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Current combination therapies cure Helicobacter pylori infection in 75 to 85% of cases. However, many
treatment failures are not explained by antibiotic resistance. Our goal was to explore treatment failures under
in vivo conditions by using the H. pylori Sydney strain (SS1) mouse model. Mice infected with H. pylori (SS1)
were treated with monotherapies or combination therapies used in human trials. Bacterial levels and distri-
bution of organisms within the stomach were assessed 24 h after treatment to determine clearance and location
of treatment failures and 29 days after treatment to determine cure rates. Except for treatment with metro-
nidazole, mono- and dual therapies did not cure infection but resulted in decreases in bacterial levels and
differences in distribution within the stomach. In cases of treatment failure when clarithromycin was used,
omeprazole and dual therapy with omeprazole and amoxicillin resulted in organisms being cleared from the
antrum, but organisms remained in the antrum-body transitional zone. The triple therapies of OMC and
bismuth subcitrate, metronidazole, and tetracycline were successful in eradicating infection. Except for met-
ronidazole monotherapy and triple therapy with OAC, there was good correlation between the Sydney strain
mouse model and humans with respect to the success of antimicrobial therapy. The antrum-body transitional
zone was identified as a sanctuary site in treatment failure. This could result from antimicrobial agents not
functioning effectively at this site or bacteria in this location expressing products that protect them against
antimicrobial agents. This is the first demonstration of a possible sanctuary site as a reason for failure of therapy.

Helicobacter pylori infection in humans is a major cause of
gastroduodenal diseases including gastric and duodenal ulcer-
ation (31, 40) as well as gastric cancer (4). Among the myriad
of treatments used for H. pylori infection, the highest eradica-
tion rates are achieved with a proton pump inhibitor in com-
bination with two antimicrobials—typically a nitroimidazole
(metronidazole or tinidazole) and either amoxicillin or clar-
ithromycin. However, there is still a minimum 10 to 25% fail-
ure rate with these combination therapies (7, 27, 28, 30, 37).
Efforts to maximize therapeutic efficacy against H. pylori have
proved difficult due to the fact that in vitro susceptibility testing
correlates poorly to in vivo efficacy. For example, nearly all
strains of H. pylori are sensitive to small amounts of amoxicillin
in vitro, the typical MICs of which are 0.01 to 0.1 �g/ml (18).
Despite the fact that these concentrations are attainable within
the gastric juices and sera of humans (13), amoxicillin mono-
therapy is not effective in eradicating infection (22).

The reasons that in vitro testing fails to predict clinical
efficacy are unknown. Although resistance to antimicrobial
agents is a recognized cause of treatment failure, at least 50%
of failures remain unexplained. It is possible that the complex
nature of H. pylori’s ecological niche contributes to poor per-
formance of antimicrobials in vivo. The thickness of the mucus

layer, the shape and motility of the stomach, and the acidic
environment may all cause inadequate distribution and con-
centration of the drugs at the surface of the gastric mucosa.

Indeed, it has been proposed that suppression—rather than
cure—of the infection occurs because antimicrobial treatment
is more effective at some sites than at others. Recurrence of H.
pylori infection after initial successful eradication has been
reported in a number of studies and appears to mainly stem
from recrudescence of the original strain (41). Such recrudes-
cence indicates that although bacterial colonization can be
suppressed to undetectable levels after treatment, a small
number of organisms may have persisted in sanctuary sites
which were inaccessible to antimicrobial action. There are few
studies that support the concept that H. pylori organisms may
escape killing in certain gastric sites in humans, as was shown
for amoxicillin in the gastric fundus (5).

Identification of such sites in humans is difficult, as the
number of gastric biopsy specimens that can be taken from one
individual is limited. Furthermore, in routine practice, deter-
mination of treatment success is done 4 weeks after therapy
has been completed. During this period, recrudescence of or-
ganisms to pretreatment levels may have already taken place.
The H. pylori Sydney strain (SS1) mouse model is a well-
established model that has a distribution of H. pylori coloniza-
tion similar to that seen in humans (26). The aim of the present
study was to use the H. pylori SS1 mouse model to test a variety
of treatment regimens employed in human practice and to map
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the location and distribution of any organisms remaining in the
stomach in order to identify possible sites of treatment failure.

