
INTRODUCTION

Accelerated apoptosis of gastric epithelial cells
is one of the important events relevant to chronic,
atrophic gastritis caused by Helicobacter pylori (Hp)
infection (1, 2). Increased expression of suicide ligands
and their receptors, such as tumor necrosis factor-α
(TNF-α) (3) and the Fas receptor (4), has been sug-
gested to participate in this apoptosis. However, it
is still unclear whether distinct bacterial factors are
involved in this apoptosis.

Hp strains are grouped into two families, type I

and type II. Patients with the gastric lesions are most
often infected with type I strains that are character-
ized by the presence of the cytotoxin-associated gene
A (cagA) and the vacuolating cytotoxin gene A (vacA)
(5). Type I strains have an insertion of approximate-
ly 40 kb of foreign DNA, named the cag pathogenicity
island (PAI), and the Hp cag PAI contains 31 genes,
including cagA (6). These genes are now recognized
as transmissible DNA that encodes virulence factors
and maps in the chromosome of pathogenic organ-
isms. Among the cag PAI genes, cagE (picB), cagG,
cagH , cagI , cagL , and cagM are involved in the ac-
tivation of nuclear factor (NF)-κB and stimulation of
interleukin (IL)-8 secretion from gastric epithelial
cells (7, 8). Six of the cag PAI genes code for the
core subunits of the type IV export machinery that
can transfer CagA protein into host epithelial cells,
and translocated CagA has been shown to be tyrosine
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phosphorylated by host cells (9-12).
Compared to these virulent factors,Hp lipopolysaccharide

(LPS) is generally accepted as a low-toxic substance,
compared with those of Salmonella enterica or Escherichia
coli (E. coli) (13, 14). However, Hp LPS was been
shown to stimulate histamine release and DNA syn-
thesis in rat enterochromaffin-like cells more effec-
tively than E. coli LPS (15). We also demonstrated
that Hp LPS could enhance production of superoxide
anion in primary cultures of guinea pig gastricmucosal
cells (16, 17), suggesting that Hp LPS has an ability
to trigger innate immune responses including acti-
vation of NF-κB.
We report here that LPS from type I Hp , but not

type II strains, acts as a potent inducer of apoptosis
of cultured cells of gastric mucosa from guinea pigs.
The present findings suggest that the difference in
apoptosis-inducing action between the type I and
type II may explain, at least in part, an important
role of the cag PAI genes in the pathogenesis of Hp
infection.

MATERIALS AND METHODS

Preparation and culture of gastric mucosal cells
under LPS-free conditions

Gastric mucosal cells were isolated aseptically from
guinea pig fundic glands (17). In this study, all re-
agents used for culture were free from detectable
amounts of LPS by the Limulus amebocyte lysate
assay (Endospecy ; Seikagaku Kogyo Co., Tokyo,
Japan). The isolated cells were cultured for 2 days
in RPMI 1640 (GIBCO, Grand Island, NY), containing
50 µg/ml gentamicin, 100U/ml penicillin G, and 10%
LPS-free fetal bovine serum (FBS ; ICN Biomedicals,
Aurora, OH). This complete medium contained <
0.01 EU/ml of LPS. After culturing for 2 days, the
growing cells were composed of pit cells (about 90%),
pre-pit cells (about 5%), parietal cells (4-5%), mucous
neck cells (less than 1%), and fibroblasts (less than
1%) (17).

Isolation and culture of clinical Hp strains

The present experiments were approved by the
ethics committees of theMedical Faculty of Hokkaido
University. All procedures involving animals were
approved by the Animal Care and Use Committee
of the University of Tokushima. Clinical isolates of
Hp were established from gastric biopsy specimens
and were cultured for up to 5 days on Hp -selective

agar plates (EikenChemical Co., Tokyo, Japan) under
microaerophilic conditions (12% CO2-5% O2-83% N2).
The organisms were identified asHp by Gram-staining,
colony morphology, and positive-oxidase, -catalase,
and-urease reactions. A single colony on the agar
plate was picked up and cultured in brucella broth
(GIBCO) supplemented with 5% FBS and 10 µg/ml
vancomycin.

