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values to give an overall lesion index. For SD rats, calculation of the
scores involved measuring the length of all the lesions in
millimeters and summing the values to give an overall gastric
lesion index.

The gastric PGE; level was determined by EIA according to the
manufacturer’s instructions.

The intestinal ulcerogenic response was examined as described
previously [36,37], with some modifications. LOX or F-LOX was
orally administered to unfasted rats and the animals were
sacrificed 24 h later. Both the jejunum and ileum were removed
and treated with formalin for fixation. Samples were opened along
the antimesenteric attachment and the areas of the small intestinal
lesions were measured by an observer unaware of the treatment
that the animals had received. Calculation of the scores involved
measuring the area of all the lesions in square millimeters and
summing the values to give an overall small intestinal lesion index.

2.3. Histochemical analysis and TUNEL assay

Wistar rats which had been fasted for 18 h were orally
administered LOX or F-LOX and, 8 h later, the animals were
sacrificed and their stomachs were removed. Samples were fixed in
4% buffered paraformaldehyde and embedded in paraffin before
being cut into 4-pum sections.

For histological examination (hematoxylin and eosin (H&E)
staining), the sections were stained first with Mayer’s hematoxylin
and then with 1% eosin alcohol solution. The samples were
mounted with malinol and inspected with the aid of an Olympus
BX51 microscope (Tokyo, Japan).

For the TUNEL assay, the sections were incubated first with
proteinase K (20 pg/ml) for 15 min at 37 °C, then with TdT and
biotin 14-ATP for 1h at 37°C, and finally with streptavidin-
conjugated Alexa Fluor 488 for 1 h. Samples were mounted with
VECTASHIELD and inspected using fluorescence microscopy (KEY-
ENCE BIOREVO, Osaka, Japan).

2.4. Measurement of gastric content volume, gastric pH value and
contents of gastric mucin

The gastric pH value and mucus level were measured as
previously described [38-40]. SD rats which had been fasted for
18 h were orally administered LOX or F-LOX and, 1 h later, the
abdomen was opened and the pylorus was ligated under ether
anesthesia. Three hours later, the animals were killed by deep ether
anesthesia, the stomach was removed, the gastric contents were
collected and its volume was determined. The gastric contents
titrated with 10 mM NaOH to pH 7.0 using Twin pH (Horiba, Kyoto,
Japan). The gastric acid output was calculated based on the volume
of 10 mM NaOH required for neutralization and the gastric content
volume.

For determination of mucus content, the gastric contents were
incubated with 0.4 mg/ml (final concentration) Alcian blue 8GX for
24 hat 20 °Cand then centrifuged. The concentration of Alcian blue
in the supernatant was estimated by measuring the optical density
at 615 nm. The amount of mucus adhering to the gastric mucosa
was also determined, and the sum of the two values used as a
measure of the total mucus content.

2.5. Real-time RT-PCR analysis

Total RNA was extracted from gastric tissues and cells using an
RNeasy kit according to the manufacturer’s protocol. Samples
(2.5 g of RNA) were reverse-transcribed using a first-strand cDNA
synthesis kit according to the manufacturer’s instructions.
Synthesized cDNA was used in real-time RT-PCR (Bio-Rad Chromo
4 system) experiments using SsoFast EvaGreen Supermix, and
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analyzed with Opticon Monitor software according to the
manufacturer’s instructions. Specificity was confirmed by electro-
phoretic analysis of the reaction products and by inclusion of
template- or reverse transcriptase-free controls. To normalize the
amount of total RNA present in each reaction, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or actin cDNA was used as an
internal standard.

Primers were designed using the Primer3 website. The primers
used were (name, forward primer and reverse primer): mucl, 5'-
agagaccgctactgecattg-3’ and 5’-cagctggacctctttccaac-3’; muc5ac,
5’-aactctgcccaccacaage-3'  and  5/-tgccatctatccaatcagtccaat-3’;
muc6, 5'-tgctgtctccageacaaaac-3’ and 5'-tcagaagtctgegtcactge-3/;
gapdh, 5'-atgtatccgttgtggatctgac-3’ and 5'-cctgettcaccaccttettg-3’;
actin, 5’-gtcgtaccactggcattgtg-3’ and 5'-gctgatcttgeecttgagac-3'.

2.6. Cell culture

A rat normal gastric epithelial cell line (RGM1) [41] was
provided by the Riken Cell Bank (Tsukuba, Japan). Cells were
cultured in Dulbecco’s modified Eagle’s medium nutrient mixture
F-12 Ham containing 20% FBS, 100 U/ml penicillin, and 100 w.g/ml
streptomycin on plastic culture plates without collagen coating.
Cells were exposed to LOX or F-LOX by replacement of the entire
bathing medium. The cAMP level in cells was measured by EIA
according to the manufacture’s instructions.

2.7. Determination of mucin level in culture medium

The amount of mucin in the culture medium was determined by
an enzyme-linked lectin-binding assay (ELLA) as described
previously [42]. The culture medium was loaded on polystyrene
96-well ELISA plates (Iwaki) and incubated at 4 °C for 12 h. After
washing, each well was incubated with blocking buffer (1% BSA in
phosphate-buffered saline) for 2 h at 37 °C. After washing, each
well was incubated with SBA solution (1 pg/ml SBA-HRP (lectin)in
phosphate-buffered saline) for 1 h at 37 °C. After further washing,
each well was finally incubated with 100 w1 ABTS solution (1 mM
ABTS, 0.1 M citrate buffer (pH 4.0) and 0.03% hydrogen peroxide)
for 15 min at room temperature. The optical density at 405 nm was
then measured.

2.8. Determination of activities of H*,K*-ATPase and adenylate cyclase
in membrane fraction

Cytoplasmic membrane fractions were prepared from guinea
pig gastric mucosa as described previously [43]. Briefly, the fundic
region of the mucosa was scraped and homogenized in 5 mM Tris-
HCl (pH 7.4) buffer containing 250 mM sucrose and 1 mM EGTA.
The suspension was centrifuged at 800 x g for 10 min, and the
resultant supernatant was further centrifuged at 100, 000 x g for
90 min. The pellet was re-suspended in PBS and used for the assay
as membrane fraction.

H*" K*-ATPase activity was measured as described previously
[44]. Briefly, membrane fraction (100 g protein) was diluted with
40 mM Tris-HCl (pH 6.8) buffer containing 3 mM MgSQ,4, 15 mM
KCl, 5 mM NaN3 and 2 mM ouabain and pre-incubated with each
tested chemical in the presence or absence of 50 uM SCH 28080 for
30 min at 37 °C. Omeprazole was activated by treatment with Tris-
PIPES (pH 5.7) buffer before this incubation. Then, ATP solution
(1 mM at the final concentration) was added, incubated for 10 min
at 37 °C and the reaction was terminated by the addition of ice-cold
stop solution (12% perchloric acid and 3.6% ammonium molyb-
date). Inorganic phosphate released was measured as previously
described [45]. The H',K*-ATPase activity was calculated as the
difference between the activities in the presence and absence of
SCH 28080.
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Adenylate cyclase activity was measured as described previ-
ously [46]. Briefly, membrane fraction (100 g protein, 75 1) was
pre-incubated with each tested chemical in 96 well plates for
5 min at room temperature. Then 25 pl adenylate cyclase assay
buffer (final concentrations; 50 mM Tris-HCl (pH 7.4), 100 mM KCl,
10mM MgCl,, 0.25mM ATP and 1mM IBMX) was added,
incubated for 30 min at 37 °C and the reaction was terminated
by the addition of 100 w1 0.2 N HCL. The cAMP level was measured
by EIA according to the manufacture’s instructions.