MATERIALS AND METHODS

Abbreviations. CSA, Campylobacter-selective agar; GSSA, Glaxo-selective
supplement agar; BHI, brain heart infusion; SPF, specific pathogen free; CFU,
colony-forming unit; MIC, minimal inhibitory concentration; LPS, lipopolysac-
charide; OA, omeprazole plus amoxicillin; BMT, bismuth plus metronidazole
plus tetracycline; OAC, omeprazole plus amoxicillin plus clarithromycin; OMC,
omeprazole plus metronidazole plus clarithromycin.

Bacterial culture. H. pylori SS1 was subcultured on CSA (26). Liquid cultures
were used to infect the mice. Briefly, bacteria from plates were inoculated into a
1-liter flask containing 300 ml of BHI broth (Oxoid, Ltd., Basingstoke, England)
containing 5% (vol/vol) sterile horse serum (Oxoid, Ltd.), and 5 mg of ampho-
tericin B (Fungizone, E. R. Squibb & Sons, Inc., Princeton, N.J.) per ml and
placed in an anaerobic jar with an anaerobic gas-generating kit (Oxoid Ltd.)
without a catalyst for 36 to 48 h at 37°C with shaking at 60 rpm. Following
incubation, cultures were centrifuged at 5,000 rpm for 5 min, and the cell pellets
were resuspended in sterile BHI to a concentration of approximately 109 organ-
isms per ml. Bacteria harvested from infected mice were cultured on GSSA (26),
as GSSA is more selective than CSA.

Animals and treatment protocols. SPF, 7- to 8-week-old, female C57BL/6
mice were obtained from Biological Resource Centre, Little Bay, N.S.W., Aus-
tralia. Animals (n � 290) were infected three times over a 5-day period with a
0.1-ml volume containing 108 H. pylori (Sydney strain, SS1) organisms as previ-
ously described (26). Two weeks following inoculation, the mice were randomly
divided into 10 groups and treated as follows: (i) no treatment, (ii) amoxicillin
(Sigma, St. Louis, Mo.), (iii) colloidal bismuth subcitrate (Parke-Davis, Sydney,
Australia), (iv) clarithromycin (Abbott Laboratories, Sydney, Australia), (v) met-
ronidazole (Sigma), (vi) omeprazole (Astra Hassle, Molendal, Sweden), (vii)
dual therapy of OA, (viii) triple therapy consisting of BMT (Sigma), (ix) triple
therapy consisting of OAC, or (x) triple therapy consisting of OMC. Each group
had 30 animals, with the exception of the omeprazole group, which had 20
animals.

The dosage and treatment schedules for each group are shown in Table 1. All
treatments were administered intragastrically in a 0.1-ml volume twice daily for
7 days, with the exception of BMT, which was given once a day. For treatment
regimens that included omeprazole, there was a 30- to 60-min interval between
dosing with omeprazole and the other antimicrobial agents to allow a change in
stomach acid pH to occur. The weight of each mouse was approximated to be
20 g, and treatments, with the exception of omeprazole, were calculated by using
the standard dosages given to 70-kg adult humans per day. The different dosages
of clarithromycin used in OAC and OMC were chosen according to the results
of the MACH 1 study (28). Omeprazole was given at a dosage required for acid
suppression in rats (24).

With the exception of omeprazole and clarithromycin, the medications were
dissolved in sterile water and stirred vigorously prior to use. The three medica-
tions composing BMT were mixed together just prior to use (9). Omeprazole was

dissolved in a 5% hydroxypropyl methylcellulose solution buffered with 0.2%
sodium bicarbonate and adjusted to pH 9 with sodium hydroxide to achieve the
concentration shown in Table 1. The clarithromycin dose for the 30 animals was
dissolved in 0.5 ml of methanol and diluted in 3.5 ml of distilled water. Through-
out the study, animals were fed a diet of autoclaved commercial food pellets (Lab
Feed Division, Clarkel Holding Pty. Ltd., Northbridge, Australia) and given
sterile water ad libitum. All protocols were approved by the Animal Care and
Ethics Committee, University of New South Wales, Sydney, Australia (ACE
97/54).

