of Cys 78 with tyrosine is predicted to interfere with the
formation of the S2 site [31].
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Our in vivo studies demonstrated that the colonization ability of
H. pylori in Mongolian gerbils was greatly impaired by fecAl deletion,
regardless of the presence of Fur mutation. From this result, it is
thought that the SodB activation in H. pylori is supported by Fe?*
supply through FecA1l to combat the oxidative stress evoked by the
host immune response. Because recently there has been a gradual in-
crease in reports of multiple-drug-resistant H. pylori, the develop-
ment of a novel bactericidal therapy, different from antibiotics, is
required. FecAl is one possible target for the development of a
novel bactericidal therapy as well as possibly a preventive therapy
against H. pylori infection.

In conclusion, Fe**-dicitrate transport by FecAl is an essential
process in the activation of SodB, which determines the gastric

mucosal colonization ability of H. pylori in Mongolian gerbils and
also the development of Mtz resistance.

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.freeradbiomed.2011.12.011.

Acknowledgments

The authors are grateful to Misa Kanekawa for her technical assis-
tance. This work was supported by a Grant-in-Aid for Young Scientists

Fe3*-dicitrate

Quter membrane

Inner membrane

SodB
p = 0.944 protein

-~ 12 Iron-restricted

w, * conditions

~ 10 —
2% I Ferritin
=
39 Pfr
2f * —
E . p = 0.050 . fecAl promoter
=R .
> E . - .
g % 4 o L4
3 € & 3 - pfr promoter

 §

2% s HE 8

& . -

" .8 L, O

wild-type fecAl- wild-type f8CAI-  \yg.type fecAl- Tron-bound mutant-Fur
deletion deletion deletion
mutant mutant mutant < Iron-replete conditions >
ATCC700392 KS0048 KS0145

with wild-type Fur with mutant-Fur

Fig. 6. Deletion of fecAl reduces the ability of H. pylori to colonize the stomach of
Mongolian gerbils. Total colonization of the stomach was determined by sacrificing
the animals at 12 weeks, and the results were expressed as the number of CFU/g of
stomach tissue. Mongolian gerbils were infected with either a wild-type H. pylori strain
(filled circle) or a fecAl-deletion mutant H. pylori strain (open circle). Each circle indi-
cates the results for a single animal. The geometric means are indicated by bars.
*P<0.05, statistically significant difference compared with the wild type.

apo-mutant-Fur
< Iron-restricted conditions >

Fig. 7. Schematic representation of the ferrous ion (Fe?™)-supply system to the SodB
protein in the Mtz-resistant strains with mutant Fur. Under iron-replete conditions,
fecA1 mRNA expression is derepressed by iron-bound mutant Fur, and then Fe?™ is
supplied to the SodB protein. Under iron-restricted conditions, the capability of Fe*+
storage in the KS0048 and KS0145 strains is enhanced by derepression of pfr mRNA
expression by apo-mutant Fur, and then Fe?* is supplied to SodB from Pfr.

340



8 H. Tsugawa et al. / Free Radical Biology & Medicine xxx (2012) xxx—-xxx

(B) (23790156, to H.T.) and a Grant-in-Aid for Scientific Research B
(22300169 to H.S.) from the Japan Society for the Promotion of Science,
a grant from the Adaptable and Seamless Technology Transfer Program
through Target-Driven R&D (A-STEP) (AS231Z00132G to H.S.) of the
Japan Science and Technology Agency, a grant from the Strategic Basis
on Research Grounds for Nongovernmental Schools of the Ministry of
Education, Culture, Sports, Science, and Technology (to H.S.), a grant
from the Smoking Research Foundation (to H.S.), and the Keio Gijuku
Academic Development Fund (to H.S.). This work was awarded the
Prize for Best Investigator (ICAT award) at the Fifth Inflammation in
Alimentary Tract Conference.

References

[1] Suzuki, H.; Hibi, T.; Marshall, B. J. Helicobacter pylori: present status and future
prospects in Japan. J. Gastroenterol. 42:1-15; 2007.

[2] Wang, G.; Alamuri, P.; Maier, R. J. The diverse antioxidant systems of Helicobacter
pylori. Mol. Microbiol. 61:847-860; 2006.

[3] Bereswill, S.; Neuner, O.; Strobel, S.; Kist, M. Identification and molecular analysis
of superoxide dismutase isoforms in Helicobacter pylori. FEMS Microbiol. Lett. 183:
241-245; 2000.

[4] Spiegelhalder, C.; Gerstenecker, B.; Kersten, A.; Schiltz, E.; Kist, M. Purification of
Helicobacter pylori superoxide dismutase and cloning and sequencing of the gene.
Infect. Immun. 61:5315-5325; 1993.

[5] Ernst, F. D.; Homuth, G.; Stoof, J.; Mader, U.; Waidner, B.; Kuipers, E. |.; Kist, M.;
Kusters, J. G.; Bereswill, S.; van Vliet, A. H. Iron-responsive regulation of the
Helicobacter pylori iron-cofactored superoxide dismutase SodB is mediated by
Fur. J. Bacteriol. 187:3687-3692; 2005.

[6] Tsugawa, H.; Suzuki, H.; Satoh, K.; Hirata, K.; Matsuzaki, J.; Saito, Y.; Suematsy, M.;
Hibi, T. Two amino acids mutation of ferric uptake regulator determines Helicobacter
pylori resistance to metronidazole. Antioxid. Redox Signal. 14:15-23; 2011.

[7] Seyler Jr., R. W.; Olson, ]. W.; Maier, R. J. Superoxide dismutase-deficient mutants
of Helicobacter pylori are hypersensitive to oxidative stress and defective in host
colonization. Infect. Immun. 69:4034-4040; 2001.

[8] Esposito, L.; Seydel, A.; Aiello, R.; Sorrentino, G.; Cendron, L.; Zanotti, G.; Zagari, A.
The crystal structure of the superoxide dismutase from Helicobacter pylori reveals
a structured C-terminal extension. Biochim. Biophys. Acta 1784:1601~1606; 2008,

[9] Touati,D. Iron and oxidative stress in bacteria. Arch. Biochem. Biophys. 373:1-6; 2000.

[10] van Vliet, A. H.; Stoof, J.; Vlasblom, R.; Wainwright, S. A.; Hughes, N. J.; Kelly, D. J.;
Bereswill, S.; Bijlsma, J. J.; Hoogenboezem, T.; Vandenbroucke-Grauls, C. M.; Kist,
M.; Kuipers, E. J.; Kusters, ]. G. The role of the ferric uptake regulator (Fur) in
regulation of Helicobacter pylori iron uptake. Helicobacter 7:237-244; 2002.

[11] Ernst, F. D.; Bereswill, S.; Waidner, B.; Stoof, J.; Mader, U.; Kusters, J. G.; Kuipers,
E.].; Kist, M.; van Vliet, A. H.; Homuth, G. Transcriptional profiling of Helicobacter
pylori Fur- and iron-regulated gene expression. Microbiology 151:533-546; 2005.

[12] Ernst, F. D.; Stoof, J.; Horrevoets, W. M.; Kuipers, E. J.; Kusters, J. G.; van Vliet, A. H.
NikR mediates nickel-responsive transcriptional repression of the Helicobacter
pylori outer membrane proteins FecA3 (HP1400) and FrpB4 (HP1512). Infect.
Immun. 74:6821-6828; 2006.

[13] Danielli, A.; Romagnoli, S.; Roncarati, D.; Costantino, L.; Delany, I.; Scarlato, V.
Growth phase and metal-dependent transcriptional regulation of the fecA genes
in Helicobacter pylori. J. Bacteriol. 191:3717-3725; 2009.

[14} Delany, L; Pacheco, A. B.; Spohn, G.; Rappuoli, R.; Scarlato, V. Iron-dependent
transcription of the frpB gene of Helicobacter pylori is controlled by the Fur re-
pressor protein. J. Bacteriol. 183:4932-4937; 2001.

[15] Merrell, D. S.; Thompson, L. J.; Kim, C. C;; Mitchell, H.; Tompkins, L. S.; Lee, A.;
Falkow, S. Growth phase-dependent response of Helicobacter pylori to iron star-
vation. Infect. Immun. 71:6510-6525; 2003.