2.9. Statistical analysis

All values are expressed as the mean + S.E.M. Two-way ANOVA
followed by the Tukey test or the Student’s t-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
3.1. Comparison between the ulcerogenic response of F-LOX and LOX

The development of gastric lesions following oral administra-
tion of F-LOX and LOX to Wistar rats was compared. LOX produced
gastric lesions in a dose-dependent manner but F-LOX produced
fewer lesions (Fig. 1B). The level of gastric lesions caused by
2134 mg kg F-LOX (corresponding to 2000 mg/kg LOX, in terms of
number of molecules) was lower than that observed with 100 mg/
kg LOX, demonstrating that the ulcerogenic activity of F-LOX was
less than one-twentieth that of LOX. The time-course for the effect
of the two NSAIDs was similar (Fig. 1C), showing that the difference
in ulcerogenic activity illustrated in Fig. 1B was not a function of
time. Histochemical analysis of gastric sections also revealed that
F-LOX caused less gastric mucosal damage than LOX (Fig. 1D). We
also examined the ulcerogenic activity of LOX-OH and F-LOX-OH.
As shown in Fig. 1E, the ulcerogenic activity of F-LOX-OH was
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much lower than that of LOX-OH and the activity of LOX-OH or F-
LOX-OH was a little more potent than that of LOX or F-LOX,
respectively.

We also compared the production of lesions in the small
intestine. As shown in Fig. 1F and G, oral administration of F-LOX
produced fewer lesions than LOX at all examined time-points.
However, the difference between the effect of the two drugs in
this case was not as marked as that seen for gastric lesions (Fig. 1B
and F).

Both gastric mucosal cell death and a decrease in the gastric
level of PGE; have been shown to play an important role in the
production of gastric lesions by NSAIDs, leading us to compare
these processes after oral administration of F-LOX and LOX. The
number of TUNEL-positive gastric mucosal cells (level of cell
death) was lower in the F-LOX-treated rats (Fig. 2A and B).
However, both the dose-response and time-course profiles of the
gastric PGE; level were similar between the two treatment groups
(Fig. 3A and B), suggesting that mucosal cell death rather than
gastric PGE; level is involved in the lower ulcerogenic activity of F-
LOX.

To test this idea, we compared the production of gastric lesions
between F-LOX-treated and LOX-treated rats in which the gastric
PGE, level had been lowered by pre-administration of aspirin
(10 mg/kg). This regimen reduced PGE; to a negligible level, with
subsequent administration of F-LOX or LOX having no effect
(Fig. 3 C). As shown in Fig. 3D, the production of gastric lesions in
the two treatment groups of rats pre-administered with aspirin
was similar to that of control rats, supporting the idea that gastric
PGE; level is not responsible for the lower ulcerogenic activity of F-
LOX compared with LOX.

3.2. Protective effect of orally administered F-LOX on the gastric
mucosa

The lower ulcerogenic activity of F-LOX was also observed in SD
rats (Fig. 4A), which we used in the following experiments due to
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Fig. 2. Gastric mucosal cell death following oral administration of F-LOX or LOX. Wistar rats were orally administered 100 or 106.7 mg/kg of LOX or F-LOX, respectively, and
their stomachs were removed 8 h later. A, sections of gastric tissues were prepared and subjected to TUNEL assay, DAPI staining and H & E staining. B, the ratio of TUNEL-
positive cells to total cells was determined. Values are mean + S.EM. “P < 0.01; n.s., not significant. Scale bar, 50 wm.
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Fig. 3. Decrease in gastric PGE2 level in response to oral administration of F-LOX or LOX. Wistar rats were orally administered either the indicated doses (A), 200 or 213.4 mg/
kg (B), or 100 or 106.7 mg/kg (C, D) of LOX or F-LOX, respectively. Rats were orally pre-administered the indicated dose of aspirin, 1 h before NSAID administration (C, D). The
stomach was removed either 8 h (A, C, D) or at the indicated time-points (B) after the administration of LOX or F-LOX. A-C, the gastric PGE, level was determined by EIA. D, the
stornach was scored for damage. Values are mean + S.EM. "P < 0.01; n.d., not detected.

the availability of established protocols for monitoring gastric pH
and mucus level in this strain.

We found that there was no significant difference in the gastric
lesions produced by subcutaneous administration of F-LOX and
LOX (Fig. 4B). In contrast to treatment with LOX, subcutaneous
administration of F-LOX produced more gastric lesions than oral
administration (Fig. 4B), although the gastric PGE; level in both
cases was similar to that obtained following oral administration of
the drugs (Fig. 4 C). Surprisingly, we found that oral pre-
administration of F-LOX suppressed the production of gastric
lesions induced by subsequent oral administration of LOX (Fig. 4D).
A similar protective effect of F-LOX was observed for indometha-
cin-induced gastric lesions (data not shown). As shown in Fig. 4E
and F-LOX-OH also showed such a protective effect against LOX-
induced gastric lesions. We also found that this protective effect of
F-LOX did not occur following its subcutaneous administration
(data not shown). These results suggest that the direct interaction
of F-LOX (at high concentrations) with the gastric mucosa is
somehow protective against NSAID-induced gastric lesions.

3.3. Mechanism for the protective effect of F-LOX on the gastric
mucosa

To understand the mechanism responsible for the protective
effect of F-LOX, we examined the outcome of oral administration of
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F-LOX or LOX on gastric levels of aggressive (acid) and defensive
(mucus) factors. LOX lowered the gastric pH and mucus content
(Fig. 5A), phenomena that have been reported with various NSAIDs
[8,9]. Surprisingly, oral administration of F-LOX shifted these
indexes in the opposite direction, elevating the gastric pH value
and mucus content (Fig. 5A). However, subcutaneous administra-
tion of F-LOX produced no such effects; subcutaneous administra-
tion of both LOX and F-LOX lowered the gastric pH value and
mucus content (Fig. 5B).

To understand the mechanism responsible for the increase in
the gastric pH value after oral administration of F-LOX, we
measured the gastric content volume and determined the gastric
acid output. As shown in Fig. 5A, oral administration of F-LOX but
not that of LOX increased the gastric content volume, however,
both of these drugs similarly increased the gastric acid output. On
the other hand, subcutaneous administration of both LOX and F-
LOX increased the gastric acid output but did not affect the gastric
content volume (Fig. 5B). These results suggest that oral
administration of F-LOX increases the gastric pH value through
increasing the gastric content volume rather than decreasing the
gastric acid output. Supporting this notion, we found that neither
LOX nor F-LOX affected the H* K'-ATPase activity in membrane
fraction prepared from guinea pig gastric mucosa (Fig. 5C).

To test the contribution of the F-LOX-dependent increase in
gastric pH value to the low ulcerogenic activity of this NSAID, we
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Fig. 4. Protective effect of orally administered F-LOX on the gastric mucosa. (A) SD rats were orally administered the indicated doses of LOX or F-LOX. (B and C) SD rats were
orally (p.o.) or subcutaneously (s.c.) administered 200 or 213.4 mg/kg of LOX or F-LOX, respectively. (D and E) SD rats were orally pre-administered 106.7 mg/kg F-LOX (D) or
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scored for damage. C, the gastric PGE; level was determined by EIA 4 h after the administration of LOX. Values are mean + S.EM. “P < 0.01; n.s., not significant; n.d., not

detected.

examined the effect of a stimulator of gastric acid secretion
(histamine). Pre-administration of 5 mg/kg histamine decreased
the pH value in both the presence and absence of subsequent oral
administration of F-LOX or LOX (Fig. 6A), as a result of which the
extent of the difference in the gastric pH value between the F-LOX-
and LOX-treated groups became less apparent (Fig. 6A). As shown in
Fig. 6B, F-LOX produced fewer gastric lesions than LOX, even
following pre-administration of histamine; however, the extent of
this difference was less marked than in the absence of histamine
treatment. These results suggest that the higher gastric pH value
observed after oral administration of F-LOX is partially responsible
for the lower ulcerogenic activity of this NSAID compared with LOX.