Animals were sacrificed 36 h (n � 20 per group, except omeprazole [n � 10])
and 29 days (n � 10 per group) after the cessation of treatment for assessment
of bacterial colonization by rapid urease test, culture, and histology.

Histology. One-half of each stomach was placed into 10% buffered formalin
and processed in paraffin, and 4-�m sections were stained with a modified
Steiner silver stain. Slides were coded and examined blind, i.e., examiners were
unaware of the specific details of preparation. Colonization was assessed on a
five-point scale: 0, no bacteria; 1, less than 1/3 of crypts colonized with 1 to 10
bacteria; 2, 1/3 to 2/3 of crypts colonized with 10 to 20 bacteria; 3, 2/3 of the crypts
colonized with �20 bacteria; and 4, all crypts colonized with �20 bacteria.
Colonization was assessed in three regions—the antrum, the body, and the
transition zone between these regions (26). The antrum-body transitional zone
was defined as the area where parietal cells of the body type glands disappear and
antral type glands become dominant. Evaluation of colonization within the
antrum-body transitional zone was performed by identifying the center point of
the transitional zone and counting bacteria within a five-gland radius on both
sides.

Viable counts and rapid urease test. The other halves of the stomachs (n � 10
for each test) collected at 24 h were used either for the rapid urease test (16) or
for determining viable counts of H. pylori organisms. Similarly, half-stomachs (n
� 5 for each test) from the 29-day collection were used for a rapid urease test or
for determination of viable counts. For viable counts, weighed stomach halves
were placed in 1 ml of BHI broth and homogenized with an Ultra-Turrax for 10
to 15 s. Tenfold serial dilutions were plated onto GSSA and incubated for 5 days
in a CO2 incubator set at 10% CO2 and 95% humidity. Viable counts were
expressed as CFU per gram of stomach tissue.

Statistical analysis. A Kruskal-Wallis test with posthoc analysis performed
using Dunn’s multiple comparison test was used to compare the viable counts
from each treatment group to those of the control groups (alpha level of P �
0.05). The same tests were applied to histology data to compare colonization
levels within corresponding stomach regions between the treatment groups and
controls (an alpha level of P � 0.01 was used adjust for the number of tests
performed). Histology data between stomach regions within a single treatment
group (i.e., antrum versus antrum-body) was compared by using two-tailed
Mann-Whitney U tests (with an adjusted alpha level of P � 0.01).

Definition of clearance and eradication of H. pylori infection. Clearance of the
infection was defined as the absence of bacteria 1 day after treatment. H. pylori
was considered to be eradicated if no organisms were detected 29 days after
treatment.

MICs of antimicrobials for H. pylori SS1. MICs of amoxicillin, clarithromycin,
bismuth subcitrate, tetracycline, metronidazole, and omeprazole for H. pylori SS1
were determined by the plate dilution method (12). Plates containing concen-
trations of antimicrobial compounds from 0.002 to 64 �g/ml were inoculated with
approximately 104 organisms and incubated for 5 days at 10% CO2 and 95%
humidity. The MIC was the lowest concentration of the antimicrobial that pro-
duced no growth on the plate in question.

RESULTS

H. pylori SS1 was tested for susceptibility to commonly used
antimicrobial compounds both in vitro and in vivo.

MICs of antimicrobials. The MICs against H. pylori SS1 for
each of the antimicrobial compounds used in this study for
each antimicrobial agent were as follows: metronidazole, 0.25
�g/ml; clarithromycin, 0.015 �g/ml; amoxicillin, 0.5 �g/liter;
bismuth subcitrate, 32 �g/ml; tetracycline, 0.25 �g/ml; and
omeprazole, 64 �g/ml.

Treatment efficacy in the mouse model. The effect of anti-
microbial treatment on colonization of the mouse stomachs by
H. pylori was assessed by histology, viable counts (Table 2), and
rapid urease tests. Results from the three types of assessments

TABLE 1. Treatment schedules for groups of mice

Group (n) Treatment Total daily dosage

1 (30) Control
2 (30) Amoxicillin 28.6 mg/kg/day
3 (30) Bismuth subcitrate 6.15 mg/kg/day
4 (30) Clarithromycin 14.3 mg/kg/day
5 (30) Metronidazole 22.5 mg/kg/day
6 (20) Omeprazole 400 �mol/kg/day
7 (30) OA Omeprazole, 400 �mol/kg/day;

amoxicillin, 28.6 mg/kg/day
8 (30) BMT (9) Bismuth, 6.15 mg/kg/day;

metronidazole, 22.5 mg/kg/day;
tetracycline, 50 mg/kg/day

9 (30) OAC (28) Omeprazole, 400 �mol/kg/day;
amoxicillin, 28.6 mg/kg/day;
clarithromycin, 14.3 mg/kg/day