[16] Allen, L. A. Phagocytosis and persistence of Helicobacter pylori. Cell. Microbiol. 9:
817-828; 2007.

[17] Olczak, A. A; Olson, J. W.; Maier, R. J. Oxidative-stress resistance mutants of
Helicobacter pylori. J. Bacteriol. 184:3186-3193; 2002.

[18] Debets-Ossenkopp, Y.].; Pot, R. G.; van Westerloo, D.J.; Goodwin, A.; Vandenbroucke-
Grauls, C. M.; Berg, D. E.; Hoffman, P. S.; Kusters, J. G. Insertion of mini-IS605 and
deletion of adjacent sequences in the nitroreductase (rdxA) gene cause metronida-
zole resistance in Helicobacter pylori NCTC11637. Antimicrob, Agents Chemother. 43:
2657-2662; 1999,

[19] Heuermann, D.; Haas, R. A stable shuttle vector system for efficient genetic com-
plementation of Helicobacter pylori strains by transformation and conjugation,
Mol. Gen. Genet. 257:519-528; 1998.

[20] Tsugawa, H.; Ogawa, A.; Takehara, S.; Kimura, M.; Okawa, Y. Primary structure
and function of a cytotoxic outer-membrane protein (ComP) of Plesiomonas
shigelloides. FEMS Microbiol. Lett. 281:10-16; 2008.

[21] Osaki, T., Hanawa, T.; Manzoku, T.; Fukuda, M.; Kawakami, H.; Suzuki, H.;
Yamaguchi, H.; Yan, X.; Taguchi, H.; Kurata, S.; Kamiya, S. Mutation of luxS affects
motility and infectivity of Helicobacter pylori in gastric mucosa of a Mongolian
gerbil model. J. Med. Microbiol. 55:1477-1485; 2006.

[22] Nagayama, A.; Yamaguchi, K.; Watanabe, K.; Tanaka, M.; Kobayashi, I.; Nagasawa,
Z. Final report from the Committee on Antimicrobial Susceptibility Testing,
Japanese Society of Chemotherapy, on the agar dilution method (2007). J. Infect.
Chemother. 14:383-392; 2008.

[23] Bereswill, S.; Waidner, U.; Odenbreit, S.; Lichte, F.; Fassbinder, F.; Bode, G.; Kist,
M. Structural, functional and mutational analysis of the pfr gene encoding a ferri-
tin from Helicobacter pylori. Microbiology 144:2505-2516; 1998.

[24] Doig, P.; Austin, . W.; Trust, T. J. The Helicobacter pylori 19.6-kilodalton protein
is an iron-containing protein resembling ferritin. J. Bacteriol. 175:557-560;
1993,

[25] Frazier, B. A.; Pfeifer,]. D.; Russell, D. G.; Falk, P.; Olsen, A. N.; Hammar, M.; Westblom,
T. U.; Normark, S.]. Paracrystalline inclusions of a novel ferritin containing nonheme
iron, produced by the human gastric pathogen Helicobacter pylori: evidence for a
third class of ferritins. J. Bacteriol. 175:966-972; 1993.

[26] Velayudhan, J.; Hughes, N.].; McColm, A. A.; Bagshaw, ].; Clayton, C. L.; Andrews, S. C.;
Kelly, D. J.Tron acquisition and virulence in Helicobacter pylori: a major role for FeoB, a
high-affinity ferrous iron transporter. Mol Microbiol. 37:274-286; 2000.

[27] Worst, D. J.; Gerrits, M. M.; Vandenbroucke-Grauls, C. M.; Kusters, J. G. Helicobacter
pylori ribBA-mediated riboflavin production is involved in iron acquisition. J. Bacteriol.
180:1473-1479; 1998.

[28] Demple, B. Regulation of bacterial oxidative stress genes. Annu. Rev. Genet. 25:
315-337; 1991.

[29] Leclere, V.; Chotteau-Lelievre, A.; Gancel, F.; Imbert, M.; Blondeau, R. Occurrence
of two superoxide dismutases in Aeromonas hydrophila: molecular cloning
and differential expression of the sodA and sodB genes. Microbiology 147:
3105-3111; 2001.

[30] Carpenter, B. M.; Gancz, H.; Benoit, S. L.; Evans, S.; Olsen, C. H.; Michel, S. L.; Maier,
R.].; Merrell, D. S. Mutagenesis of conserved amino acids of Helicobacter pylori fur
reveals residues important for function. J. Bacteriol. 192:5037-5052; 2011.

[31] Dian, C,; Vitale, S.; Leonard, G. A.; Bahlawane, C.; Fauquant, C.; Leduc, D.; Muller,
C.; de Reuse, H.; Michaud-Soret, 1.; Terradot, L. The structure of the Helicobacter
pylori ferric uptake regulator Fur reveals three functional metal binding sites.
Mol. Microbiol. 79:1260-1275; 2011.

341



Biochemical and Biophysical Research Communications 420 (2012) 444-449

Effects of B-(1,3-1,6)-p-glucan on irritable bowel syndrome-related

colonic hypersensitivity

Teita Asano?, Ken-ichiro Tanaka ", Shintaro Suemasu ?, Tomoaki Ishihara?, Kayoko Tahara?,
Toshio Suzuki ¢, Hidekazu Suzuki 9, Shin Fukudo ¢, Tohru Mizushima ®°*

2 Department of Analytical Chemistry, Faculty of Pharmacy, Keio University, Tokyo 105-8512, japan
®Graduate School of Medical and Pharmaceutical Sciences, Kumamoto University, Kumamoto 862-0973, Japan

¢ Research and Development, Daiso Co., Ltd., Amagasaki 660-0842, Japan

4 Division of Gastroenterology and Hepatology, Department of Internal Medicine, Keio University School of Medicine, Tokyo 160-8582, japan
€ Department of Behavioral Medicine, Tohoku University Graduate School of Medicine, Sendai 980-8575, Japan

ARTICLE INFO ABSTRACT

Article history:
Received 29 February 2012
Available online 10 March 2012

Keywords:

Irritable bowel syndrome
Fecal pellet output
Visceral pain response
B-Glucan

Irritable bowel syndrome (IBS) is a gastrointestinal disorder characterized by chronic abdominal pain
associated with altered bowel habits. Since the prevalence of IBS is very high and thus, involves elevated
health-care costs, treatment of this condition by methods other than prescribed medicines could be
beneficial. p-(1,3)-p-glucan with B-(1,6) branches (B-glucan) has been used as a nutritional supplement
for many years. In this study, we examined the effect of B-glucan on fecal pellet output and visceral pain
response in animal models of IBS. Oral administration of B-glucan suppressed the restraint stress- or
drug-induced fecal pellet output. p-Glucan also suppressed the visceral pain response to colorectal dis-
tension. These results suggest that B-glucan could be beneficial for the treatment and prevention of IBS.

© 2012 Published by Elsevier Inc.

1. Introduction

IBS is a functional gastrointestinal disorder characterized by
chronic and recurrent abdominal pain and discomfort (colonic
hypersensitivity) that are associated with altered bowel habits
but not with any detectable structural or biochemical abnormality
[1,2]. IBS is categorized into subtypes according to the predomi-
nant bowel habit: diarrhea-predominant IBS, constipation
-predominant IBS, and mixed pattern IBS [1]. In spite of the signif-
icant impact that IBS has on patient quality-of-life, currently avail-
able clinical treatments for IBS have proved unsatisfactory, mainly
due to the difficulty in suppressing the visceral pain associated
with IBS.

IBS is one of the most common gastrointestinal disorders,
estimated to affect 7-15% of the general population in the USA
and 6-12% in Asian countries [2,3]. Considering the health-care
costs associated with treating the condition, the identification of

Abbreviations: AUC, area under the curve; B-glucan, p-(1,3)-p-glucan with B-
(1,6) branches; CRD, colorectal distention; 5-HT, 5-hydroxytryptamine hydrochlor
ide; IBS, irritable bowel syndrome; LMW, low-molecular-weight; PBS, phosphate-
buffered saline; S.E.M, standard error of the mean.
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effective therapies (such as the taking of supplements) that do
not involve prescription drugs is beneficial [4,5].