Determination of genotypes of clinical isolates

Bacterial genomic DNA was extracted, and PCR
was performed using the following primer sets :
vacA, 5’-ATGGAAATACAACAAACACA-3’ and 5’-
CTCCAGAACCCACACGATT-3’ or 5’-TACAAACC
TTATTGATTGATAGCC-3’ and 5’-AAGCTTGATT
GATCACTCC-3’ ; cagA, 5’-GGGGATCCATGACT
AACGAAACC-3’ and 5’-GGCTTAAGTGATGGGA
CACCCAA-3’ ; cagE , 5’-GCTAGTTATAGAGCAA
GAGGTTCAA-3’and 5’-TAGTTGTTAGTAAGGAT
CACCCCAT-3’ ; and cagG , 5’-CCCTAATATCGGT
GGTAAAAA-3’and 5’-CTATTTGCTTGGTGTCTT
ATC-3’. The sequences of these primers corresponded
to the cag PAI genes of Hp NCTC 11638. PCR was
performed under the following conditions : 35 cycles
of 1 min at 92℃, 1 min at 52℃, and 1 min at 72℃.
For Southern blot analysis, 10 µg of genomicDNA

ofHpwas digested with HaeIII, HindIII, or EcoRI (New
England Biolabs., Beverly, MA.), electrophoresed on
1% agarose gel, and then transferred onto a nylon
membrane. The cagA , cagE , cagG , and vacA probes
prepared as described above were labeled with
digoxigenin (DIG) using a PCR DIG probe synthesis
kit (Roche, Basel, Switzerland). The membrane was
treated to hydridize with one of the labeled probes
for 20 h at 42℃ in DIG Easy Hyb (Roche). After
being washed sequentially in 2x standard saline
citrate (SSC) containing 0.1% sodium dodecyl sulfate
(SDS) and 0.2x SSC-0.1% SDS, the hybridized probes
were examined using a DIG Nuleic Acid Detection
Kit (Roche).

Preparation of Hp LPS and lipid A

LPS was prepared from six clinical strains by the
hot-phenol-water method of Westphal and Jann (18)
and subsequently treated with DNase 1, RNase A,
and proteinase K, as described by Moran et al. (19).
The treated LPS was ultracentrifuged and dialyzed
against LPS-free water (Otsuka Pharmaceutical Co.,
Tokushima, Japan). LPS from E. coli K-235 strain
was purchased from Sigma Chemical Co. (St. Louis,
MO). The ketosidic linkage between core oligosaccharide
and lipid A was decomposed by boiling LPS in 0.1 M
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acetate buffer (pH 6.5) for 1 h (20). Lipid A was
pelleted by centrifugation at 3,000 x g for 30 min.
Precipitated lipid A was dissolved in LPS-free saline
(Otsuka Pharmaceutical Co.). After the purified LPS
and lipid A had been lyophilized, their dry weights
and Limulus activities were measured using a Sartorius
Supermicro (model S4 ; Sartorius, Göettingen, Ger-
many) and by the Limulus amebocyte lysate assay,
respectively.

Analyses of DNA fragmentation and nuclear mor-
phology

Cells were cultured for 48 h and treated with LPS.
Cells both floating and attached to dishes were lysed
for 30 min at 4℃ in 200 µl of 10 mM Tris-HCl buffer
(pH8.0), containing 10 mM EDTA and 0.5% (vol/vol)
Triton X-100. Fragmented DNA of these samples was
isolated and analyzed as described previously (16).
In separate experiments, cells were fixed with 2%
paraformaldehyde in PBS for 30 min at room tem-
perature and were stained with the fluorescent dye
Hoechst 33342 (Sigma Chemical Co.). Chromosomal
condensation and fragmentation were examined using
a fluorescencemicroscope, asdescribedpreviously (16).

Detection of TLR4 transcript

Total RNA was isolated from guinea pig gastric
mucosal cells by treating themwith an acid guanidinium
thiocyanate-phenol-chloroformmixture (21). Reverse
transcriptase (RT)-PCR was carried out to detect the
TLR4 transcript using the following PCR primer
sets : 5’-TCACCTGATGCTTCTTGCTG-3’ and 5’-
AGTCGTCTCCAGAAGATGTG-3’. The resultant PCR
products were separated on an agarose gel, purified
and ligated into a pCR42-TOPO vector (Invitrogen,
Carlsbad, CA.), and transformed into JM109 cells.
Transformed plasmids containing the appropriate
insert DNA were selected and sequenced with a
DNA sequencer (model ABI 377 ; PE Biosystems
Japan, Tokyo, Japan).
For measurement of the TLR4mRNA level, total
RNA (8 µg per lane) was subjected to electrophoresis
in 1% agarose gel and transferred to a nylon filter
membrane. After prehybridization, the membrane
was hybridized for 4 h at 60℃ in a Rapid hyb buffer
(Amersham Pharmacia) containing the amplified TLR4
cDNA or a cDNA probe for human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, ATCC57494 ;
American Type Culture Collection, Rockville, MD).
These probes were prelabeled with [α-32P] deoxy-CTP
using a random primer kit (Amersham Pharmacia).
The membrane was washed twice with 2x SSC con-

taining 0.5% SDS for 10 minutes at 65℃ and then
three times with 0.2x SSC containing 1% SDS. Bound
probes were autoradiographed by exposure of Kodak
X-Omat films for an appropriate time at-80℃.