10 (30) OMC (28) Omeprazole, 400 �mol/kg/day;
metronidazole, 14.2 mg/kg/day;
clarithromycin, 7.15 mg/kg/day
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were similar, although viable counts were the most sensitive,
detecting as few as 103 organisms per gram of stomach tissue.
There was 100% correlation of the results between histological
assessment and urease assay; as such, the latter results were
not included. In the untreated group, levels of 106 to 107

organisms per gram of stomach tissue were observed and the
colonization remained stable during the period of the experi-
ment as has been previously reported (26).

Mice treated with metronidazole monotherapy showed
100% clearance of H. pylori 36 h after treatment, with 60% of
animals showing evidence of eradication at the day 29 collec-
tion. None of the other monotherapies or dual OA therapy
eradicated H. pylori infection. A significant decrease in viable
counts was observed 36 h after treatment in all treatments
except for omeprazole monotherapy (Fig. 1). The latter is in
keeping with the high MIC of omeprazole. Twenty-nine days
later, colonization levels were similar to those obtained in the
untreated controls (Table 2).

All three triple therapies (BMT, OMC, and OAC) initially
achieved clearance, with no H. pylori detected by any method
(Table 2). However a swarming contaminant was found on all
10 of the viable count samples from the OAC group, so viable
cell counts could not be accurately determined. Twenty-nine
days after treatment, all the OMC-treated mice were devoid of

H. pylori. Bacteria were detected in 1 of 10 mice by histology
and in 1 of 5 mice by culture following BMT treatment. H.
pylori was found in four out of the five viable count samples of
OAC-treated mice, with the remaining sample containing a
swarming contaminant preventing its inclusion in the data. In
three of nine and in one of five mice from the OAC treatment
group, clearance was observed by histology and rapid urease
tests, respectively.

A total of four mice died during the study for reasons un-
related to the treatments—two within the OAC treatment
group and one from the omeprazole and OA treatment groups.
Three deaths were direct results of the intragastric administra-
tion of the antibiotics; the cause of death in the fourth animal
is not known.

Effect of treatment on pattern of colonization. Histological
examination was used to assess the effect of drug treatment on
gastric colonization patterns. In most groups, including the
untreated controls, but not in the successful treatment antimi-
crobials (metronidazole, BMT, and OMC), the bacteria were
found to primarily colonize the non-acid-secreting regions of
the stomach, i.e., the antrum and the antrum-body transitional
zone (Table 2). Correlation of the viable cell counts and the
histology results in this trial revealed that the limit of detection
of bacteria by histology was 104 organisms per gram of tissue.
There was no difference in the number of bacteria colonizing
the antrum compared to that of the antrum-body transitional
zone in the control group at either collection.

However, with three of the treatment regimens (omepra-
zole, OA, and clarithromycin) colonization within the antrum
was significantly suppressed compared to that of the antrum-
body transitional zone (Fig. 2; Table 2) at the 36-h collection.
Comparison of the colonization patterns in the control mice
with those animals receiving these three treatments indicated
that the treatments were very successful (80%) in clearing the
bacteria from the antrum, while the treatments had negligible
effects on the bacteria in the antrum-body transitional zone.
This decrease in bacterial levels in the antrum corresponded
with significant decreases in the number of CFU in mice re-
ceiving clarithromycin and OA (Fig. 1). No decrease in CFU
number was seen in the animals receiving omeprazole alone,
and this corresponded with significantly increased numbers of
H. pylori seen within the body mucosa 36 h after treatment. By
29 days after treatment, bacterial levels were returning to base-
line levels, with a decrease in the body and an increase in the
antrum.