Although the pathogenesis of [BS is not completely understood,
studies have suggested that genetic factors, previous inflammation,
mental stressors and microbiota play important roles [6]. A num-
ber of animal models for IBS has been established and used to eval-
uate clinical protocols designed to treat the condition. Mental
stressor- or drug-induced alterations in defecation have been used
as a model for defecation disorders related to IBS in animals [7-9].
Since hypersensitivity to colorectal distension (CRD) was observed
in IBS patients [10], monitoring the electrical activity of the
abdominal muscles (visceromotor response) in response to CRD
is a standard procedure to detect [BS-related abdominal pain (vis-
ceral pain) in animals [11,12]. Furthermore, based on the increased
colonic level of butyrate in IBS patients [13,14], butyrate enema-
induced hypersensitivity to CRD is also considered as a useful ani-
mal model for IBS [15,16].

B-Glucans are naturally-occurring polysaccharides found in the
cell walls of yeast, fungi, cereal plants and certain bacteria [17,18].
As suggested by the fact that various foods contain B-glucans, they
are known to have few toxic and adverse effects [18]. B-Glucans
from mushrooms have been used in Japan as anti-tumor drugs
due to their immunostimulating activities [17]. In addition, B-
(1,3)-p-glucans with B-(1,6) branches have been reported to have
various clinically beneficial effects, such as enhancing the
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bio-defense activity against bacterial, viral, fungal and parasitic
challenge, increasing hematopoiesis and radioprotection, stimulat-
ing the wound healing response, and decreasing serum lipid levels
[17-20]. Interestingly, it was recently reported that p-glucans sup-
press inflammatory responses in some animal models [21-26],
suggesting that B-glucan could be an interesting immunomodula-
tor, causing opposing effects on different aspects of the immune
system.

We succeeded in the purification and industrial-scale produc-
tion of low-molecular-weight p-(1,3-1,6)-p-glucan from Aureoba-
sidium pullulans (A. pullulans) GM-NH-1A1 strain (LMW B-glucan)
[27,28]. The characteristic features of LMW B-glucan are its low
molecular weight (about 100 kDa), low viscosity, high water-
solubility and high level of B-(1-6) branching (50-80%) [27,28].
We previously reported that LMW B-glucan has various clinically
beneficial effects, such as suppression of the allergic response, sup-
pression of restraint stress-induced immunosuppression and anti-
tumor and anti-metastatic actions [27-29]. Moreover, we recently
reported that LMW B-glucan protects the gastric mucosa against
the formation of irritant-induced lesions by increasing levels of
defensive factors such as heat shock protein 70 and gastric mucin
[30]. In the present study, we use different animal models for IBS to
test the hypothesis that LMW -glucan could be effective in the
treatment of this condition. Our results suggest that the oral
administration of LMW B-glucan suppresses not only fecal pellet
output but also the visceromotor response to CRD (visceral pain re-
sponse). These findings suggest that LMW B-glucan could be ther-
apeutically effective for the treatment of IBS.

2. Materials and methods
2.1. Chemicals and animals

LMW B-glucan was prepared from the conditioned culture med-
jium of A. pullulans GM-NH-1A1, as described previously [27,28].
Analysis of 'H and '3C NMR spectra and gel-filtration chromatogra-
phy revealed that the LMW B-glucan contains approximately 70%
B-(1-6) branches and an average molecular weight of 100 kDa, as
described previously [27,28]. Clonidine hydrochloride and castor
oil were from WAKO Pure Chemicals (Osaka, Japan). Sodium buty-
rate, brewer’s yeast and carbamyl- g-methylcholine chloride (beth-
anecol) were obtained from Sigma (St. Louis, MO). Loperamide
hydrochloride and 5-hydroxytryptamine hydrochloride (5-HT)
were purchased from Nacalai Tesque (Kyoto, Japan). Wild-type
mice (C57/BL6, 6-8 weeks of age) and Wistar rats (4-6 weeks of
age) were obtained from Charles River (Yokohama, Japan).
Wistar-Imamichi rats (4 weeks of age) were purchased from the
Institute for Animal Reproduction (Kasumigaura, Japan). The
experiments and procedures described here were carried out in
accordance with the Guide for the Care and Use of Laboratory Ani-
mals as adopted and promulgated by the National Institutes of
Health, and were approved by the Animal Care Committees of Keio
University and Kumamoto University.

2.2. Analysis of fecal pellet output in mice

Female mice were subjected to restraint stress by being placed
individually into a 50 ml Falcon tube (Becton Dickinson, Franklin
Lakes, NJ) for 1 h, as described previously [31]. These tubes are
small enough to restrain a mouse so that it is able to breathe but
unable to move freely. Control mice were left to move freely in
the cage. The number of fecal pellets excreted during the 1-h
restraint stress period was measured. B-Glucan was dissolved in
phosphate-buffered saline (PBS) and administered orally 2 h before
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animals were subjected to the restraint stress. Control animals
were administered PBS.

In a separate experiment, mice were administered one of differ-
ent drugs that stimulate intestinal motility (bethanecol and 5-HT),
cause diarrhea (castor oil) or cause constipation (loperamide and
clonidine). Animals were then placed in a cage and the number or
wet weight of fecal pellets excreted in the subsequent 1-, 2- or
24-h period determined. Drugs administered subcutaneously were
bethanechol (3 mg/kg) and 5-HT (3 mg/kg), while those adminis-
tered orally were loperamide (10 mg/kg), clonidine (3.5 mg/kg)
and castor oil (300 pl/mouse).

B-Glucan was dissolved in PBS and administered orally 2 h
before animals were subjected to the restraint stress or drug-
treatment. Control animals were administered PBS.

2.3. Electromyography and CRD

Rats were deeply anaesthetized with pentobarbital sodium
(40 mg/kg) and then electromyography electrodes (Star Medical,
Tokyo, Japan) sutured into the external oblique muscle of the abdo-
men for electromyogram recording. Electrode leads were tunneled
subcutaneously and exteriorized at the nape of the neck for future
access. After surgery, rats were housed individually and allowed to
recuperate for 6 days before being used for visceromotor response
testing.

Repeated CRD was performed as described previously [32]. Rats
were restrained in a plastic conical-shape tube (diameter, 6 cm;
height, 15 cm), 15 min before electromyography. To reduce con-
founding effects due to restraint stress, rats were habituated to
the tube 30 min per day for 3 days prior to the experiment. A poly-
ethylene bag (length 2 cm) was inserted in the distal colon, posi-
tioned 1cm proximal to rectum, and connected to a balloon
catheter which was anchored with tape to the base of the tail.
The pressure and volume of the balloon were controlled and mon-
itored by a pressure controller-timing device (Distender Series II; G
& ] Electronics, Toronto, Canada), connected to the balloon. Rats
were subjected to repeated CRD (80 mm Hg, 30 s, 5-min interstim-
ulus interval, 12 times) on day 7. B-Glucan was given orally once
daily for 7 days (from day 0 to day 6).

In separate experiments, CRD associated with the use of buty-
rate enemas was examined as described previously [15]. Rats were
instilled with 1 mi sodium butyrate (110 mg/ml, pH 6.9) or saline
into the colon twice daily for 3 days (day 1, 2 and 3). Rats were sub-
jected to CRD (10, 20, 40 60 and 80 mm Hg, 20 s, 150-s interstim-
ulus interval) on day 7. B-Glucan was given orally once daily for
7 days (from day O to day 6).

Visceromotor responses were monitored by electromyography,
as described previously [11,33], 12 h after the last administration
of B-glucan. Electromyograph data were collected and analyzed
using 8 STAR software (version 6.0-19.2 for Windows; Star Medi-
cal, Tokyo, Japan). Responses evoked by contraction of the external
oblique musculature were quantified by calculating the area under
the curve (AUC) of the voltage alteration graph. The baseline was
determined by data collected 20s (butyrate enema) or 30s
(repeated CRD) before each distention.