Detection of TLR4 protein

An anti-TLR4antibody was raised by subcutaneous
immunization of a rabbit with a synthetic peptide
of the amino acid residues 183 to 199 of human TLR4
(22). The keyhole limpet hemocyanin-conjugated
peptide was injected into the rabbit with Freund’s
complete adjuvant. Serum was collected and further
purified by affinity chromatography with the synthetic
peptide-conjugated agarose. A membrane fraction from
guinea pig gastric mucosal cells was prepared as de-
scribed previously (17). Each sample of 20µg protein per
lane was separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using a 7.5% polyacrylamide
gel and transferred to a polyvinylidene difluoride filter
membrane. After blocking nonspecific binding sites
with 4% purified milk casein, the membrane was in-
cubated for 1 h at room temperature with the anti-
TLR4 antibody. Bound antibodies were detected using
an enhanced chemiluminescence system (Amersham
Pharmacia, Piscataway, NJ). They were then removed
by rinsing themembranes for 15min at 50℃ in 60mM
of Tris-HCl buffer, containing 0.1mM2-mercaptoethanol
and 2% SDS. After washing with PBS, the membrane
was again subjected to immunoblotting with an anti-
body against actin (Oncogene Res., Cambridge,MA).

Analysis of TLR4 signaling

For detection of transforming growth factor-β-activated
kinase 1 (TAK1) and TAK1-binding protein 1 (TAB1),
cellular proteins were prepared in the presence of
inhibitors of both proteases and phosphatases as de-
scribed previously (23). Phosphorylation of the proteins
was also confirmed by treatment with 5 U of bacte-
rial alkaline phosphatase as previously described (23).
Each sample (20 µg protein) was separated by SDS-PAGE
in 7.5% polyacrylamide gel and transferred to a
polyvinylidene difluoride filter membrane. After block-
ing with 4% purified milk casein, the membrane was
incubated for 1 h at room temperature with a 1 : 500
dilution of polyclonal antibody against 554 to 579
amino acid residues of mouse TAK1 or 480 to 500
residues of humanTAB1 (fromDr.Matsumoto, Nagoya
University, Nagoya, Japan). Bound antibodies were
detected by the enhanced chemiluminescence sys-
tem, and then actin was detected, as described above.
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RESULTS

Effects of Hp LPS from clinical isolates on apoptosis
of gasric mucosal cells

According to the results of PCR and Southern
blot analyses, Hps 1, 2, and 3 were vacA (+) and cag
PAI (+) strains (type I).Hps 5 and 6 were determined
to be vacA (+) and cag PAI (-) strains (type II). Hp 4
was identified as a mutant with partial deletion of
cag PAI (Table 1). As listed in Table 1, the specific
Limulus activities of LPSs from cag PAI-negative strains
(Hps 5 and 6) were 4,300-to 420,000-folds lower than
those from the type I Hps , while Hp 4, a partial de-
letion mutant of cag PAI, had a similar Limulus ac-
tivity to those of type I Hp strains (Table 1).
LPS was extracted from these clinical isolates by
the hot-phenol-water method. Treatment of gastric

mucosal cells with 42 EU/ml of Hp 1 LPS caused
DNA ladder formation within 5 h (data not shown).
When cells were incubated with different concen-
trations of Hp 1 LPS for 8 h, this LPS at a concen-
tration of 42 EU/ml (385 ng/ml) or higher induced
DNA fragmentation (Fig. 1A). Based on these findings,
gastric mucosal cells were treated for 8 h with 42
EU/ ml of LPS from one of the clinical isolates. All
of the type I Hps induced apoptotic DNA ladder
formation (Fig. 1B) and increased the numbers of
apoptotic cells with condensed and fragmented nu-
clei (Fig. 1C), while Hps 4-6 failed to stimulate these
cellular responses.