DISCUSSION

Identification of sanctuary sites following antimicrobial
therapy. The results presented here show that the suppressive
effects of several antimicrobial therapies on H. pylori do not
occur with equal efficacy in all regions of the stomach. Specif-
ically, we found that treatment of mice with clarithromycin,
omeprazole, or a dual OA regimen was significantly more
effective at reducing colonization within the antrum than
within the transitional zone between the antrum and the body
(Fig. 2). This result may offer an explanation for the failure of
some treatment regimens. It suggests that the bacteria within
this transitional zone are able to avoid being killed by antimi-
crobial agents. There are several possible explanations for this.

TABLE 2. H. pylori colonization 24 h and 29 days following
antimicrobial treatments

Treatment

% of mice
infected
(viable

counts)a

Histological gradingb

Antrum
(range)

Antrum-body
transition
(range)

Body
(range)

24 h
Control 100 3 (0.5–4) 3 (2–4) 0 (0)
Amoxicillin 100 2.5 (0.5–4) 3 (1–4) 0 (0)
Bismuth 100 2 (0–3.5) 2 (0.5–3) 0 (0)
Clarithromycin 100 0 (0–1)c 1.5 (0–2) 0 (0)
Metronidazole 0 0 (0)c 0 (0)c 0 (0)
Omeprazole 100 0.25 (0–0.5)c 2 (0–3) 2 (1–3)d

OA 100 0 (0–1.5)c 1 (0–2)c 0 (0)
BMT 0 0 (0)c 0 (0)c 0 (0)
OAC —e 0 (0)c 0 (0)c 0 (0)
OMC 0 0 (0)c 0 (0)c 0 (0)

29 days
Control 100 3.25 (0.5–4) 3 (0.5–4) 1 (0–1)
Amoxicillin 100 3 (0.5–3.5) 2.5 (1–3) 0.5 (0–1)
Bismuth 100 3 (2–4) 3 (2–3) 0.5 (0–1)
Clarithromycin 100 2 (0.5–3.5) 2 (0–4) 0.5 (0–0.5)
Metronidazole 40 0 (0–2)c 0 (0–3)c 0 (0–0.5)c

Omeprazole 100 1.5 (0.5–3.5) 2 (0.5–3) 0.5 (0–1)
OA 100 2.5 (0.5–3.5) 2 (0.5–3) 0 (0–0.5)
BMT 20 0 (0–0.5)c 0 (0–1)c 0 (0)c

OAC 100e (4 of 4) 2 (0–3.5) 3 (0–3.5) 0 (0–1)
OMC 0 0 (0)c 0 (0)c 0 (0)c

a For collection at 24 h, n � 10; for collection at 29 days, n � 5.
b Histology results are expressed as median values (range) out of n � 20 for

the collection at 24 h and n � 10 for the collection at 29 days.
c Significantly lower than scores from the same stomach region in the un-

treated control (P � 0.001).
d Significantly higher than score in body region of the untreated control (P �

0.001).
e —, 10/10 samples from the collection at 24 h and 1/5 samples from the

collection at 29 days were unable to be assessed due to a swarming contaminant
on the plates.
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In the transitional zone, organisms may be less sensitive due to
special environmental conditions that may directly affect anti-
microbial efficacy or there may be a regional difference in the
expression of bacterial products that are protective against
antimicrobial agents. Another explanation for treatment fail-
ure may be that H. pylori organisms are internalized by epithe-
lial cells. This has only been shown in vitro by using epithelial
cell lines and has not been demonstrated in in vivo systems
(11). This would not explain the transitional zone as a prefer-
ential site for survival.

A major difference between the antral and body regions is
the presence of acid-secreting parietal cells, which are lacking
within the antrum. The number of parietal cells increases
across the transitional zone between these two regions, reach-
ing peak numbers within the body. The antimicrobial effect of
many compounds, including bismuth (33), tetracycline (33),
amoxicillin (14), and clarithromycin (10), is reduced under
acidic conditions. In contrast, metronidazole has been found to
be chemically stable under a wide range of pH values (39).