2.4. Inflamed paw pressure nociception test

The pain threshold in Wistar-Imamichi rats was measured
using a Randall-Sellito test with an analgometer (Ugo basile,
Comerio, Italy), as described previously [34]. Brewer's yeast (20%,
1 ml) was injected into one of the hind paws. Seven hours later,
an increasing pressure was applied to the underside of the hind
limb and the pain threshold was defined as the pressure in grams
eliciting a cry from the animal. i
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Fig. 1. Effects of LMW B-glucan on restraint stress- or drug-induced alteration of fecal pellet output in mice. Mice were orally administered indicated doses (A) or 600 mg/kg
(B-F) of LMW B-glucan or vehicle (PBS). Two hours later, mice were exposed to restraint stress (A) or administered bethanecol (3 mg/kg, s.c.) (B), 5-HT (3 mg/kg, s.c.)
(C), castor oil (300 pl/mouse, p.o.) (D), loperamide (10 mg/kg, p.o.) or clonidine (3.5 mg/kg, p.o.). The number (A-D) or wet weight (E and F) of fecal pellets excreted in the
subsequent 0-1 h (A-C), 0-2 h (D) or 0-24 h (E and F) period was determined. Values are mean £ S.EM *P <0.05; **P < 0.01; n.s., not significant.
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B-glucan, rats were subjected to repetitive CRD and the visceromotor response was
recorded and analysed as described in Section 2. Values are mean + S.EM *P < 0.05;
*P<0.01.
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Fig. 3. Effect of LMW B-glucan on butyrate enema-induced colonic hypersensitivity
to CRD in rats. Butyrate enemas were administered twice daily on days 1, 2 and 3.
Administration of LMW B-glucan (600 mg/kg) (once daily from day O to day 6) and
monitoring and analysis of the visceromotor response to CRD (on day 7) were
performed as described in the legend of Fig. 2. Values are mean + S.E.M *P <0.05.

2.5. Statistical analysis

All values are expressed as the mean + S.E.M. Two-way ANOVA
followed by the Tukey test or a Student’s ¢ test for unpaired results
was used to evaluate differences between more than two groups or
between two groups, respectively. Differences were considered to
be significant for values of P<0.05.

3. Results and discussion
3.1. Effect of LMW B-glucan on fecal pellet output in mice

We first examined the effect of a once-only oral administration
of LMW B-glucan on restraint stress-induced fecal pellet output in
mice. In untreated mice (administered PBS vehicle only), restraint
stress (restricted movement by placement of mouse in a 50 ml plas-
tic tube) caused a more than 5-fold increase in fecal pellet output
per hour compared to unrestrained mice (Fig. 1A), as described pre-

n.s.

—1 PBS
600 - —@m— P-glucan
n=8
500 -
5 4004 n.s.
T
2
g 300 n=
£ =9
=
£ 200 -
o
100
0 T
Baseline Yeast

Fig. 4. Effect of LMW p-glucan on the pain response of rats in the inflamed paw
pressure test. LMW B-glucan (600 mg/kg) was administered orally as described in
the legend of Fig. 2. Twelve hours after the last administration of p-glucan, the
inflamed paw pressure test was performed as described in Section 2. The pain
threshold before (baseline) and after (yeast) the yeast injection was determined.
Values are mean *+ S.E.M n.s., not significant.

viously [35]. The once-only oral pre-administration of LMW
B-glucan suppressed this increase in a dose-dependent manner
without affecting the basal level (without restraint stress) of fecal
pellet output (Fig. 1A). Similar results were observed in response
to a once-daily oral administration of LMW B-glucan for 7 days
(data not shown). The LMW B-glucan-dependent suppression of re-
straint stress-induced fecal pellet output was also confirmed in rats
(data not shown).

We also examined the effect of LMW B-glucan on the fecal
pellet output induced by drugs that increase intestinal motility
(bethanecol and 5-HT) or cause diarrhea (castor oil) [8,36]. As
shown in Fig. 1B-D, the oral administration of LMW B-glucan
(600 mg/kg) to mice suppressed the fecal pellet output induced
by each of these drugs.

We then examined the effect of LMW B-glucan on drug-induced
constipation. As shown in Fig. 1E and F, administration of
loperamide or clonidine to mice decreased fecal pellet output, as
described previously [36]. The oral pre-administration of LMW
B-glucan did not alter the fecal pellet output. The results in Fig. 1
thus suggest that orally administered LMW B-glucan suppresses
the restraint stress- or drug-induced stimulation of intestinal motil-
ity but does not affect the motility in the absence of these stimuli or
in presence of constipation-inducing drugs. The mechanism under-
lying the LMW B-glucan-dependent suppression of intestinal
motility is not clear at present.

3.2. Effect of LMW B-glucan on the visceromotor response to CRD in
rats

In addition to alterations of fecal pellet output, hypersensitivity
to visceral pain is one of the principle pathogenetic pathways for
IBS. To study this phenomenon, we examined the effect of LMW
B-glucan on visceromotor response to CRD, which has been used
as an index of visceral pain response [33]. Rats were used for this
analysis since the techniques for measuring the visceromotor re-
sponse and CRD were established with these animals. As a single
oral administration of LMW B-glucan did not significantly affect
the visceromotor response to CRD (data not shown), we decided
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to determine the effect of LMW B-glucan administered orally once-
daily for 7 days. In control rats (PBS-treated), CRD evoked a viscer-
omotor response which increased in amplitude in response to
repeated CRDs (Fig. 2), as described previously [32]. Oral
pre-administration of LMW B-glucan (600 mg/kg) to animals signif-
icantly decreased the visceromotor response to CRD not only after
repetitive CRDs but also upon the first CRD (Fig. 2). Pre-administra-
tion of LMW B-glucan (100 mg/kg) also showed a tendency to de-
crease the visceromotor response to CRD, however the effect was
not statistically significant (Fig. 2). These results indicate that oral
pre-administration of high dose of LMW B-glucan suppresses the
visceral pain response to CRD.

Since the visceromotor response to the first CRD was reduced by
the pre-administration of LMW B-glucan, the results in Fig. 2 can be
interpreted to indicate that LMW B-glucan suppresses the visceral
pain response to CRD itself, but does not affect the repeated CRD-in-
duced hypersensitivity to visceral pain. However, although we tried
to habituate rats to the tube used for CRD experiment (see Section
2), it is possible that the animals entered into a state of restraint-
like stress. Thus, it is also possible that LMW B-glucan suppresses
the restraint stress-induced hypersensitivity to visceral pain.

We then examined the effect of LMW B-glucan on the visceral
pain response in another animal model, butyrate-induced hyper-
sensitivity to CRD. The butyrate enema is known to reduce the
threshold of the visceromotor response to CRD [15,16]. We con-
firmed that twice-daily butyrate enemas (on days 1, 2 and 3) stim-
ulated the visceromotor response to CRD on day 7 and found that
when LMW B-glucan was orally pre-administered once daily from
day 0 to day 6, the visceromotor response to CRD was similar to
that measured in control rats (not given butyrate enemas)
(Fig. 3). This result suggests that LMW B-glucan suppresses buty-
rate-induced hypersensitivity to CRD.

Finally, we tested whether the inhibitory effect of LMW B-glucan
on the pain response is specific for visceral pain. For this purpose,
we used the inflamed paw pressure test in which a yeast solution
was administered to one of hind paws of rats to induce inflamma-
tion and the pressure-induced pain response was subsequently
determined. As shown in Fig. 4, oral administration of LMW
B-glucan once daily for 7 days did not affect the paw pressure
required to elicit a nociception response (pain threshold) in both
presence and absence of yeast injection. This finding suggests that
LMW B-glucan does not affect the pain response in general but
specifically affects the visceral pain response.

In conclusion, we have shown here that the oral administration
of LMW B-glucan suppresses not only restraint stress- or drug-
induced fecal pellet output, but also suppresses the visceral pain
response. The difficulty associated with therapeutic management
of IBS can be attributed to the fact that both abdominal pain and
bowel habit disorders must be addressed. The results presented
in this study thus suggest that LMW B-glucan could prove thera-
peutically beneficial for the prevention and treatment of IBS, espe-
cially in relation to the diarrhea-predominant IBS.
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The stomach is a sensitive digestive organ that is susceptible and
exposed to exogenous pathogens from the diet. In response to
such pathogens, the stomach induces oxidative stress, which
might be related to the development of gastric organic disorders
such as gastritis, gastric ulcers, and gastric cancer, as well as func-
tional disorders such as functional dyspepsia. In particular, the
bacterium Helicobacter pylori plays a major role in eliciting and
confronting oxidative stress in the stomach. The present paper
summarizes the pathogenesis of oxidative stress in the stomach
during the development of various stomach diseases.