3.4. Mechanism for the stimulative effect of F-LOX on the production
of mucus

We next examined the effect of oral administration of F-LOX or
LOX on the expression levels of mRNAs corresponding to mucin
proteins. As shown in Fig. 7A, oral administration of F-LOX or LOX
either up-regulated or down-regulated, respectively, the mRNA
expression of the mucl, muc5ac and muc6 genes (although the
down-regulation of muc6 mRNA by LOX was not statistically
significant). We also examined the effect of the two NSAIDs on the
production and secretion of mucin in vitro, using a rat normal
gastric epithelial cell line (RGM1 cells). Treatment of these cells
with F-LOX or LOX increased or decreased, respectively, the
mucin content in the culture medium (Fig. 7B). Treatment of cells
with F-LOX-OH also increased the mucin content in the culture
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medium (data not shown). To detect the secretion of pre-produced
mucin, we examined the effect of F-LOX on the mucin secretion from
cells whose protein synthesis was inhibited. Even in this situation,
an increase in the mucin content in the culture medium was
observed following pre-treatment with a protein synthesis inhibitor,
cycloheximide (Fig. 7C), suggesting that the secretion of mucin was
stimulated by F-LOX treatment of the cells. On the other hand,
treatment of the cells with F-LOX up-regulated the expression levels
of mRNAs corresponding to mucin proteins (Fig. 7D). Although there
was a trend towards down-regulation of the mRNA expression of
these genes following LOX treatment, this effect was not statistically
significant (Fig. 7D). Taken together, these results suggest that direct
interaction of F-LOX with the gastric mucosa directly stimulates the
production and secretion of mucin.

Finally, we addressed the molecular mechanism governing
these phenomena. PGE, stimulates the production of mucus
through both EP; and EP,4 receptors [47]. As shown in Fig. 8A, pre-
treatment of RGM1 cells with antagonists for EP, and EP,4 receptors
suppressed PGE,-induced production of mucin but not F-LOX-
induced one (Fig. 8A). EP receptor subtypes are coupled to different
intracellular signaling pathways. The EP, receptor is coupled to
Ca®* mobilization and activation of EP, receptor causes activation
of adenylate cyclase activity and an increase in the cellular level
of cAMP [48]. Thus, we examined the effect of an intracellular
Ca?* chelator that is permeable for cytoplasmic membranes
(BAPTA-AM) or an inhibitor of adenylate cyclase (5Q22536) on
F-LOX-induced production of mucin. As shown in Fig. 8B, pre-
treatment of RGM1 cells with SQ22536 but not with BAPTA-AM
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Fig. 5. Effect of F-LOX and LOX on gastric pH and mucus content. SD rats were orally (A) or subcutaneously (B) administered 100 or 106.7 mg/kg of LOX or F-LOX, respectively,
1 h after which the pylorus was ligated and the rats were maintained for a further 3 h. The gastric pH value, gastric acid output, gastric content volume and the amount of
mucus in the gastric contents were measured as described in the experimental procedures, (C) Activity of H*K*-ATPase in membrane fraction prepared from guinea pig
gastric mucosa was measured in the presence of indicated concentrations of omeprazole (an inhibitor of H*,K*-ATPase), LOX or F-LOX as described in the experimental

procedures. Values are mean + S.EM. “P < 0.01; P < 0.05.

suppressed F-LOX-induced production of mucin. We also found
that treatment of RGM1 cells with F-LOX increased the cellular
level of cAMP to the extent similar to that induced by PGE,
(Fig. 8C). Since neither LOX nor F-LOX activated adenylate cyclase
activity in membrane fraction prepared from guinea pig gastric
mucosa (Fig. 8D), F-LOX seems to activate adenylate cyclase
indirectly. Furthermore, pre-treatment of cells with SQ22536
suppressed not only PGE,- but also F-LOX-induced expression
levels of mRNAs corresponding to mucin proteins (Fig. 8E). Results
in Fig. 8 suggest that direct interaction of F-LOX with the gastric
mucosa increases the level of mucin through increase in the
cellular level of cAMP.

4. Discussion

F-LOX is a derivative of LOX, which is a leading NSAID on the
Japanese market due to its relatively lower incidence of

gastrointestinal complications than other traditional NSAIDs
[31,32]. The results of a previous study, in which we demonstrated
that, compared to LOX, F-LOX has lower ulcerogenic activity but
similar anti-inflammatory activity, led us to propose that F-LOX is
likely to represent a safer NSAID. However, before this compound
can be developed for clinical use, it is first necessary to understand
the molecular mechanism governing its low ulcerogenic activity.

In order to address this, we initially determined the dose-
response profile of F-LOX, which revealed that its ulcerogenic
activity is less than one-twentieth that of LOX when orally
administered. Furthermore, the fact that the time-course for the
production of gastric lesions observed with F-LOX was similar to
that obtained with LOX demonstrated that the former NSAID has
lower rather than slower ulcerogenic activity.

We have previously suggested that both gastric mucosal cell
death due to the membrane permeabilization activity of NSAIDs
and a decrease in the gastric level of PGE; due to COX inhibition are
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Fig. 6. Effects of pre-administration of histamine on the production of gastric lesions by F-LOX and LOX. SD rats were orally pre-administered the indicated dose of histamine,
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as described in the legend of Fig. 5. B, the stomach was scored for damage. Values are mean + S.EM. "P < 0.01; n.d., not detected.

key factors in the production of gastric lesions in vivo [16,20].
Based on this hypothesis, NSAIDs without membrane permeabi-
lization activity or those without the ability to decrease the gastric
level of PGE; (such as COX-2 selective NSAIDs) would represent a
therapeutically beneficial option. Among the clinically used
NSAIDs that we tested, LOX had the weakest membrane
permeabilization activity [30] and, among its derivatives, F-LOX
had the weakest such activity [34]. Therefore, it is not surprising
that in the current study less gastric mucosal cell death was
observed with F-LOX than LOX. Furthermore, as neither LOX nor F-
LOX display COX-2 selectivity [34], it is not unexpected that F-LOX
decreased the gastric level of PGE; to a similar extent to LOX. We
also showed that the lower ulcerogenic activity of F-LOX occurred
even in the presence of an inhibitor of prostaglandin synthesis
(aspirin). Taken together these results led us to conclude that the
lower ulcerogenic activity of F-LOX compared with LOX involved
gastric mucosal cell death rather than the gastric level of PGE,.

In contrast to the above findings following oral NSAID
administration, the ulcerogenic activities of F-LOX and LOX were
indistinguishable when the drugs were administered subcutane-
ously. It is known that most NSAIDs produce more gastric lesions
when administered orally rather than subcutaneously, which is in
accordance with what we observed in the case of LOX in the
present study. However, F-LOX produced more gastric lesions
following subcutaneous administration than following oral ad-
ministration of the drug. By way of explanation for the opposite
effect of F-LOX, we consider a possibility that direct interaction of
this NSAID with the gastric mucosa somehow confers a protective
effect, but that this protection requires relatively higher concen-
trations of F-LOX, which can only be achieved by its oral
administration. In support of this idea, we found that oral but
not subcutaneous pre-administration of F-LOX protected against
the formation of gastric lesions induced by subsequent adminis-
tration of LOX or indomethacin.