We have previously hypothesized that the gradual increase
in the number of parietal cells across the transitional zone
produces a pH gradient which results in the formation of
microenvironments within the antrum-body border. These mi-
croenvironments may have optimal conditions for colonization
by H. pylori, thereby allowing a flourishing population to de-
velop. Alternatively, the microenvironment may be less than
optimal, leading to the expression of stress proteins and
thereby improving the organism’s chances for survival (38).
Indeed, pH has been found to regulate the production of H.
pylori proteins at both the transcriptional and posttranscrip-
tional levels (1, 21, 32). Regulation can occur over subtle vari-
ations in pH, similar to those that may occur in the transitional
zone (38). This includes the induction of cagA transcription,
which is significantly higher after growth at pH 6 than at pH 5
or 7 (21).

Evaluation of antimicrobial therapies with the H. pylori SS1
mouse model. In this study, only a single strain of H. pylori was
used. The bacterial strain chosen was H. pylori SS1, as this
strain consistently shows high levels of bacterial colonization in
the mouse and has been used worldwide by numerous investi-
gators for assessment of bacterial colonization (25). H. pylori
SS1 was responsive to all antimicrobials tested in vitro. The
MICs were well within the range found for other sensitive
strains (2, 3, 6, 15, 18, 34), indicating that H. pylori SS1 does not
have primary resistance to any of these treatments. Further-
more, treatment regimens and dosages, extrapolated from the
MACH human trials (27, 28), produced effects on infected
mice similar to those seen in humans. That is, most of the
monotherapies as well as the dual OA treatment were unsuc-
cessful in eradicating H. pylori SS1 from infected mice, whereas
BMT and OMC, two of the most effective triple-therapy reg-
imens in humans, were highly successful in this study. There-
fore, the Sydney strain H. pylori mouse model is suited for the
evaluation of treatments against H. pylori infection used in
humans and has been successfully used by others to evaluate
efficacy of treatments (19, 20). Importantly this model shows a
similar colonization pattern to that seen in humans, with pref-
erential colonization of the antrum (26). In mice, however,
inflammation is less pronounced than that observed in humans.
The 60% eradication rate caused by metronidazole mono-
therapy was high in comparison to the 20% eradication rate
reported in humans (17). The reduced inflammation in mice
compared to humans may be one explanation for the high
success rate of monotherapy with metronidazole. There are
convincing data in the literature that demonstrate that metro-
nidazole can cross the gastric mucosa (13, 39). This may im-
prove the success rate with this medication.

Another explanation may be the sensitivity of H. pylori SS1
to a low concentration of metronidazole (MIC, 0.25 �g/liter) in
contrast to the high frequency of metronidazole-resistant H.

FIG. 1. CFU of H. pylori obtained from an entire half of homogenized stomach 36 h after treatment with mono and dual therapies compared
to the untreated control. The bar represents the median value, the box contains 50% of the data, and the bars show the range. Sample number
is 10 for all groups. The P values are shown for data which differed significantly from the control group (P � 0.05).
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pylori strains in humans. In another study that used the same
model of metronidazole monotherapy, a 25% cure rate was
achieved in animals (20). The reason for the difference be-
tween the latter study and our study is unclear, but it could be
related to subtle differences among mouse strains.

In our study, we calculated the dosage of antibiotics given to
the animals (animals were estimated to weigh 20 g) relative to
humans (the equivalent of a 70-kg person). The dose of ome-
prazole used is known to inhibit acid production in rats (24).
Also, the doses used for the BMT triple-therapy combination
have consistently resulted in very high cure rates of H. pylori
infection in this model (9). We are unaware of any other
pharmacokinetic data for mice for the other treatments we
used, which would help guide the choice of doses. It is, how-
ever, possible that different pharmacokinetics of, for example,
metronidazole in mice could explain the different results when
compared to data obtained in human trials.

An important objective of our study was to discover possible
areas within the stomach where H. pylori organisms may escape

being killed by the antibiotics. For that reason, results of his-
tology, culture, and rapid urease analyses were compared 36 h
after the last treatment dose was given and 4 weeks later.
Concerning humans, there is agreement that one must delay
declaring eradication until 4 weeks have passed since a patient
stopped taking treatment. This is to distinguish between mere
suppression and true eradication of H. pylori organisms. We
cannot exclude the possibility that, at 36 h after the last treat-
ment, there still is some carryover effect of previously given
antibiotics in mice but it seems unlikely that this could be an
explanation for the observation that there are sanctuary sites
within the stomach where H. pylori is capable of surviving.