Key Words: gastric mucosa, oxidative stress, Helicobacter pylori

Oxidative Stress in the Process of Gastric Mucosal Injury

Physiological responses to stressors include increased activity
of the hypothalamic-pituitary-adrenal axis as well as changes in
gastrointestinal tissue. According to Selye’s formulation of the
general adaptation syndrome, an increase in adrenocortical
activity is related to an increase in the incidence of gastric
ulceration. The main candidate for the cause of stress ulcers is
oxidative stress. There is some evidence that psychological stress,
in addition to physical stress such as surgical intervention and
microbial infection including Helicobacter pylori (H. pylori), )
leads to oxidative stress in the stomach. Oxidative stress, which is
a state of elevated levels of reactive oxygen species (ROS), causes
a variety of conditions that stimulate either additional ROS pro-
duction or a decline in antioxidant defenses. Oxidative stress is
not only involved in the pathogenesis of gastric inflammation,
ulcerogenesis, and carcinogenesis in H. pylori infection, but
also in that of lifestyle-related diseases including atherosclerosis,
hypertension, diabetes mellitus, ischemic heart diseases, and
malignancies.® Several phenotypes of gastrointestinal diseases,
such as peptic ulcer disease and gastroparesis, are known to be
related to antioxidant property dysfunction.

Ethanol. The effects of ethanol on gastric mucosa are compli-
cated and multifaceted. They may be associated with a disturbance
in the balance between gastric mucosal protective and aggressive
factors. Gastric mucosa is exposed to gastric acid, pepsin, and
stimulants among others, while gastroprotective factors maintain
the integrity of the gastric mucous layer, microcirculatory system,
HCOs-, prostaglandins (PGs), epidermal growth factor synthesis,
and epithelial cell restitution. Ethanol injures the vascular endo-
thelial cells of the gastric mucosa and induces microcirculatory
disturbance and hypoxia, linking to the overproduction of oxygen
radicals.

Pan et al.® report the role of mitochondrial energy charge in
the pathogenesis of ethanol-induced gastric mucosal injury. The
gastric mucosal lesion index is correlated with the thiobarbituric
acid (TBA)-reactive substance (TBARS) content in gastric
mucosa. As the concentration of ethanol increases and the
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exposure time to ethanol is extended, the TBARS content in
gastric mucosa and the extent of gastric mucosal damage increase.
The ultrastructural pathological changes in mitochondria are
positively related to ethanol concentration and exposure time. The
expressions of mitochondrial DNA ATPase subunits 6 and
8 mRNA decline with increasing TBARS content in gastric
mucosa produced as a result of ethanol gavage. As mentioned
above, ethanol-induced gastric mucosal injury is related to oxida-
tive stress, which disturbs the energy metabolism of mitochondria
and plays a critical role in the pathogenesis of ethanol-induced
gastric mucosal injury.

Ischemia/reperfusion injury. Ischemia/reperfusion damages
the gastric mucosa by inducing oxidative stress. Specifically, ROS
such as superoxide (O27) and hydrogen peroxide (H202) induce
inflammatory responses and tissue damage by fragmenting cellular
DNA. In the gut, ROS can also be generated by non-steroidal anti-
inflammatory drugs (NSAIDs), cold stress, ethanol, and H. pylori
infection. NADPH oxidase found in phagocytic cells, vascular
smooth muscle cells, endothelial cells, fibroblasts, and adipocytes
convert oxygen into superoxide anions. Nakagiri er al.® recently
reported that NADPH oxidase activity is elevated in ischemia and
ischemia/reperfusion and is involved in the resultant gastric
mucosal damage. This increased NADPH oxidase activity may
also upregulate cyclooxygenase-2.

Peskar ef al.® report that during ischemia/reperfusion, inhibitors
of the cyclooxygenase and lipoxygenase pathways increase gastric
mucosal damage in a dose-dependent manner. The synergism
observed as a result of the combination of cyclooxygenase and
lipoxygenase inhibitors suggests that both pathways are important
in gastric mucosal defense during ischemia/reperfusion. PGE:
theoretically antagonizes the effects of cyclooxygenase and
lipoxygenase inhibitors. Similarly, lipoxin A4, a lipoxygenase-
derived product of arachidonate metabolism, also antagonizes the
effects of cyclooxygenase and lipoxygenase inhibitors; moreover,
it could replace PGE: for the prevention of gastric mucosal
damage caused by cyclooxygenase inhibitors during ischemia/
reperfusion.

Portal hypertensive gastropathy. Portal hypertensive
gastropathy (PHG) is a common complication of liver cirrhosis
and is associated with impaired gastric mucosal healing. PHG may
be related to increased ROS and lipid peroxide (LPO) production.
Kinjo et al.® report increased levels of LPO and nitrotyrosine, an
indicator of nitration of tyrosine residues due to peroxynitrite, in
the gastric mucosa of portal hypertensive rats; in addition, they
report impaired ERK1/2 phosphorylation related to increased
nitration by peroxynitrite. The gastroprotective, anti-inflammatory
agent rebamipide prevents free radical production by scavenging
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hydroxyl radicals.®® Rebamipide decreases LPO and nitrotyrosine
levels, normalizes ERK1/2 phosphorylation, and improves the
ulcer index; this suggests that defects in the mitogen-activated
protein kinase (MAPK) pathway are involved in the increased
susceptibility to gastric mucosal injury observed in portal hyper-
tensive gastropathy, indicating a potential role of rebamipide for
treatment.

NSAIDs and aspirin. In addition to inhibiting cyclooxygenase
and decreasing prostaglandin production, NSAIDs induce mucosal
damage via ROS produced by recruited leukocytes. ROS-mediated
mitochondrial damage as well as lipid, protein, and DNA oxida-
tion lead to apoptosis and mucosal injury. Proton pump inhibitor
(PPI) therapy is thought to primarily protect gastric mucosa by
inhibiting gastric acid secretion. Nevertheless, Maity ef al”
recently demonstrated that a PPl, lansoprazole, also inhibits
NSAID-induced gastropathy by inhibiting mitochondrial and
Fas-mediated apoptosis pathways. Lansoprazole’s anti-apoptotic
activity appears to be mediated by preventing NSAID-induced
reductions in anti-apoptotic genes (e.g., Bcl and Bcl-2) while
inhibiting increases in Fas and Fas ligand as well as pro-apoptotic
genes (e.g., Bax and Bak).

On the other hand, aspirin increases the permeability of cultured
gastric epithelial cell monolayers. The disruption in barrier
integrity is mediated by p38 MAPK and involves the downregula-
tion of claudin-7, a protein component of tight junctions.® This
differs from the effects of other NSAIDs (i.e., non-aspirin
NSAIDs), which increase epithelial permeability coupled to
cyclooxygenase-1 inhibition; this increase can be restored by
PGE2 administration.

Heat shock proteins. Heat shock proteins, especially HSP70,
provide cellular protection against stressor-induced tissue damage
by refolding or degrading denatured proteins produced as a result
of these stressors. Otaka ef al.® recently used affinity chromato-
graphy to identify cytoskeletal myosin and actin as the first
molecules bound by HSP70 after gastric mucosal injury in rats.
Transcriptional upregulation of HSPs occurs via the binding of
the transcription factor, heat shock factor 1 (HSF1), to heat shock
element, which is located upstream of the HSP genes. In HSF1
null and HSP70-expressing transgenic mice, HSPs protect against
irritant (e.g., ethanol or NSAIDs)-induced gastric lesions; more-
over, geranylgeranylacetone (GGA), a gastroprotective agent,
induces HSPs. Furthermore, HSP70 protects the gastric mucosa
by inhibiting apoptosis, proinflammatory cytokines, and cell
adhesion molecules involved in leukocyte infiltration. After
induction by GGA, HSPs exhibit protective effects in mouse
models of inflammatory bowel disease as well as in NSAID-
induced lesions of the small intestine. Therefore, HSP inducers
such as GGA may have therapeutic benefits in numerous diseases.