A possible explanation for the lower ulcerogenic activity of F-
LOX with oral administration than that with subcutaneous
administration is that F-LOX but not its active metabolite (F-
LOX-OH) confers a protective effect, because we recently found
that the conversion of F-LOX to F-LOX-OH occurred very rapidly
and the serum level of F-LOX-OH peaked within 1 h after either
oral or intravenous administration of F-LOX [49]. However, this
idea was ruled out by following observations in this study; the
ulcerogenic activity of F-LOX-OH was much lower than that of LOX
with their oral administration; oral pre-administration of F-LOX-
OH also suppressed the production of gastric lesions induced by
subsequent oral administration of LOX; as well as F-LOX (see

below), F-LOX-OH increased the level of mucin in culture medium
in vitro.

In order to understand the molecular mechanism governing the
protective activity of F-LOX, we examined the effect of its oral
administration on gastric levels of aggressive (acid) and defensive
(mucus) factors, demonstrating that the gastric pH value and
mucus content were higher following oral administration of the
drug. This result is surprising because it is known that PGE;
inhibits the secretion of acid and stimulates the production of
mucus, and therefore that NSAIDs affect these responses in the
opposite direction through their inhibitory effects on COX and
prostaglandin synthesis [8,9]. This was reflected by the finding that
both oral and subcutaneous administration of LOX caused a
decrease in gastric pH and mucus. Similarly, in contrast to its oral
administration, subcutaneous administration of F-LOX lowered the
gastric pH and mucus content. However, the F-LOX-dependent
decrease in the gastric level of PGE, was indistinguishable
following oral and subcutaneous administration, suggesting that
orally administered F-LOX, in other words, direct interaction of
relatively higher concentrations of F-LOX with the gastric mucosa
exerts its protective effects through a COX-independent mecha-
nism.

Oral administration of F-LOX but not that of LOX increased the
gastric content volume, however, both of these drugs increased the
gastric acid output. On the other hand, subcutaneous administra-
tion of both LOX and F-LOX increased the gastric acid output but
did not affect the gastric content volume. We also found that
neither LOX nor F-LOX affects the H*,K'-ATPase activity in vitro.
These results suggest that direct interaction of relatively higher
concentrations of F-LOX with the gastric mucosa increases the
gastric pH value through increasing the gastric content volume.
However, the mechanism for this increase is unclear at present.

In order to test the contribution of gastric pH value to the
production of lesions after oral administration of F-LOX, we
examined the effect of a stimulator for gastric acid secretion,
histamine. Following oral pre-administration of 5 mg/kg hista-
mine, the difference in gastric pH value in response to oral F-LOX
and LOX treatment became less apparent. Similarly, the difference
in the production of gastric lesions was reduced, suggesting that
the higher gastric pH value contributes to the lower gastric lesion
index after oral administration of F-LOX.

We also found that the expression of mRNAs corresponding to
mucin proteins was up-regulated not only at the gastric mucosa
after oral administration of F-LOX but also in cultured RGM1 cells
treated with this NSAID. Furthermore, a F-LOX-dependent increase
in the level of mucin was observed in the culture medium, these
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Fig. 7. Effect of F-LOX and LOX on the production and secretion of mucin. (A) SD rats were orally administered 100 or 106.7 mg/kg of LOX or F-LOX, respectively, and the gastric
mucosa was removed 4 h later. Total RNA was extracted and subjected to real-time RT-PCR using a specific primer for each gene. Values normalized to the gapdh gene are
expressed relative to the control sample. (B) RGM1 cells were incubated with the indicated concentrations of LOX or F-LOX for the indicated periods. (C) RGM1 cells were pre-
incubated with 5 pg/ml of cycloheximide for 1 h, after which the medium was exchanged to one containing indicated concentrations of F-LOX and cultured the indicated
periods. (B and C) The amount of mucin in the culture medium was determined by ELLA. (D) RGM1 cells were incubated with 1 mM of LOX or F-LOX for 4 h. Expression of each
mRNA was examined as described above. Values normalized to the actin gene are expressed relative to the control sample. Values are mean + S.EM. "P<0.01; n.s., not

significant.

changes occurring even when the cells were pre-treated with an
inhibitor of protein synthesis. These results suggest that F-LOX
affects both production and secretion of mucin.

Since PGE; stimulates production of mucin through both EP;
and EP, receptors [47], we consider the possibility that F-LOX is an
agonist for these receptors. However, this idea was ruled out by the
observation that pre-treatment of RGM1 cells with antagonists for
EP, and EP, suppressed PGE,-induced production of mucin but not
F-LOX-induced one. We then tested whether F-LOX directly affects
the intracellular signalling pathway coupled with EP; or EP4
receptor (Ca®* mobilization or activation of adenylate cyclase and
resulting increase in the cellular level of CAMP, respectively) and
found that pre-treatment of RGM1 cells with an inhibitor of

502

adenylate cyclase suppresses F-LOX-dependent increase in the
level of mucin and that treatment of cells with F-LOX increases the
cellular level of cAMP. Furthermore, we found that pre-treatment
of cells with SQ22536 also suppressed F-LOX-induced expression
levels of mRNAs corresponding to mucin proteins. These results
suggested that F-LOX increases the level of mucin through increase
in the cellular level of cAMP.

In line with improvements in diagnostic procedures, it has
become clear that NSAIDs induce lesions not only in the stomach
but also in the small intestine. However, clinical protocols for the
treatment of NSAID-induced lesions of the small intestine have not
been established. This is because acid secretion is not as important
in the development of these lesions compared with gastric lesions,
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Fig. 8. Molecular mechanism for F-LOX-mediated alteration of production of mucin. RGM1 cells were pre-incubated with 1 pg/m! ONO-8711 (EP, antagonist) and 0.1 wg/ml
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containing indicated concentrations of F-LOX and cultured for 4 h. Expression of each mRNA was examined as described in the legend of Fig. 7. Values are mean + S.E.M.

"P<0.01; 'P < 0.05; n.s., not significant.

as a result of which acid-controlling drugs are not efficacious
[50,51]. In this study, we found that orally administered F-LOX
produced fewer small intestine lesions than LOX. Given that the
direct cytotoxicity of NSAIDs seems to be involved in, and mucus is
protective against, NSAID-induced damage of the small intestine
[52,53], this reduced ulcerogenic activity of F-LOX may be the
result of its lower cytotoxicity and ability to stimulate mucus
synthesis; the development of F-LOX for clinical use is therefore
worth considering. However, the extent of the difference between
F-LOX and LOX was not as apparent in the small intestine as in the
stomach. This may be due to the fact that the pH-increasing
activity by F-LOX does not contribute to the suppression of lesion
production in the small intestine.

In conclusion, this study has revealed that F-LOX is an unique
NSAID, because this NSAID has protective effect against the gastric
mucosa and this unique activity contribute to the ulcerogenic
activity of this NSAID.
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Abstract Esophageal epiphrenic diverticula are uncom-
mon. Traditionally, thoracotomy has been the preferred
surgical approach. Recently, minimally invasive approa-
ches have been reported in a few series. However, the best
surgical approach remains uncertain. In this study, we
review the results of 25 articles discussing laparoscopic or
thoracoscopic surgery. From January 1995 to December
2008, there were a total of 133 patients reported in English-
language journals in PubMed. Nineteen patients (14 %)
underwent thoracoscopic surgery, 112 (84 %) laparoscopic
surgery and two patients (2 %) were treated using a com-
bination approach. The diverticulectomy was performed
using an endostapler device in all patients. A myotomy was
added in 103 patients (83 %). A fundoplication was added
in 106 patients (85 %). There were two deaths during
surgery (2 %). The post-operative morbidity rate was
21 %. The most severe complication was suture-line
leakage, which occurred in 20 patients (15 %). Recently,
we successfully treated a patient with an epiphrenic
esophageal diverticulum by performing a minimally inva-
sive laparoscopic transhiatal resection and Heller myotomy
with Dor fundoplication after observing its enlargement on
radiological and endoscopic examinations over 2 years.
We believe laparoscopic transhiatal resection and Heller
myotomy with Dor fundoplication may therefore become
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the standard treatment modality for minimally invasive
surgery for esophageal epiphrenic diverticulum.