Just as in human trials, the two triple therapies, BMT and
OMC, were both highly successful in the eradication of H.
pylori SS1. Given the high success rate of metronidazole alone,
it is not surprising that these metronidazole-inclusive therapies
worked well. Interpretation of the OAC treatment results was
complicated by the presence of a swarming contaminant on the
viable count plates. Initial performance of OAC therapy, as

FIG. 2. Scatter plots showing grade (0 to 4) of H. pylori colonization in antrum, antrum-body transitional zone, and body regions of mouse
stomachs 36 h after therapy with untreated controls (A), omeprazole (B), omeprazole and amoxicillin (C), and clarithromycin (D). Each data point
represents a single histological section. The median value for each region is shown with a bar. *, significant difference between regions (P � 0.01).
#, significant difference compared to body region of control group (P � 0.01).
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assessed by histology and rapid urease testing, was successful,
with no bacteria detected by either method. However, 29 days
after treatment, OAC was not very effective at eradicating H.
pylori infection. Histology results showed only 33% of mice to
be cleared of infection. By viable counts, all mice examined
contained H. pylori, although the sample size included only
four animals. This result was surprising, as in human trials,
OAC’s efficacy is similar to that of OMC (27, 28). A possible
explanation is the relatively high MIC of amoxicillin (0.5 mg/
liter) that we observed. Failure of OAC may reflect the poor
performance of clarithromycin monotherapy and OA dual
therapy in this study, both of which were less effective than has
been seen for humans. Monotherapy with clarithromycin has
an estimated 30% success rate in humans (35), whereas dual
OA treatment eradicates H. pylori in 50 to 60% of human
patients (36). However, in these trials, higher doses of amoxi-
cillin were used than in this study. Although clarithromycin,
OA, and OAC therapies failed to parallel their eradication
success in humans, suppression of colonization was consis-
tently seen for these therapies in the H. pylori SS1 mouse
model (Fig. 1). Possibly higher eradication rates, similar to
those observed in humans, may be achieved if dosages are
further optimized.

The mouse model, as described in this trial, allowed us to
assess infection by both viable counts (expressed as CFU per
gram) and histology, with the former providing a 1-log advan-
tage over histology. Monotherapy with amoxicillin, bismuth
subcitrate, or clarithromycin or dual OA therapy showed sup-
pressive effects ranging from 0.5 to 2 logs 24 h after treatment
(Fig. 1). No comparable change in bacterial load was detected
24 h after omeprazole monotherapy, although the distribution
of organisms at this collection was altered in a fashion similar
to that observed in omeprazole-treated humans (23, 29).
Namely, the number of bacteria decreased in the antrum and
increased within the body of the stomach (Fig. 2). These data
confirm that, as in humans, omeprazole monotherapy does not
cure H. pylori infection in mice (28, 29). This shift was seen in
our early H. felis mouse model studies and is due to subtle
changes in the local acid environment (8, 25).

It is possible that the relatively high volume (0.1 ml) per
antibiotic given in solution promotes wide distribution
throughout the stomach. In one study, Atherton et al. used
scintigraphy and showed that, when the combination of ome-
prazole and amoxicillin was given, most of the administered
medications pooled in the antrum, with no detection of the
drugs in the fundus (5). This is one of the few human studies
that suggests as a possible explanation for treatment failure
insufficient distribution of antibiotics within the stomach. How-
ever, the clinical relevance of this is uncertain, as no data were
provided as to whether the lack of distribution in the fundus
was associated with treatment failure in that particular region
of the stomach.

This study demonstrates for the first time that the transi-
tional zones may be the sites in the stomach where H. pylori
may escape being killed by antimicrobial agents. This would
explain why in many human studies apparent therapeutic suc-
cess is seen initially after cessation of the treatment regimen
(i.e., suppression) yet the bacteria are found again 4 weeks
after therapy. In some cases, it may take even longer for the
sequestered bacteria to return to normal levels (41). In our

study, the area of sequestration was found to be the transi-
tional zones. We have previously argued that the transitional
zones are special areas of colonization in the stomach where
the organism behaves differently (38). This area of different
physiology presumably makes the organism less susceptible to
antimicrobial action. Further investigation of these bacteria
within the transitional zone to identify these metabolic differ-
ences may provide insights that will allow the development of
novel therapies that are less likely to fail.
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