Enlarged Fold Gastritis and Oxidative Stress

H. pylori eradication therapy increases Runt domain transcrip-
tion factor 3 (RUNX3) expression in glandular epithelial cells in
enlarged-fold gastritis. Recently, we reported that RUNX3 is
expressed in gastric epithelial cells and that H. pylori eradication
significantly increases RUNX3 expression in the glandular
epithelium of the corpus; however, no changes were observed
in the antrum.'® The mucosal chemiluminescence value, a marker
of oxidative stress, is 4-fold higher in the corpus than in the
antrum. H. pylori eradication significantly decreases the mucosal
chemiluminescence values in both portions of the stomach to
nearly undetectable levels. We conclude that the glandular
epithelium is exposed to high levels of carcinogenic oxidative
stress and expresses low levels of the tumor-suppressing mole-
cule, RUNX3; however, RUNX3 expression was restored after
eradication, suggesting a high risk of carcinogenesis associated
with H. pylori-induced enlarged-fold gastritis of the corpus.(®

36

Oxidative Stress during H. pylori Infection

Antioxidant ability of H. pylori to establish chronic infec-
tion. H. pylori infection induces a strong inflammatory host
response, leading to the generation of a number of ROS and
reactive nitrogen species (RNS), which are mediated by neutro-
phils and macrophages.('"” The generation of ROS and/or RNS is
an important host immune response against persistent pathogens.
Therefore, H. pylori must combat oxidative stress generated by
the host immune response using an antioxidant protein in order to
establish long-term colonization.(>' The mechanisms for ROS
detoxification are of particular interest in understanding the H.
pylori-associated pathogenesis. It is well known that H. pylori has
a variety of enzymes acting as antioxidant systems to combat the
toxic effects of ROS including catalase (KatA), iron-cofactored
superoxide dismutase (SodB), and alkyl hydroperoxide reductase
(AhpC).03.14)

Superoxide dismutase (SOD) catalyzes the conversion of super-
oxide anions to hydrogen peroxide, which is degraded to oxygen
and water by catalase.!>! SOD is a metalloenzyme; 3 structurally
different forms have been identified depending on the metal
cofactor. In general, organisms encode different sets of SOD
enzymes. For example, Escherichia coli has 3 SODs: Fe-SOD
(SodB) and Mn-SOD (SodA) in the cytoplasm and Cuw/Zn-SOD
in the periplasm.('® On the other hand, H. pylori produces only a
single SodB encoded by the sodB gene.'"'® It was recently
reported that sodB deletion in H. pylori causes the bacterium to
lose its capacity for gastric mucosal colonization in mice.(® This
indicates that SodB is an important determinant of the host
colonization capability of H. pylori. The regulation of sodB
mRNA expression is also important for ROS detoxification. The
mRNA expression of sodB in H. pylori is directly regulated by
ferric uptake regulator (Fur) protein.®® Fur functions as a global
transcriptional regulator in H. pylori.?-2% It is reported that Fur
binds to ferrous iron (Fe*") and that the genes for iron uptake are
suppressed by the iron-binding form of Fur.?>2® On the other
hand, sodB expression is suppressed by the iron-free form of Fur
(apo-Fur).?® Apo-Fur binds to a specific consensus sequence
called Fur-Box located on the sodB promoter, blocking the
binding of RNA polymerase.®*?2® [t was recently reported that
nucleic-acid mutations in Fur-Box and/or amino-acid mutations in
Fur decrease the affinity of apo-Fur for Fur-Box in H. pylori,
halting the suppression of sodB mRNA expression.®3" In
particular, stopping the suppression of sodB mRNA expression in
H. pylori by amino-acid mutations in Fur (i.e., C78Y and P114S)
determines the development of metronidazole (Mtz) resistance.C?
This is because, when Mtz enters cells, its antimicrobial toxicity is
dependent on the reduction of its nitro group to nitro anion radicals
and the generation of superoxide.®>33

The SodB of H. pylori shares 53% sequence identity with the
corresponding protein from E. coli. Interestingly, H. pylori SodB
is significantly different from other Fe-SODs; its most distin-
guishing characteristic is its extended C-terminal tail,® although
the role of this tail remains unclear. The structure of SodB has
been clarified; it is now known to exist as a dimer composed of 2
identical subunits.®¥ Furthermore, it is identified as having 4
ferrous ion (Fe?*)-coordinating residues (i.e., an iron-binding
domain; His 26, His 73, His 160, and Asp 156) (Fig. 1). In fact,
SodB needs to recruit ferrous ion (Fe?*) to express its activity.('53
It is expected that SodB activity might be suppressed by preventing
the uptake of iron ion (Fe?" and/or Fe*).

Generation of oxidative stress as a virulence factor in H.
pylori-infected hosts. ROS released from activated neutro-
phils are also potential virulence factors involved in H. pylori-
infected host cells. In H. pylori-infected host cells, hypochlorous
anions (OCI") are generated from H20: in the presence of Cl-. The
hypochlorous anions subsequently react with ammonia (NHs),
which is derived from urea by urease produced by H. pylori,
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Fig. 1. Homology modeling of Helicobacter pylori SodB. Four amino
acids (His 26, His 73, His 160, and Asp 156) of SodB are ferrous ion (Fe?*)-
coordinating residues (i.e., an iron-binding domain).

ultimately yielding monochloramine (NH:Cl). NH2Cl induces
mucosal cytotoxicity due to its lipophilic properties and freely
penetrates biological membranes to oxidize intracellular compo-
nents.537

In addition, it is well known that H. pylori produces a y-
glutamyltranspeptidase (EC 2.3.2.2; GGT) in the periplasm.©®® H.
pylori GGT catalyzes the transpeptidation and hydrolysis of the
y-glutamyl groups of glutamine and glutathione. Interestingly,
these findings indicate that H. pylori GGT performs 2 functions.
First, GGT functions in the physiological functioning of H. pylori.
H. pylori is unable to take up extracellular glutamine and
glutathione directly; GGT hydrolyzes these substances to gluta-
mate. The glutamate is then transported into H. pylori cells via a
Na*-dependent reaction and is mainly incorporated into the TCA
cycle.® Second, GGT acts as a virulence factor by disrupting the
antioxidant ability of host cells. Although glutathione has anti-
oxidant potential in host cells;, H. pylori GGT reduces extracellular
glutathione levels. In fact, H. pylori GGT reduces the ROS
resistance of the host cells and induces apoptosis or necrosis.34

Excess ROS are produced in H. pylori-colonized human
stomachs; this induces oxidative stress to both the gastric mucosa
and H. pylori. Because H. pylori has a deft capability of detoxi-
fying ROS using a variety of enzymes to establish long-term
colonization,!>1» excess ROS leads solely to host cell damage.

Oxidative Stress in the Progression of Gastric Motility
Disorders

Gastric motility disorders can occur in many clinical settings
with a wide variety in the severity of symptoms with or without
gastric mucosal injuries. Gastric motility disorders are attributable
to either damage within the smooth muscle itself or dysfunctions
within the neuromuscular components including the enteric nerves
and interstitial cells of Cajal (ICC), which regulate smooth muscle
function. How oxidative stress is involved in these dysfunctions is
discussed in the following situations.