Keywords Achalasia - Epiphrenic diverticulum -
Laparoscopy - Thoracoscopy - Transhiatal approach

Introduction

Epiphrenic diverticula occur in the lower one-third of the
esophagus and are pulsion diverticula of the acquired and
false type. They are rare entities, with an estimated prev-
alence of approximately 0.015 % in the general population
based on radiological data [1]. In large series reporting
clinical findings, 50-80 % of patients had minimal or no
symptoms [2, 3]. These diverticula were often derived from
esophageal motor abnormalities, such as a lack of coordi-
nation between the distal esophagus and lower esophageal
sphincter (LES) [4]. Patients with no symptoms or mildly
symptomatic epiphrenic diverticula can be managed con-
servatively [4]. However, if a diverticulum associated with
dysmotility is enlarging and making symptoms worse,
surgical intervention is indicated [4].

Minimally invasive treatments of epiphrenic diverticula
have been reported in a few series since 1995; however, the
best surgical approach remains uncertain. We reviewed
the literature to provide an overview of the different
approaches that have been used and to determine which
technique(s) provide the best outcome. A search for English-
language articles in PubMed from 1995 to 2008 was
performed using the term “epiphrenic diverticulum AND
thoracoscopy OR laparoscopy.” We reviewed the results of
25 articles containing 133 cases who were treated via either
laparoscopic or thoracoscopic surgery.
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In addition, we recently successfully treated an epi-
phrenic esophageal diverticulum by performing minimally
invasive laparoscopic transhiatal resection and Heller
myotomy with Dor fundoplication after observing the
enlargement of the diverticulum on radiological and
endoscopic examinations over a 2-year period. We herein
describe our surgical approach.

Review of previously published series

In this study, we reviewed the results of a series of 25
articles involving either laparoscopic or thoracoscopic
surgery [4-28]. From January 1995 to December 2008,
there were a total of 133 patients.

Clinical data

The clinical data are summarized in Table 1. There were
47 male and 54 female patients, with a mean age of
60 years (range 32-84). The average maximum size of the
diverticula was 6 cm (range 3.3-10) in diameter. A hiatal
hernia was present in 12 patients (9 %).

Motility findings

The motility findings are also summarized in Table I.
Motility disorders were identified in 108 patients (68 %).
In 31 patients (29 %), the esophageal motor disorder was
characterized as achalasia, 32 patients (30 %) had diffuse
esophageal spasm (DES) or non-specific esophageal
motility disorder (NEMD), and 10 patients (9 %) had a

Table 1 Patient demographics in the 25 published series

Patient demographics

Demographics and preoperative data

Gender (M/F/unknown) 47/54/32
Patient’s age (years) 60 (32-84)°
Maximum diverticulum size (cm) 6 (3.3-10)*
Location of diverticulum (L/R/unknown) 4/13/116
Motility findings n (%) n =108
Achalasia 31 (29)
DES or NEMD 32 (30)
HLES 10 9)
Undetected abnormality 35 (32)
Unknown 25

M male, F female, L left side of the esophagus, R right side of the
esophagus, DES diffuse esophageal spasm, NEMD non-specific
esophageal motility disorder, HLES hypertensive lower esophageal
sphincter

4 Data are expressed as the means (range)

@ Springer

hypertensive lower esophageal sphincter (HLES). One
patient had pseudoachalasia in association with a gastro-
intestinal stromal tumor (GIST) [8].

Surgical treatments

Table 2 summarizes the data about the surgical treatments
used in the 133 patients. Nineteen patients (14 %) were
treated with a thoracoscopic approach, 112 patients (84 %)
with a laparoscopic approach, and two patients (2 %)
underwent a combination approach. The diverticulectomy
was performed using an endostapler in all patients. A
myotomy was added in 103 patients (83 %). A fundopli-
cation was added in 106 patients (85 %). The techniques
used for fundoplication were the Dor in 53 patients (50 %),
Toupet in 35 (33 %), Nissen in 16 (15 %), Belsey in two
2 %).

Mortality and morbidity

The mortality and morbidity of patients in these 25 articles
are summarized in Table 3. There were two surgical deaths
(2 %). One patient died on post-operative day 4 of an acute
myocardial infarction [16]. Another patient died on post-
operative day 61 from renal failure after re-operation for a
suture-line leak [17]. The post-operative morbidity rate was
21 %. The most severe complication was suture leakage,
which occurred in 20 patients (15 %). No differences in
complication rates between laparoscopic or thoracoscopic
approaches were identified.

Table 2 Surgical treatments used in the 25 published series

Surgical treatments

Surgical procedures n (%) n =133
Thoracoscopic 19 (14)
Diverticulectomy 8 (6)
Diverticulectomy -+ myotomy 2(2)
Diverticulectomy + myotomy + fundoplication 2(2)
Unknown 7(5)

Laparoscopic 112 (84)
Diverticulectomy 7(5)
Diverticulectomy + myotomy 1 (1)
Diverticulectomy + fundoplication 6 (5)
Diverticulectomy + myotomy + fundoplication 98 (74)

Thoracoscopic + laparoscopic 2(2)
Unknown 22

Techniques used for fundoplication n (%) n =106

Dor 53 (50)

Toupet 35 (33)

Nissen 16 (15)

Belsey 2(2)
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Table 3 Mortality and

morbidity in the 25 published Morta.tli't y and n=133
series morbidity n (%)
Mortality 2(2)
Morbidity 28 (21)
Staple-line leak 20 (15)
Dysphagia 4 (3)
Pneumonitis 32
GERD 32
GERD gastro-esophageal reflux Dgig;f;ig? L

disease

Case presentation

A 41-year-old male presented to our department for treat-
ment of an epiphrenic esophageal diverticulum causing
dysphagia. He had been diagnosed with achalasia 2 years
prior, and the diverticulum had not existed at that point.
Barium swallow, computed tomography (CT) and gastro-
intestinal endoscopy undertaken by the Department of
Internal Medicine over a 2-year period showed the
appearance and gradual enlargement of the epiphrenic
esophageal diverticulum, resulting in worsened dysphagia
and vomiting (Fig. 1). Barium swallow and CT examina-
tions showed an 8 cm in diameter epiphrenic diverticulum
into which barium accumulated before influx into the
stomach (Fig. 2). Gastrointestinal endoscopy showed con-
siderable food residue in the diverticulum, but there was no
ulceration or evidence of malignancy (Fig. 3). Manometric
examination showed a hypertensive (42 mmHg) non-
relaxing LES and non-peristaltic contractions of the
esophageal body. Surgery was indicated due to the patient’s
symptoms, the size of the diverticulum, and the associated
motor abnormality. Thus, we performed laparoscopic
transhiatal diverticulectomy with Heller myotomy and Dor
fundoplication.