Determination of active components of Hp LPS

The LPS extracted by the hot-phenol-water method
might have contaminants, such asDNA, RNA, anddena-
tured protein. Hp 1 LPS extracted by the hot-phenol-water

Table 1. Specific Limulus activities of LPS and lipid A of clinical isolatesa

Organism Genotypes Limulus activity of LPS (EU/µg)

E. coli

Hp 1
Hp 2
Hp 3
Hp 4
Hp 5
Hp 6

vacA (+), cagA (+), cagE (+), cagG (+)
vacA (+), cagA (+), cagE (+), cagG (+)
vacA (+), cagA (+), cagE (+), cagG (+)
vacA (+), cagA (+), cagE (-), cagG (-)
vacA (+), cagA (-), cagE (-), cagG (-)
vacA (+), cagA (-), cagE (-), cagG (-)

344
109
73.3
593
157
0.0014
0.017

aHp genotypes were determined by PCR and Southern blot analyses, as described in MATERIALS AND
METHODS. LPS was purified from these Hps (1 through 6), as described in MATERIALS AND
METHODS. The dry weight and Limulus activity were measured.

Fig. 1. Effects of Hp LPS from clinical isolates on apoptosis of gastric mucosal cells. After cultured cells were washed with saline,
they were treated for 8 h with different concentrations of Hp 1 LPS (A) or 42 EU/ml of LPS from each clinical strain (B) in RPMI
1640 containing 0.1% FBS. These cells were harvested and analyzed for DNA ladder formation, as described in MATERIALS AND
METHODS. Results were similar in three separate experiments. The cells were stained with Hoechst 33342 (C) as described in
MATERIALS AND METHODS. Numbers of cells having condensed and fragmented nuclei were counted, and the percentages of
apoptotic cells are shown. Values are the means±SD (n=8). #Significantly increased vs. vehicle-treated cells (P<0.05 by ANOVA and
Scheffé’s test).
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methodwas treatedwithDNase1,RNaseA, or proteinase
K, but none of these enzymes removed the activity
of Hp 1 LPS (Fig. 2B, lanes 2-4). Polymyxin B in-
hibited the Hp LPS-induced ladder formation (Fig.
2B, lanes 5-8), and lipid A was confirmed to be a
bioactive component of Hp LPS (Fig. 2 A).

Effects of E. coli LPS and TNF-α on apoptosis of
gastric mucosal cells

We also tested whether the activity was specific
for Hp LPS. For this purpose, we examined the ef-
fect of E. coli LPS from a commercial source. As
shown in Fig. 3A, E. coli LPS (K-235 strain) similar-
ly induced apoptotic DNA fragmentation as observed
in Hp1. Next we examined the possibility that LPS
could stimulate gastric epithelial cells or that a con-
taminating cell population induced TNF-α. It was
previously reported that TNF-α subsequently induced

apoptosis. Recombinant mouse or human TNF-α up
to 50 ng/ml (Fig. 3B, lanes 2 or 3, respectively) did
not stimulate apoptosis. Thus, we confirmed that LPS
directly stimulated gastric mucosal cell apoptosis.

Expression of TLR4 in gastric mucosal cells

Among the TLR family members, TLR4 is now
identified as the specific receptor for LPS in vivo and
in vitro (24). Guinea pig gastric mucosal cells ex-
pressed low levels of the TLR4 transcript and de-
tectable amounts of its protein (Fig. 4A). In response
to Hp 1 LPS, gastric mucosal cells significantly in-
creased the level of TLR4 protein (Fig. 4B) in as-
sociation with an increase in the TLR4 mRNA level
(Fig. 4A).

Stimulation of TLR4 signaling by Hp LPS

We also examined whether Hp LPS actually stimu-

Fig. 2. Determination of active component of Hp LPS. Lipid A was
isolated as described in MATERIALS AND METHODS. Cultured
guinea pig gastric mucosal cells were incubated for 8 h with different
concentrations of Hp 1 lipid A (A). Hp 1 LPS (42 x 103 EU/ml) ex-
tracted by the hot-phenol-water method was treated with 0.1 mg/ml
DNase 1, 0.1 mg/ml RNase A, or 0.1 mg/ml proteinase K for 12 h,
4 h, or 4 h, respectively. Treated LPSs were boiled for 1 h to inacti-
vate the enzymes. The gastric mucosal cells were incubated for 8
h at 37℃ with saline (B, lane 1) or one of these LPSs (42 EU/ml)
(B, lanes 2-4). After Hp 1 LPS (42 EU/ml) was incubated for 1 h at
37℃ with different concentrations of polymyxin B, the gastric mucosal
cells were treated for 8 h with 42 EU/ml of Hp 1LPS (B, lanes 5-8).
The treated cells were harvested and analyzed for DNA ladder for-
mation as described in the legend to Fig. 1. Results were similar in
three separate experiments.