Gastrointestinal Complications in Sepsis

Oxygen radicals are implicated as relevant mediators in sepsis
and septic shock in animals including humans.“%? Sepsis is a
systemic response caused by bacterial endotoxins such as lipo-
polysaccharide, which induce the release of ROS and the genera-
tion of numerous pro-inflammatory factors and nitric oxide. During
sepsis, the most frequent complications within the gastrointestinal
tract are gastrointestinal motility disturbances and mucosal barrier
dysfunction.. Experimental administration of LPS delays gastric
emptying and upregulates inducible nitric oxide synthase in order
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to downregulate neuronal nitric oxide synthase (nNOS) and
synthesize PGs.“? It is also reported that SOD reverses the
endotoxin-induced delay in gastric emptying and diminishes the
presence of nitrotyrosine, 4-hydroxy-2-nonenal in gastric mucosa,
and inducible nitric oxide synthase-positive residential macro-
phages in the external musculature; these suggest the involvement
of oxidative and nitrosative stresses in the pathogenesis of
lipopolysaccharide-induced gastrointestinal dysmotility.“%

Gastrointestinal Complications in Ischemia/Reperfusion
Injury

The gastrointestinal tract is one of the most susceptible organ
systems to ischemia. Previous investigations demonstrate that
ischemia/reperfusion is a major contributor to gastric mucosal
injury caused by stresses such as bumn stress or hemorrhagic
shock, NSAIDs, and H. pylori infection. In addition to mucosal
injuries, delayed gastric emptying is also reported after gastric
ischemia/reperfusion associated with disruption of the ICC network
and nNOS-positive neurons.“*> ICC play critical roles in gastro-
intestinal motility in that they are the source of the electrical slow
waves underlying the phasic contractions of the gastric muscula-
ture and mediate excitatory and inhibitory inputs to the muscula-
ture from the enteric motor neurons. Neuronal NOS generates
neuronally derived NO, which is the major inhibitory neuro-
transmitter in the gastrointestinal tract. ICC and nNOS-positive
neurons are both important factors for gastric emptying. Oxidative
stress produced by the xanthine—xanthine oxidase system after
ischemia/reperfusion may play a major role in these events,
although the precise mechanism is unclear.

Diabetes Mellitus

Oxidative stress is a strong pathogenic co-factor involved in the
development of complications of diabetes. Increased glucose
levels in diabetes react non-enzymatically with proteins and
become advanced glycation end products (AGEs); AGEs activate
endothelial NADPH oxidase and increase endothelial ROS,“®
which occurs in animal models of diabetes®” and diabetes
patients.“® Gastric neuromuscular dysfunction occurs in up to 30—
50% of patients after 10 years of type 1 or 2 diabetes associated
with histological changes including the loss of nNOS and ICC in
both humans and animal models. It is reported that increased
oxidative stress is attributable to the loss of upregulation of heme
oxygenase-1; this results in the loss of ICC, decreased nNOS
expression, and delayed gastric emptying in non-obese diabetic
mice. These changes can be reversed by heme oxygenase-1
induction, demonstrating an important role of oxidative stress in
the development of diabetic gastroparesis.“

Aging and Oxidative Stress

Gastrointestinal function declines with aging, including delayed
gastric emptying, decreased peristalsis, and slowed colonic transit;
these impair quality of life and increase morbidity and mortality.
Notable changes in gut neuromuscular function that accompany
advanced age are reported in human and animal models.®%3)
Cowen et al.®? report a 50% reduction in ileal myenteric neurons
in 24-month-old Sprague-Dawley rats fed ad libitum; this was
prevented by caloric restriction, which reduces oxidative stress.®?
In the study using progeric mice deficient in the anti-aging
peptide Klotho, progeric mice exhibited a gastric phenotype
resembling that of human aging involving profound ICC loss with
reduced slow wave amplitude and nitrergic inhibitory junction
potentials. Klotho protects ICC by preserving their precursors,
limiting oxidative stress, and maintaining nutritional status and
normal levels of trophic factors important for ICC differentia-
tion.®¥ Increased oxidative stress in combination with a decrease
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in circulating and tissue factors that regulate ICC differentiation
and survival contribute to the profound depletion of mature ICC
and impair gastric function.

Conclusion

In conclusion, oxidative stress is one of the major contributors
to the development of stomach diseases. Recent therapeutic
options such as gastroprotective agents including antioxidant
properties (e.g., rebamipide) can modulate the level of oxidative
stress to enhance anti-inflammatory or antioxidant capacity. The
stomach is an organ in direct contact with external pathogens; by
presenting a strong acid environment, it has a special biological
defense mechanism that eliminates such pathogens. However,
H. pylori manages to live in the stomach by breaking through this
defensive line. In response to the colonization of this bacterium,
gastric mucosa can be exposed to severe oxidative stress with
considerable levels of inflammatory cell accumulation, which
might be related to the development of gastric mucosal as well
as neuromuscular disorders.
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Abstract

Background and Aim Ghrelin has distinct effects on
gastrointestinal motility through the vagus nerve and gas-
tric excitatory neural plexus. The objectives of this study
were to investigate the dynamics of ghrelin and expression
of neuromuscular markers in a newly established surgically
manipulated rat model of gastric outlet obstruction (GOO),
akin to the pyloric stricture associated with duodenal ulcer,
advanced gastric cancer, and other conditions, in the clin-
ical setting.

Material and Methods The rats were divided into two
groups, a control group (sham operation) and the GOO
group (proximal duodenal stricture). The animals were
sacrificed 2 weeks after the operation. Plasma and gastric
ghrelin were measured by radioimmunoassay. mRNA
expression in the stomach of neural choline acetyltrans-
ferase (ChAT), c-kit, and membrane-bound stem cell factor
(SCF) were analyzed by quantitative RT-PCR. In addition,
gastric mRNA expression of the aforementioned were
also evaluated 60 min after intraperitoneal administration
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of a synthetic GHS-Rla antagonist ([p-Lys3] GHRP-6
6.0 mg/kg).

Results Mechanical GOO induced increases of fasting
plasma ghrelin levels and hyperplasia of the gastric muscle
layers, with enhanced expression of the gastric neuromus-
cular markers. Administration of [p-Lys3] GHRP-6 nor-
malized the enhanced expression of c-kit and SCF.
Conclusion GOO stimulates ghrelin dynamics and then
enhances the mechanistic expression of gastric cellular
communication network molecules between nerves and
smooth muscle cells.

Keywords Ghrelin - Gastric emptying - Motility -
Gastric outlet obstruction

Introduction

Ghrelin, a 28-amino-acid motilin-related peptide, was first
purified from the rat stomach as a natural ligand for the
growth hormone secretagogue receptor (GHSR) [1]. It has
also been shown to stimulate food intake, induce body
weight gain, and enhance gastric motility. Recent animal
studies have shown that ghrelin has distinct effects on
gastrointestinal motility, which may be mediated through
the GHSR expressed on the vagus nerve and enteric nerve
endings [2, 3]. Ghrelin has been reported to enhance gastric
motility and accelerate gastric emptying in rats and mice
and to stimulate small intestinal transit [2, 4]. Fujino et al.
reported that ghrelin induces accelerated motor activity of
the gastrointestinal tract via ghrelin receptors expressed on
vagal afferent nerve terminals and activated neuropeptide
Y neurons in the brain [5].

Chasen et al. reported that abnormal electrogastrography
diagnosis and increased levels of plasma ghrelin were
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found in most patients with advanced cancer [6]. We have
previously shown increased fasting plasma levels of ghrelin
in patients with functional dyspepsia (FD), especially those
with dysmotility-like FD, possibly originating from gastric
motility disorders, including delayed gastric emptying [7].
Although the precise molecular mechanisms are not yet
clear, such clinical manifestations suggest that ghrelin
production might be increased by impaired gastric motility.

The objectives of this study were to investigate the
dynamics of ghrelin and expression of neuromuscular
markers in a newly established surgically manipulated rat
model of gastric outlet obstruction (GOO), akin to the
pyloric stricture associated with duodenal ulcer, advanced
gastric cancer, and other clinical conditions.

Methods
Animal Procedures

This study was conducted with the approval of Keio
University Animal Research Committee (no. 056188).
Seven-week-old male specific-pathogen-free (SPF) Spra-
gue-Dawley (SD) rats (Sankyo Laboratory Service, Tokyo,
Japan) were used for the study after acclimatization for
7 days in an animal room at a controlled temperature
(24 £ 2°C). The rats were fed standard chow and deprived
of food for 24 h before the operation. After induction of
anesthesia by intraperitoneal injection of 50 mg/kg sodium
pentobarbital, the hair was shaved off the upper abdomen of
the animals. The abdomen was opened via a 25-mm-long
median incision, and the stomach was exposed. The proxi-
mal duodenum was then carefully covered with an 18-Fr
Nelaton catheter (diameter, 4.0 mm; Nippon Sherwood,
Tokyo, Japan) and sutured with a 5-0 nylon thread (Fig. 1).
The width of the catheter was 2.0 mm. This surgical duo-
denal stricture induced incomplete gastric outlet obstruction
with gastric retention; this animal group was named the GOO
group. After the operation, the animals were deprived of food
for 24 h, but allowed free access to water. A sham operation,
involving only abdominal incision, was also undertaken on
the same number of rats of the control group.