The patient was positioned in a reverse-Trendelenburg
(30°) supine position with legs spread; the surgeon stood
between the patient’s legs (Fig. 4a). Two 12-mm trocars and
three 5-mm trocars were placed (Fig. 4b). Initially, a
pneumoperitoneum was established, enabling us to maintain
a constant abdominal pressure of 10 mmHg. We used a
flexible laparoscope to obtain a clear surgical field via a
transhiatal approach. The abdominal esophagus was isolated
and encircled with a silicon tube for safe traction. The
esophagus was then retracted inferiorly, and the diverticular
pouch was identified and completely cleaned of all adherent
tissue. We resected the diverticulum at its base using an
endostapler (Endo-GIA Universal, Tyco Healthcare, Tokyo,
Japan) four times (Fig. 5a). We took care to extend the
staple line in a straight line (Fig. 5b). Intraoperative
endoscopy was used to insure complete identification of the
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diverticulum using insufflation and deflation, and to identify
the esophageal lumen during the resection of the divertic-
ulum to prevent esophageal stricture (Fig. 6). The site of the
operation was submerged in saline, and air was introduced
into the esophagus via the endoscope to check for leaks. The
myotomy subsequently involved 5 cm of the anterior wall of
the lower esophagus and 2 cm of the stomach, from 3 cm
above the distal limit of the neck of the diverticulum
(Fig. 5c). The gastric fundus adjoined the right side of the
myotomy, including the distal 1/3 of the staple line after
diverticulectomy (Fig. 5d). The fundus was also anchored at
the right crural pillar. Drains were placed below the liver,
the left diaphragm, in both sides of the mediastinum, and
into the left thoracic cavity. The total duration of the oper-
ation was 320 min. Histopathology of the resected specimen
showed false diverticula without any malignant findings.

On post-operative day 4, oral intake was started after the
esophagogram demonstrated no leaks (Fig. 7). The patient
was swallowing well without any further episodes of dys-
phagia 18 months after the operation.

Discussion

There is increasing consensus for the laparoscopic treat-
ment of esophageal diverticula. Technical factors support
this choice, including better visualization of the esophag-
ogastric junction, easier myotomy and performance of
antireflux wrap, and better alignment of the stapler car-
tridge to the longitudinal axis of the esophagus. Potential
disadvantages could be a difficult dissection of the upper
part of the diverticular neck and the major risks of pleural
lesions [16]. According to previous studies in the literature,
the indications for thoracoscopic surgery are (1) suspected
mediastinal adhesions, (2) a fairly large size of diverticu-
lum, (3) after failed laparoscopic resection of epiphrenic
diverticula. [10, 17, 24].

There have been controversies about whether an
esophagomyotomy or an antireflux procedure should be
performed in addition to diverticulectomy. Some authors
recommend a routine esophagomyotomy in every patient,
irrespective of manometric results [3, 9]. The exact asso-
ciation between esophageal diverticula and esophageal
motility disorders is unclear. In some patients, stationary
manometry may fail to demonstrate intermittent esopha-
geal dysmotility. However, many articles suggest that
epiphrenic diverticula occur in association with motility
dysfunction of the esophagus. Nehra et al. [29] have sug-
gested the use of 24-h motility recording in this category of
dysfunction. In their cohort of 21 patients, motility
abnormalities were found in 100 % of cases. Removing the
diverticulum without addressing the abnormal motility has
been associated with a higher incidence of diverticulum
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Fig. 1 A barium swallow
examination showed the
appearance and gradual
enlargement of the epiphrenic
esophageal diverticulum. a July
2006; b February 2007; ¢ July
2008

Fig. 2 CT showed an 8 cm in diameter epiphrenic diverticulum
(arrows)

recurrence and a suture-line leak rate of 10-20 % [3, 30-
33). There is general agreement that it is necessary to
perform a myotomy in association with diverticulectomy to
correct the underlying motor dysfunction [34, 35].

The reflux rate, defined by symptoms or with the
assistance of the pH probe for patients with achalasia who
are status post-Heller myotomy without an antireflux pro-
cedure, range from 14 to 57 % [36-38] Some authors
recommend routine fundoplication in every patient with
myotomy for esophageal diverticulum [9, 24]. However,
controversy exists with regard to the choice of operation
between Nissen, Toupet or Dor fundoplication. We rec-
ommend Dor fundoplication, which has three advantages
for the Heller myotomy. First, it is a much simpler oper-
ation than Toupet or Nissen fundoplication. Second, it
prevents a pseudodiverticulum secondary to an uncovered

@ Springer

Fig. 3 Gastrointestinal endoscopy showed considerable food residue
in the diverticulum

myotomy. Finally, it prevents a major leak if intraoperative
perforations of the esophageal mucosa occur [9]. In fact,
Dor fundoplication was chosen in most patients in the lit-
erature. We also think an antireflux wrap should be used to
cover over the staple line as widely as possible to prevent
esophageal leak, in addition to the myotomy site. However,
we were unable to cover the whole staple line in our
experience, because the wrapped stomach was not large
enough. However, the small wrapped size might be suffi-
cient to cover just the distal 1/3 of the staple line.
Almost all surgeons used intraoperative endoscopy.
Intraoperative flexible endoscopy was helpful in (1) correct
identification of the cranial and distal limits of the neck of
the diverticulum by transillumination; (2) aspiration of
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Fig. 4 a Surgical team
positioning b trocar placement
(two 12-mm trocars and three
5-mm trocars)

VIDEO
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ENDOSCOPY
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Fig. 5 Intraoperative procedures. a Resection of the diverticulum
using an endostapler four times; b taking care to extend the staple line

in a straight line; ¢ myotomy involved 5 cm of the anterior wall of the
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lower esophagus and 2 cm of stomach; d the gastric fundus adjoined
the right side of the myotomy, including a distal 1/3 of the staple line
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Fig. 6 An intraoperative flexible endoscope view of the esophageal
lumen after diverticulectomy

Fig. 7 A post-operative esophagogram demonstrated no leaks

residual food from the diverticulum; (3) helping the dis-
section by insufflation/desufflation of the pouch; (4) iden-
tification of the esophageal lumen during the resection of
the diverticulum to prevent esophageal stricture; (5)
checking for staple-line leakage after the diverticulum
resection and the myotomy [27]. It is important to take care
not to leave the muscular layer defect, and intraoperative
endoscopy was also useful to confirm the correction of the
muscular defect by insufflation/desufflation of the pouch.
According to the pertinent literature, the incidence of
cancer development within esophageal diverticula is
0.3-3 % [39, 40]. There was no cancer in any of the 133

@ Springer

patients who underwent minimally invasive surgery for
epiphrenic diverticula in the current report, however, it is
important to rule out malignancy within a diverticulum
preoperatively.

We successfully treated an epiphrenic esophageal
diverticulum by performing minimally invasive laparo-
scopic transhiatal resection and a Heller myotomy with Dor
fundoplication. For gastroenterological surgeons who have
the experience and skills of laparoscopic Heller and Dor
operations for esophageal achalasia, this surgical approach
will be the easiest, safest and most effective procedure for
esophageal epiphrenic diverticulum. The procedure still
carries a significant morbidity related mainly to suture
leakage, therefore, intraoperative prevention by adequate
surgical technique, and an appropriate treatment strategy in
the event of suture leakage, must be provided. We took
care to extend the staple line in a straight line and to avoid
leaving any muscular defect during resection of the
diverticulum in order to prevent suture leakage.

Unfortunately, because of the rarity of the condition, a
randomized trial of surgical treatment will be difficult to
conduct. Therefore, we reviewed the results of 133 patients
in a series of 25 published articles and our personal

~experience. We believe that a laparoscopic transhiatal
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resection of an esophageal diverticulum and Heller myot-
omy with Dor fundoplication may therefore become the
standard modality using minimally invasive surgery for the
treatment of an esophageal epiphrenic diverticulum.
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Thirty years have passed since Warren and Marshall’s discovery of Helicobacter pylori (H.pylori). Since
then, not only peptic ulcer diseases and chronic gastritis but also non-cardia gastric cancers have been
recognized as diseases originating from H. pylori infection. Several combination therapies consisting
of multiple antibiotics have been developed as first- or second-line regimens to eradicate H. pylori in-
fection. Our extensive experience in the field of anti-H. pylori medicine suggests that clinicians should
consider a possible role for unidentified, invisible pathegens to elucidate the pathogenesis and improve

the treatment of refractory diseases of unknown etiology.
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(doi: 10.2302/kjm.2012-0001-RE; Keio ) Med

Keywords: Helicobacter pylori, CagA, indication, diagnosis, eradication

Introduction

Classical bacteriology techniques have demonstrated
that Helicobacter pylori (Hpylori) is a gram-negative,
flagellated bacterium that expresses catalase and urease,
enzymes which help neutralize host responses and enable
intragastric colonization. One of the early benefits of this
basic research was the realization that virtually all strains
of H. pylori produce urease. This finding led to the devel-
opment of accurate diagnostic tests, including the rapid
urease test and the urea breath test. A stool antigen test
has also emerged as an informative, noninvasive means
by which to diagnose infection via detection of bacterial
antigens.