Fig. 3. Effect of E. coli LPS or TNF-α on DNA ladder formation. Cultured
guinea pig gastric mucosal cells were treated with different concentrations of
E. coli LPS (A), 42 EU/ml Hp 1 LPS (B, lane 1), or 50 ng/ml of recombinant
mouse (B, lane 2) human (B, lane 3) TNF-α at 37℃ for 8 h in RPMI 1640
containing 0.1% FBS. DNA fragmentation was analyzed as described in the
legend to Fig. 1. Results were similar in three separate experiments.
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lated TLR4 signaling. TAK1 is a mitogen-activated pro-
tein kinase kinase kinase that activates c-Jun N-terminal
kinase-and NF-κB-cascades (25, 26). TAK1 is now
recognized as one of the common signal transmis-
sion molecules for TLR4 and IL-1receptor signaling
pathways (26, 27). TAB1 functions as an activator
for the TAK1 (28). Treatment with Hp LPS rapidly
phosphorylated TAK1 (Fig. 5A) and TAB1 (Fig. 5B).
It should be noted that Hp 1 and E. coli LPSs acti-

vated these proteins, while Type II strains (Hps 5
and 6) did not phosphorylate them, suggesting that
the Hp cag PAI genes are necessary for the syn-
thesis of LPS that stimulates TLR4 signaling.

DISCUSSION

In this study, we showed that guinea pig gastric

Fig. 5. Phosphorylation of TAK1 and TAB1 by LPS. Cul-
tured cells were treated with 42 EU/ml of Hp 1 LPS for
the times indicated (upper panels in A and B) or with 42
EU/ml of LPS from three Hp clinical strains (Hps 1, 5,
and 6) and 34 EU/ml of E. coli for 60 min (lower panels
in A and B). Whole-cell proteins were prepared from
these cells as described inMATERIALS ANDMETHODS.
Protein extracts were also prepared from the cells after
treatment with 42 EU/ml of Hp 1 LPS for 2 h and were
treated with bacterial alkaline phosphatase (BAP) (lane
7), as described in MATERIALS AND METHODS.
Immunoblot analysis was performed with an antibody
against TAK1 or TAB1, as described inMATERIALS AND
METHODS. p-TAK1, phosphorylated TAK1 ; p-TAB1,
phosphorylated TAB1. Similar results were obtained
in three separate experiments.

Fig. 4. Detections of TLR4 transcript and protein in gastric mucosal cells. Total RNA was isolated from cultured guinea pig gastric
mucosal cells as described in MATERIALS AND METHODS. After cells had been treated with 42 EU/ml of Hp 1 LPS for the indi-
cated times, total RNA (8 µg per lane) was separated in a 1% agarose gel. Northern hybridization with the cDNA probe for TLR4 or
GAPDH was performed as described in MATERIALS AND METHODS. The levels of TLR 4 and GAPDH were quantified by laser
densitometry, and the ratios of TLR4/GAPDH are expressed as means±SD (n=4) (A). Membrane proteins were prepared from the
gastric mucosal cells as described in MATERIALS AND METHODS. Immunoblot analysis was performed with an antibody against
TLR4. Bound antibodies were then removed by rinsing the membranes for 15 min at 50℃ in 60 mM Tris-HCl buffer, containing 0.1
mM 2-mercaptoethanol and 2% SDS. The membrane was again subjected to immunoblotting with an antibody against actin. The
levels of TLR 4 and membrane-associated actin were quantified by laser densitometry, and the ratios of TLR4/actin are expressed as
the means±SD (n=4) (B). #Significantly increased vs untreated control cells (P<0.05 by ANOVA and Scheffé’s test).
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mucosal cells expressed TLR4 and were sensitive
to LPS of type I, but not to that of type II strains.
The complete genome sequencing of Hp should pro-
vide a genetic basis for more fully understanding the
biological processes. The proteins encoded within
the Hp cag PAI genes contain the motifs found in
bacterial proteins, including translocases, sensors,
permeases, flagellum assembling proteins, and com-
ponents of the type IV secretion machinery (10).
Complete or partial deletion of or insertion of a new
gene into cag PAI, or rearrangements of the genes
within cag PAI are proposed as the basis for modi-
fied or reduced virulence (6-8).
Compared with these virulence factors, less at-
tention has been paid to Hp LPS, since 1,000 to
10,000-folds higher concentrations of Hp LPS are
required for activation of host spleen cells ormacrophages
than those of LPSs from other Gram-negative bac-
teria (13, 14). In addition to the lower immunologi-
cal activities, Hp LPS contains Lewis blood antigens,
and the molecular mimicry has been proposed to
camouflage and allow colonization to persist chroni-
cally. Hp frequently changes its LPS molecule de-
pending upon culture conditions (29) and the num-
ber of passages (19). The diversity of theHp genomes,
especially encoding the outer membrane proteins
or enzymes for LPS synthesis, is known (30). How-
ever, these findings are limited to the biosynthesis
of Lewis antigens in the O-polysaccharide regions,
such as α3-fucosyltransferase gene (31). We dem-
onstrated that lipid A, but not polysaccharides, a
bioactive cell wall component ofHp, induced apoptosis,
although the molecular basis for biosynthesis of Hp
lipid A is not fully understood.
According to the information on synthetic E. coli-like