Because weight loss is known to increase circulating
levels of ghrelin, we designed a pair-feeding method to
evaluate the dynamics of ghrelin without the confounding
effect of body weight changes. The results of our preliminary
experiments revealed that food intake in the GOO group was
lower than that in the control group. We measured daily food
intake in the GOO group, and the control group of rats
received the same amount of food on the following day. After
2 weeks, after food deprivation for 24 h, the rats were sac-
rificed under ether anesthesia and the gastric wet weight and
intraluminal pH were measured. The thicknesses of the

gastric antral mucosal layer and muscular layer were mea-
sured by light-microscopic examination of hematoxylin—
eosin-stained sections. The average thicknesses 1, 1.5, and
2.0 mm from the pylorus were measured.

Evaluation of Gastric Emptying

Our surgical procedure is the first reported method for
establishing an animal model of GOO. We compared the
gastric emptying rate in this model with that in another
group of 7-week-old SPF male SD rats. The animals were
divided into a control group and GOO group as previously
described. Two weeks after the operation, the rats were
deprived of food, but allowed free access to water for 24 h
before the start of the subsequent experiment. The gastric
emptying rate was measured by the phenol red (PR)
method reported by Ohnishi et al. [§]. One milliliter of PR
(100 pg/ml) was administered orally to the rats, and the
rats were sacrificed by cervical dislocation either imme-
diately (Control group, n = 4) or 15 min (Control group,
n = 4; GOO group, n = 6) after administration of the PR
solution. The standard stomachs (0 min) and test stomachs
(15 min) were exposed and ligated at the cardia and
pylorus. Each stomach was removed and placed in 10 ml
0.1 M Na,HPO, solution, and the contents of the stomach
were washed out. The absorbance of the supernatant was
measured at 570 nm with a spectrometer (Shimadzu,
Kyoto, Japan). The gastric emptying rate for each rat was
calculated as described previously [8].

Measurement of the Ghrelin Dynamics

The rats were divided into two groups, the control group
(n = 14) and the GOO group (n = 14). After 2 weeks,
following food deprivation for 24 h, the rats were sacri-
ficed under ether anesthesia. The abdomen and chest were
opened via a median incision. Blood was collected from
the heart and centrifuged at 3,000 rpm for 10 min to obtain
plasma and serum samples for assay. After collection of the
blood, the stomachs of the animals were excised and the
intraluminal pH was examined by use of a pH meter
(Horiba Techno Service, Kyoto, Japan). The stomachs
were then cut along the greater curvature and rinsed with
isotonic saline. The two radioimmunoassays (RIAs) for
measurement of the gastric and plasma ghrelin levels were
performed as described previously [9, 10]. Two polyclonal
rabbit antibodies were raised against the N-terminal [1-11]
(Glyl-Lys11) and C-terminal [13-28] (GIn13-Arg28)
fragments of rat ghrelin. [Cys12]-rat ghrelin [1-11] (4 mg)
and [CysO]-rat ghrelin [13-28] (10 mg) were separately
conjugated to maleimide-activated mariculture keyhole
limpet hemocyanin (mcKLH, Pierce, Rockford, IL, USA;
6 mg) in conjugation buffer (Pierce). Each conjugate was
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emulsified with an equal volume of Freund’s complete
adjuvant. Two corresponding batches of antiserum were
obtained by immunization of New Zealand white rabbits by
subcutaneous injection. Using these antibodies, two types
of RIAs to measure the plasma and gastric ghrelin levels
were performed as described previously [11].

Immunohistochemistry for Ghrelin

Stomach samples were fixed in 10% formaldehyde neutral
buffer solution for 24 h, then embedded in paraffin. Tissue
sections were deparaffinized and hydrated, and endogenous
peroxidase was quenched by treatment with 0.3% hydrogen
peroxide for 20 min. Nonspecific binding was blocked by
use of a blocking reagent (BlockAce; Dainippon Pharma-
ceuticals, Osaka, Japan). After washing with TBS-T, the
tissue slices were incubated for 60 min at 4°C with anti-
ghrelin antiserum (final dilution, 1:10,000). Then, after
washing again with TBS-T, the slides were incubated with
EnVision + Peroxidase rabbit (DAKO Japan, Kyoto,
Japan) for 30 min at room temperature, and then visualized
after color development with 3,3’-diaminobenzidine tetra-
hydrochloride (DAB) solution for 1 min. The sections were
then counterstained with hematoxylin. The stained sections
were examined under high-power magnification (objective
lens x40) by light microscopy equipped with a 3CCD
digital camera (C7780; Hamamatsu Photonics, Hamama-
tsu, Japan). The nuclei were counted using Image-J soft-
ware (National Institutes of Health, Bethesda, Maryland,
USA). The density of the ghrelin-immunoreactive cells was
computed by use of the equation: Dghrelin = (Ng/Nt)
x 100 (%), where Ng and Nt represent the number of
ghrelin-immunoreactive cells and the total cell number,
respectively, in the three mucosal regions of the stomach.

Preparation of Total RNA and Quantitative RT-PCR
Analysis

Total mRNA was extracted from the stomach tissue by use
of the RNeasy Mini Kit (Qiagen, Valencia, CA, USA), and
DNase treatment was performed with an RNase-free
DNase set (Qiagen). RNA was converted into cDNA by
use of the PrimeScript RT reagent kit (Takara, Ohtsu,
Japan). Cyber green quantitative real-time RT-PCR was
performed to detect the mRNA using the Thermal Cycler
Dice Real Time System (Takara Bio, Otsu, Japan). The
primers used to amplify the target mRNA were: c-kit
mRNA 5-ATC CAG CCC CAC ACC CTG TT-3/, and
5-TGT AGG CAA GAA CCA TCA CAA TGA-3', SCF
(membrane-bound isoform) mRNA: 5-TGA GAA AGG
GAA AGC CGC-3, and 5-TAA GGC TCC AAA AGC
AAA GC-3’, choline acetyltransferase (ChAT) mRNA:
5-CAA CCA TCT TCT GGC ACT GA-3/, and 5-TAG
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Fig. 1 a Surgical manipulation for induction of duodenal stricture.
The proximal duodenum was covered with a small piece of an 18Fr-
Nelaton catheter. b Liquid gastric emptying rates of control rats
(n = 4, open bar) and GOO rats (n = 6, filled bar) 2 weeks after the
operation (mean + S.E.M. *P < 0.05 compared with control)

CAG GCT CCA TAG CCA TT-3, glyceraldehyde-3-
phosphate (GAPDH) mRNA: 5-GGC ACA GTC AAG
GCT GAG AAT G-3, and 5-ATG GTG GTG AAG ACG
CCA GTA-3'. The target mRNA expression levels were
normalized to the GAPDH mRNA expression levels.

RT-PCR Analysis for Interstitial Cells of the Cajal
(ICC) Network Using a GHSR1a Antagonist

In a separate experiment, to examine the relationship between
ghrelin and neuromuscular marker expression, the rats were
administered an intraperitoneal injection of [D-Lys3] GHRP-
6, a GHSR antagonist, (6.0 mg/kg; Bachem, King of Prussia,
PA,USA)in 1 ml saline (n = 8), or saline alone (n = 8) and
then euthanized 60 min after administration. Then, the mRNA
expression levels of c-kit, SCF, and ChAT were analyzed by
quantitative RT-PCR, as previously described.

Statistical Analysis

All results are expressed as mean £ SE, and the statistical
analysis was performed using the Student ¢ test (two-tailed
test) with Stat Mate ITI (Atoms, Tokyo, Japan). P values less
than 0.05 were considered to be statistically significant.
Results

Gastric Emptying Rate in this Rat Model

The gastric emptying rate after 15 min as measured by the
PR method was significantly lower in the GOO group than
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