Before the discovery of intragastric bacteria 30 years
ago, there were several reports of spiral gastric bacteria
dating back to 1890 (Table 1).! The modern discovery of
H. pylori may have been delayed by Palmer’s declaration
in 1954 that there were no microorganisms in the human
stomach. At that time, microorganisms were believed to
be unable to survive in the acidic gastric environment,

and intragastric spiral bacteria had been observed only
post-mortem;” however, the presence of organisms in
the gastric mucosa had been described since the 1890s.
In Japan, Kasai and Kobayashi of the Kitasato Institute
reported propagation of a spirochete-like organism, prob-
ably modern Helicobacter felis, from the stomachs of dogs
and cats but not from laboratory animals.> They showed
that when rabbits infected with these spirochetes were
inoculated with virus fixe, marked hemorrhagic lesions
were produced in the gastric mucosa. In addition, spiro-
chetes inoculated into the mouse gastric mucosa could be
eradicated by arsaminol (a classic equivalent of bismuth).*
Sixty five years later, scientists and doctors again attempt-
ed to treat gastric diseases associated with “spirochetes,”
i.e., Helicobacter pylori infection. To commemorate the
achievements of Kobayashi and coworkers in the Taisho
era, the Rokuzo Kobayashi Memorial Symposium on He-
licobacter pylori was held on May 11th, 2002, in Kita-kan
Hall at Keio University Mita Campus, Tokyo, Japan.*>

Reprint requests to: Hidekazu Suzuki, MD, PhD, Division of Gastroenterology and Hepatology, Department of Internal Medicine, School of
Medicine, Keio University, 35 Shinanomachi, Shinjuku, Tokyo 160-8582, Japan, E-mail: hsuzuki@a6.keio.jp
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Table 1 History of Helicobacter research

Suzuki H, et al: Molecular and Clinical Approaches for H. pylori

Discovery of snake-like bodies in a dog stomach
Discovery of spirochete-like bodies in human stomach
Establishment of an animal model for H. felis infection and first Helicobacter eradica-

Isolation of spirochete-like organism from a human stomach
Denied the existence of microorganisms in the stomach

Detection and isolation of Campylobacter-like organism from biopsied gastric speci-

Recommendation of H. pylori eradication therapy for all patients with peptic ulcer

1892  Bizzozero
1906  Krienitz
1919  Kasai and Kobayashi tion experiment
1938  Doenges
1954  Palmer
1976  Lieber Reduction of gastric NH; by ampicillin
1982 Warren and Marshall men (Campylobacter pyloridis)
1994  NIH Consensus Development Conference di
isease
2002  Marshall Keio Medical Science Prize
2005  Warren and Marshall

Nobel Prize in Physiology and Medicine

Pathogenesis

The most-investigated bacterial toxins of H. pylori are
associated with a segment of bacterial DNA referred to as
the cag pathogenicity island (cag PAI). Genes within the
cag PAI encode proteins such as CagE, an ATPase that
drives a type IV secretory apparatus enabling bacterial
macromolecules, especially the toxin CagA, to translo-
cate into the host cell. The intact cag PAI of H. pylori
plays a significant role in the pathogenesis of chronic
gastritis in humans because the cag PAI is associated
with increased chemokine expression and greater inflam-
mation in gastric mucosal specimens.’ After the CagA
protein is injected into the host cell cytoplasm through
the type I'V secretory system, the EPI YA motif of CagA
is tyrosine-phosphorylated by host Src kinases, and the
phosphorylated protein subsequently alters the gastric
epithelial morphology. Src homology-2 domain-contain-
ing phosphatase 2 (SHP2) is able to bind the EPIYA-B,
EPIYA-C, and EPIYA-D motifs.” Importantly, however,
CagA with the EPIYA-D motif has a higher binding af-
finity for SHP2 than does CagA with the EPIYA-C mo-
tif.® The sequence flanking the tyrosine phosphorylation
site of the EPIYA-D motif (EPIYATIDF), but not that
flanking of the EPIYA-C motif (EPIYATIDD), perfectly
matches the consensus high-affinity binding sequence for
the SH2 domains of SHP2. The CagA proteins of strains
from distinct geographic populations appear to be phos-
phorylated to different degrees, resulting in graded ef-
fects on intracellular signaling.’?

The biological half-life of intracellular CagA in gastric
epithelial cells was recently reported to be approximately
200 min,'? and the activity of CagA as an epigenetic on-
coprotein thus does not persist for a long period in any
single cell. Therefore, the risk of gastric cancer may be
determined by various factors that influence the stability
of intracellular CagA. We recently reported that intracel-
lular CagA is degraded by p53 degradation-induced au-

tophagy;'! however, a specific mutation in p53 increases
the intracellular stability of CagA by inhibiting its au-
tophagic degradation. These findings suggest that dis-
rupting the autophagic degradation of CagA increases
the risk of developing H. pylori-associated gastric cancer.

VacA is the second-most extensively studied H. pylo-
ri virulence factor. In addition to inducing vacuolation,
VacA also promotes several cellular activities, including
membrane channel formation and the release of cyto-
chrome ¢ from mitochondria and consequent apoptosis.
VacA can also specifically inhibit T-cell activation and
proliferation.!> Further studies have confirmed that the
risks for both cancer and peptic ulcers are associated
strongly with the cagd/vacA siml genotype but rarely
with the vac4 s2m2 polymorphism.'?

Oxygen-derived free radicals released from activated
neutrophils extravasated from microvascular beds are
considered to be potential toxic factors involved in H.
pylori-induced gastric mucosal injury because H. pylori
exhibits chemotactic activity for neutrophils."-' Neutro-
phil infiltration of the gastric mucosa leads to the devel-
opment of the initial lesions of H. pylori-associated gas-
tritis. Neutrophils express the enzyme myeloperoxidase,
which, in the presence of Cl7, produces the potent oxidant
hypochlorous anion (OCI") from H,O,. This hypochlo-
rous anion reacts with ammonia, produced from urea by
H. pylori-associated urease, to yield the lipophilic cy-
totoxic oxidant monochloramine (NH,Cl), which freely
penetrates biological membranes to oxidize intracellular
components (Fig. 1, left).! 8-Hydroxy-2-deoxyguanosine
(8-OHdG), which results from the attack of a singlet hy-
droxyl or oxygen radical on guanine, is one of the forms
of DNA damage most commonly induced by reactive
oxygen species. Patients with cag4-positive strains of H.
pylori have higher 8-OHdG levels than do cagA-negative
or H. pylori-negative patients.”> We previously reported
greater enhancement of neutrophil-derived gastric mu-
cosal luminol-dependent chemiluminescence levels in
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Fig. 1 Molecular approaches to Helicobacter pylori infection.

RdxA, NADPH nitroreductase; Fur, ferric uptake regulator; FecAl, a Fe**-dicitrate transporter homolog.

cagA-positive patients than in cag4-negative patients.'®
cagA-positive patients are characterized by greater oxi-
dative DNA damage, both overall and at younger ages, in
the presence of multifocal atrophy.