lipid A, phosphate-patterns, the numbers of acyl chains,
and fatty acid compositions are important for the
full expression of a range of biological activities (29).
For example, the lipid A composed of bisphosphates
and hexaacyl chains is more toxic than that composed
of monophosphate and tetraacyl chains (32).Hp syn-
thesizes two types of lipid A molecules ; hexaacyl-
and tetraacyl-lipid A (19, 29). Hexaacyl-lipid A has
two phosphates or phosphorylethanolamines on the
lipid A disaccharide backbone, while tetraacyl-lipid
A contains only one phosphate. The potency of Hp
tetraacyl-lipid A has about 4-fold lower toxicity on
human monocytes than that of the hexaacyl-form
(33). At present, there is no evidence that the cag
PAI genes directly participate in the synthesis of
bioactive lipid A molecule, and the genomic basis
for the linkage between the cag-PAI genes and lipid

A biosynthesis remains to be elucidated. However,
it is possible that as observed in the known virulence
genes, the cag PAI genes indirectly support the
biosynthesis of endotoxin, LPS.
TLRs are now characterized as a family of mam-

malian homologs of Drosophila Toll. Among the TLR
family, TLR4 confers responsiveness to LPS from
Gram-negative bacteria, while TLR2 responds to the
cell wall component fromGram-positive bacteria, such
as a lipoprotein (34). The difference between type I
and type II LPSs in the proapoptotic action coin-
cided with the TLR4-stimulating action. Activation
of TLR4 signaling also results in the activation of
NF-κB, a crucial transcription activator of many in-
flammatory response genes, which was previously
reported (16, 17). Accelerated apoptosis has been ob-
served in gastric mucosal lesions caused by Hp in-
fection, particularly in chronic, atrophic gastritis, while
the molecular basis for this apoptosis is not known.
At present, it is unclear whether TLR4-mediated
signalings stimulated by type I Hp LPS actually par-
ticipate in the development of gastric mucosal le-
sions. However, the present findings suggest that
the diversity of the proapoptotic action of Hp LPS
is one of the important determinants of virulence of
Gram-negative bacteria.

REFERENCES

1. Shirin H, Moss SF : Helicobacter pylori induced
apoptosis. Gut 43 : 592-594, 1998

2. Wagner S, Beil W, Westermann J, Logan RPH,
Bock CT, Trautwein C, Bleck JS, Manns MP :
Regulation of gastric epithelial cell growth by
Helicobacter pylori : evidence for a major role
of apoptosis. Gastroenterology 113 : 1836-1847,
1997

3. Shibata J, Goto H, Arisawa T, Niwa Y, Hayakawa
T, Nakayama A, Mori N : Regulation of tumor
necrosis factor (TNF) induced apoptosis by sol-
uble TNF receptors in Helicobacter pylori in-
fection. Gut 45 : 24-31, 1999

4. Rudi J, Kuck D, Strand S, Herbay AV, Mariani
SM, Krammer PH, Galle PR, Stremmel W: In-
volvement of CD95 (APO-1/Fas) receptor and
ligand system inHelicobacter pylori-induced gas-
tric epithelial apoptosis. J Clin Invest 102 : 1506-
1514, 1998

5. Xiang ZY, Censini S, Bayeli PF, Telford JL, Figura
N, Rappuoli R, Covacci A : Analysis of expres-
sion of cagA and vacA virulence factors in 43