Infection of gastric epithelial cells with H. pylori in-
creases the accumulation of intracellular reactive oxygen
species (ROS). Increased intracellular oxidative stress
may play a role in the induction of programmed cell
death.”” We recently detected increased mitochondrial
ROS production in H. pylori-infected gastric epithelial
cells. This finding suggests that H. pylori infection alters
the mitochondria. In addition, the antioxidant N-acetyl
cysteine inhibited induction of autophagy and induced
the accumulation of intracellular CagA.!! These results
suggest that intracellular oxidative stress is involved in
the induction of autophagy required for CagA degrada-
tion (Fig. 1, lower right).!!

Metronidazole, a major component of the second-line
H. pylori eradication regimen used in Japan, enters cells
by diffusion, and its antimicrobial toxicity depends on the
reduction of its nitro group to nitro anion radicals and the
subsequent generation of superoxide radicals (O, 7). In

detail, the NADPH nitroreductase of H. pylori reduces the
nitro group of metronidazole to anion radicals that induce
oxidative stress and produce DNA strand breaks, caus-
ing rapid cell death.'® H. pylori expresses only a single
superoxide dismutase, the iron-cofactored enzyme SodB,
which has 53.5% identity with the Escherichia coli protein
FeSod.?® SodB prevents the interaction between iron and
superoxide and also catalyzes the dismutation of super-
oxide (O, 7) into oxygen (O,) and hydroperoxide (H,0,).
The mRNA expression of sodB in H pylori is directly
regulated by the ferric uptake regulator (Fur) protein.?!
We recently found metronidazole-resistant strains of H.
pylori with amino acid mutations in Fur that significantly
reduced its binding affinity for its operator sequence in
the sodB promoter (Fur-Box), resulting in derepression of
sodB mRNA expression.?? In other words, metronidazole
resistance is due to enhanced scavenging activity of cy-
totoxic superoxide (0,7), a major bactericidal component
of metronidazole, because of the derepression of H. pylori
SodB expression by mutant Fur (Fig. 1, left).??

Ferrous iron (Fe?"), an essential cofactor for many en-
zymes and metalloproteins, is necessary for the basal
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functions of all cells as well as for SodB activation.”> We
recently demonstrated that the FecAl protein, a Fe>*-dici-
trate transporter homolog, is essential for SodB activation
but not for the bioactivity of H. pylori** fecAl mRNA
expression is derepressed in metronidazole-resistant .
pylori strains with mutations in Fur.?* Deletion of fecAl
dramatically decreased the minimal inhibitory concentra-
tions (MICs) of metronidazole for H. pylori strains with
Fur mutations,?* suggesting that the activation of SodB
by mutant Fur is supported by the FecAl-dependent Fe?*
supply system (Fig. 1, upper right).

Notably, iz vitro study has shown that metronidazole-
susceptible H. pylori became metronidazole resistant
after several passages on agar plates containing sub-in-
hibitory concentrations of metronidazole.?> From these
findings, it can be readily assumed that metronidazole-
susceptible H. pylori may become metronidazole resis-
tant through repeated exposure to sub-inhibitory con-
centrations of metronidazole. Therefore, it is important
to understand the initial anti-metronidazole response of
metronidazole-susceptible H. pylori to prevent the acqui-
sition of resistance and consequent increased incidence of
metronidazole-resistant H. pylori.

Five families of multidrug efflux transporters have
been described in bacteria.?® One of these five efflux sys-
tems, the RN'D family, has three components, namely, the
inner membrane efflux proteins, a periplasmic effiux pro-
tein, and an outer membrane efflux protein (the TolC, or
TolC homolog protein).?’” Four RND families have been
identified in H. pylori (HP0605 to HP0607; HefABC and
HP0971 to HP0969; HefDEF and HP1327 to HP1329;
HefGHI and HP1489 to HP1487), and these proteins are
reportedly involved in the development of multidrug re-
sistance.?® We recently explored the variations in tran-
scription of the RND efflux pump systems in the initial
phases of the development of metronidazole resistance
in vitro. In this study, the MICs of metronidazole for 9
out of 10 metronidazole-susceptible strains cultured on
plates containing sub-inhibitory concentrations of met-
ronidazole increased to levels similar to those for met-
ronidazole-resistant strains. In the newly metronidazole-
resistant strains, exposure to metronidazole significantly
increased the expression of the TolC efflux pump (hef4)
with no decrease in the metronidazole-reduction activity,
suggesting that overexpression of the TolC efflux pump
hefA4 may be the first step in the acquisition of metronida-
zole resistance in H. pylori.?®

H. pylori and gastric cancer — molecular approach

Gastric epithelium changes during the progression
from inflammation to cancer, with evidence of disruption
of normal epithelial cell differentiation and recruitment
of inflammatory cells.>® Coincident with the development
of atrophic gastritis and intestinal metaplasia is the loss
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of expression of the gastric morphogen sonic hedgehog
(Shh).3'*2 Loss of Shh is reportedly an early change in
carcinogenesis of the gastric mucosa, prior to neoplastic
transformation. We have demonstrated in humans that
the suppression of Shh expression in the gastric mucosa
by H. pylori infection was restored after eradication of
the infection and that earlier eradication more fully re-
stored Shh expression in the gastric mucosa.’>3*
MicroRNAs (miRNAs) are post-transcriptional regula-
tors of gene expression that are involved in development,
cell proliferation, and immune responses. Recent studies
have shown that some miRNAs act as tumor suppressors
or oncogenes in gastric cancer.>> Some miRNAs, includ-
ing miR-146, miR-155, miR-21, miR-27a, miR-106—93-25,
the miR-221-222 clusters, and the miR-200 family, are
possibly involved in H. pylori infection and associated
gastric cancers.’® miRNA expression profiling may be a
powerful tool for clinical cancer diagnosis, and regula-
tion of miRNA expression could be a novel strategy for
the chemoprevention of human gastrointestinal cancers.?’

H. pylori and gastric mucosa-associated lymphoid
tissue lymphoma — molecular approach

H. pylori eradication has become widely accepted as an
initial treatment strategy for stage [ gastric marginal zone
B cell lymphoma of the mucosa-associated lymphoid tis-
sue (MALT) type. H. pylori-positive low-grade gastric
MALT lymphoma regresses both endoscopically and
histopathologically after H. pylori eradication in 60%—
80% of such cases.>® The presence of a t(11;18)(q21;q21)
translocation appears to be a major predictor of failure to
respond. This translocation is associated with an API2-
MALTI fusion; the former is involved in the regulation
of apoptosis, and the latter is a caspase-like protein with
an as yet unknown biological function. The fusion causes
suppression of apoptosis. Several studies have reported
that MALT lymphomas with this translocation respond
only rarely or not at all to H. pylori eradication.

Methylation of the pl6/INK4a gene was observed in
60% of MALT lymphomas; however, p/6 gene methyla-
tion status did not correlate with the presence of API2-
MALTI fusion or any other clinicopathological factor,
suggesting that aberrant methylation of the pl6 gene
might be an early event in MALT lymphomagenesis.®®
Examination of the methylation profiles of eight CpG
islands, namely pl5, pl6, p73, hMLHI, DAPK, MINTI,
MINT2, and MINT3I, revealed that more than four genes -
were methylated in H. pylori-dependent MALT lym-
phomas while fewer than two genes were methylated in
non-H. pylori-dependent cases, indicating that the patho-
genesis of gastric MALT lymphomas, including the ab-
errant DNA methylation pattern, may differ between H.
pylori-dependent and non-H. pylori-dependent cases.*?
Aberrant DNA methylation thus plays critical roles in the
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