T. Kawahara et al. H. pylori-induced gastric mucosal cell apoptosis１７２ T. Kawahara et al. H. pylori-induced gastric mucosal cell apoptosis１７２



strains of Helicobacter pylori reveals that clini-
cal isolates can be divided into two major types
and that cagA is not necessary for expression
of the vacuolating cytotoxin. Infect Immun 63 :
94-98, 1995

6. Censini S, Lange C, Xiang Z, Crabtree JE, Ghira
P, Borodovsky M, Rappuoli R, Covacci A : cag,
a phathogenicity island of Helicobacter pylori,
encodes type I-specific and disease-associated
virulence factors. Proc Natl Acad Sci USA 93 :
14648-14653, 1996

7. Glocker E, Lange C, Covacci A, Bereswill S, KistM,
Pahl HL : Protein encoded by the cag pathogenicity
island of Helicobabacter pylori are required for
NF-κB activation. Infect Immun 66 : 2346-2348,
1998

8. Sharma SA, TummuruMKR, BlaserMJ, Kerr LD :
Activation of IL-8 gene expression byHelicobacter
pylori is regulated by transcription factor nuclear
factor-κB in gastric epithelial cells. J Immunol
160 : 2401-2407, 1998

9. Asahi M, Azuma T, Ito S, Ito Y, Suto H, Nagai
Y, Tsubokawa M, Maeda S, Omata M, Suzuki
T, Sasakawa C : Helicobacter pylori CagA protein
can be tyrosine phosphorylated in gastric epi-
thelial cells. J Exp Med 191 : 593-602, 2000

10. Covacci A., Telford JL, Giudice GD, Parsonnet
J, Rappuoli R : Helicobacter pylori virulence and
genetic geography. Science 284 : 1328-1333, 1999

11. Odenbreit S., Puls J, Sedlmaier B, Gerland E,
Fisher W, Hass R : Translocation of Helicobacter
pylori CagA into gastric epithelial cells by type
IV secretion. Science 287 : 1497-1500, 2000

12. Stein M., Rappuoli R, Covacci A : Tyrosine
phosphorylation of the Helicobacter pylori CagA
antigen after cag -driven host cell translocation.
Proc Natl Acad Sci USA 97 : 1263-1268, 2000

13. Muotiala A, Helander IM, Pyhala L, Kosunen TU,
Moran AP : Low biological activity ofHelicobacter
pylori lipopolysaccharide. Infect Immun 60 : 1714-
1716, 1992

14. Perez-Perez GI., Shepherd VL,Marrow JD, Blaser
MJ : Activation of human THP-1 cells by Helicobacter
pylori lipopolysaccharide. Infect Immun 63 : 1183-
1187, 1995

15. KiddM,Miu K, Tang LH, Perez-PerezGI, Blaser
MJ, Sandor A, Modlin IM : Helicobacter pylori
lipopolysaccharide stimulates histamine release
and DNA synthesis in rat enterochromaffin-like
cells. Gastroenterology 113 : 1110-1117, 1997

16. Teshima S., Kutsumi H, Kawahara T, Kishi K,
Rokutan K : Regulation of growth and apoptosis

of cultured guinea pig gastric mucosal cells by
mitogen oxidase 1. Am J Physiol 279 : G1169-
G1176, 2000

17. Teshima S, K Rokutan, NikawaT, Kishi K : Guinea
pig gastric mucosal cells produce abundant
superoxide anion through anNADPHoxidase-like
system. Gastroenterology 115 : 1186-1196, 1998

18. Westphal O, Jann K : Bacterial lipopolysaccharides :
extraction with phenol-water and further appli-
cation of the procedure. Methods Carbohydr.
Chem. 5 : 83-91, 1965

19. MoranAP,Helander IM,KosunenTU:Compositional
analysis of Helicobacter pylori rough-form
lipopolysaccharides. J Bacteriol 174 : 1370-1377,
1992

20. Aspinall GO, Monteiro MA, Pang H, Walsh EJ,
Moran AP : Lipopolysaccharide of theHelicobacter
pylori type strain NCTC11637(ATCC43504) : Struc-
ture of the O antigen chain and core oligosaccharide
regions. Biochemistry 35 : 2489-2497, 1996

21. Chomczynski P, Sacchi N : Single-step method
of RNA isolation by acid guanidinium thiocyanate-
phenol-chloroform extraction. Anal Biochem
162 : 156-159, 1987

22. Zhang FX, Kirschning CJ, Mancinelli R, Xu XP,
Jin Y, Faure E, Montovani A, Roche M, Muzio
M, Arditi M : Bacterial lipopolysaccharide ac-
tivates nuclear factor-κB through interleukin-1
signaling mediators in cultured human dermal
endothelial cells and mononuclear phagocytes.
J Biol Chem 274 : 7611-7614, 1999

23. Rokutan K, Miyoshi M, Teshima S, Kawai T,
Kawahara T, and Kishi K : Phenylarsin oxide
inhibits heat shock protein 70 induction in cul-
tured guinea pig gastric mucosal cells. Am J
Physiol 279 : C1506-C1515, 2000

24. Takeuchi O, Hoshino K, Kawai T, SanjoH, Takeda
H, Ogawa T, Takeda K, Akira S : Differential roles
of TLR2 and TLR4 in recognition of gram-negative
and gram-positive bacterial cell wall components.
Immunity 11 : 443-451, 1999

25. Shirakabe K, Yamaguchi K, Shibuya H, Irie K,
Matsuda S, Moriguchi T, Gotoh Y, Matsumoto
K, Nishida E : TAK1 mediates the ceramide
signaling to stress-activated protein kinase/c-Jun
N-terminal kinase. J Biol Chem 272 : 8141-8144,
1997

26. Irie T, Muta T, Takeshige K : TAK1 mediates an
activation signal from Toll-like receptor (s) to nu-
clear factor-κB in lipopolysaccharide-stimulated
macrophages. FEBS Lett 467 : 160-164, 2000.

27. Ninomiya-Tsuji J, Kishimoto K, Hiyama A, Inoue

１７３The Journal of Medical Investigation Vol. 48 2001 １７３The Journal of Medical Investigation Vol. 48 2001



J, Cao Z, Matsumoto K : The kinase TAK1 can
activate the NIK-IκB as well as theMAP kinase
cascade in the IL-1 signalling pathway. Nature
398 : 252-256, 1999

28. Shibuya H, Yamaguchi K, ShirakabeK, Tonegawa
A, Gotoh Y, Ueno N, Irie K, Nishida E,Matsumoto
K : TAB1 : an activator of the TAK1 MAPKKK
in TGF-βsignal transduction. Science 274 : 1179-
1182, 1996

29. Moran AP, Lindner B, Walsh EJ : Structural charac-
terization of the lipid A component ofHelicobacter
pylori rough- and smooth- form lipopolysaccharides.
J Bacteriol 179 : 6453-6463, 1997

30. Ge, Z, Taylor DE : Contributions of genome sequenc-
ing to understanding the biology ofHelicobacter
pylori . Annu Rev Microbiol 53 : 353-387, 1999

31. Appelmelk, BJ,Martin SL,MonteiroMA, Clayton CA,
Mccolm AA, Zheng P, Verboom T,Maaskant JJ, Eijnden
DH, Hokke CH, Perry MB, Vandenbroucke-Grauls
JECM, Kusters JG : Phase variation inHelicobacter
pylori lipopolysaccharide due to changes in the
lengths of poly (C) tracts in α3- fucosyltransferase

genes. Infect Immun 67 : 5361-5366, 1999
32. Kotani S, Takeda H, Tsujimoto M, Ogawa T,
Takahashi I, Ikeda T, Otsuka K, Shimauchi H,
Kasai N, Mashimo J, Nagao S, Tanaka A, Tanaka
S, Harada K, Nagaki K, Kitamura H, Shiba T,
Kusumoto S, ImotoM, Yoshimura H : Synthetic
lipid A with endotoxic and related biological ac-
tivities comparable to those of a natural lipid A
from an Escherichia coli Re-mutant. Infect Immun
49 : 225-237, 1985

33. OgawaT, SudaY, KashiharaW,HayashiT, Shimoyama
T, Kusumoto S, Tamura T : Immunobiological
activities of chemically defined lipid A from
Helicobacter pylori LPS in comparison with
Porphyromonas gingivalis lipid A and Escherichia
coli-type synthetic lipid A (compound 506).Vaccine
15 : 1598-1605, 1997

34. Aliprantis AO, Yang RB, Mark MR, Suggett S,
Devaux B, Radolf JD, Klimpel GR, Godowski P,
Zychlinsky A : Cell activation and apoptosis by
bacterial lipoproteins through Toll-like receptor-2.
Science 285 : 736-739, 1999

T. Kawahara et al. H. pylori-induced gastric mucosal cell apoptosis１７４ T. Kawahara et al. H. pylori-induced gastric mucosal cell apoptosis１７４


