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ABSTRACT Helicobacter pylori is an important risk factor for gastric ulcers. However,
antibacterial therapies increase the resistance rate and decrease the eradication rate
of H. pylori. Inspired by the microaerophilic characteristics of H. pylori, we aimed at
effectively establishing an oxygen-enriched environment to eradicate and prevent
the recurrence of H. pylori. The effect and the mechanism of an oxygen-enriched en-
vironment in eradicating H. pylori and preventing the recurrence were explored in
vitro and in vivo. During oral administration and after drug withdrawal, H. pylori
counts were evaluated by Giemsa staining in animal cohorts. An oxygen-enriched
environment in which H. pylori could not survive was successfully established by
adding hydrogen peroxide into several solutions and rabbit gastric juice. Hydrogen
peroxide effectively killed H. pylori in Columbia blood agar and special peptone
broth. Minimum inhibition concentrations and minimum bactericidal concentrations
of hydrogen peroxide were both relatively stable after promotion of resistance for
30 generations, indicating that hydrogen peroxide did not easily promote resistance
in H. pylori. In models of Mongolian gerbils and Kunming mice, hydrogen peroxide
has been shown to significantly eradicate and effectively prevent the recurrence of
H. pylori without toxicity and damage to the gastric mucosa. The mechanism of hy-
drogen peroxide causing H. pylori death was related to the disruption of bacterial
cell membranes. The oxygen-enriched environment achieved by hydrogen peroxide
eradicates and prevents the recurrence of H. pylori by damaging bacterial cell mem-
branes. Hydrogen peroxide thus provides an attractive candidate for anti-H. pylori
treatment.
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Helicobacter pylori is a Gram-negative, spiral-shaped, and microaerophilic bacterium
that causes gastritis, peptic ulcer, and gastric adenocarcinoma (1). H. pylori is wide

spread and has afflicted nearly 50% of the world’s population, approximately 4.4 billion
people (2, 3). Antibacterials are the most important and primary treatment for H.
pylori-related diseases. Treatment options are mainly focused on the standard triple,
bismuth/nonbismuth quadruple, concomitant, and sequential therapies (4–7). How-
ever, these antibacterials easily promote resistance in H. pylori (6), which results in a
significant reduction of the eradication rate. Worldwide, the overall eradication rate of
H. pylori fluctuates between 55% and 75% (8). The rates are 75% in South America (9),
80% in Asia (10, 11), 80% to 83% in Africa (9, 12), 57% to 80% in Europe (13–15), and
84% in North America (16). As H. pylori is much harder to kill after recurrence (17–20),
more effective therapies are desired. To address this challenge, scholars have proposed
some novel strategies, such as probiotic supplementation (21, 22) and vaccines (23, 24),
which are under way. Inspired by the discovery that a microaerophilic environment is
a prerequisite for the survival of H. pylori (25), we proposed that H. pylori could not
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survive in normal oxygen or oxygen-enriched environments. Here, we used hydrogen
peroxide to create an environment with increased oxygen concentration in gastric juice
to achieve the goals of killing and eradicating H. pylori.

RESULTS
The effect of hydrogen peroxide on oxygen concentration in solutions. After a

series of concentrations of hydrogen peroxide were prepared in saline, the oxygen
concentrations were detected in the saline solutions and in rabbit gastric juice. The
average oxygen concentration in the saline solutions was 6.7 �g/ml at 37°C, which was
consistent with the results of research by El-Sherif and El-Feky (26). When hydrogen
peroxide was diluted with different volumes of saline to yield solutions of 0.02, 0.09, 0.40,
and 2.00 mg/ml (0.002%, 0.009%, 0.040%, and 0.200%), the average oxygen concentrations
in the solutions at 37°C were 7.8, 9.1, 14.9, and 26.0 �g/ml, respectively, which were 1.2- to
3.9-fold higher than the control group (Fig. 1A). Altering pH affected the oxygen concen-
trations of solutions containing hydrogen peroxide. As the pH increased from 1 to 7, the
oxygen concentrations increased to 12.9, 16.0, 19.7, and 29.3 �g/ml, suggesting that a less
acidic environment allowed increased dissolved-oxygen concentrations in solutions by
hydrogen peroxide (Fig. 1B). After a 24-h fast, the average oxygen concentration of rabbit
gastric juice was 3.6 �g/ml. After hydrogen peroxide at 0.5 and 1.0 mg/ml (0.05% and
0.10%) was added to the rabbit stomach, the average oxygen concentrations in the gastric

FIG 1 The effect of hydrogen peroxide (H2O2) on oxygen concentration in solutions and gastric juice. (A)
The oxygen concentrations in saline solution after adding a series of concentrations of hydrogen
peroxide at 37°C (n � 3). (B) The oxygen concentrations in saline solution after adding hydrogen
peroxide at 2.0 mg/ml (0.2%) in solutions of pH 1, 3, 5, and 7 at 37°C (n � 3). (C) The oxygen
concentrations in rabbit gastric juice after adding hydrogen peroxide at 0.5 and 1.0 mg/ml (0.05% and
0.10%, n � 4). Values given are mean � SE; *, P � 0.05; and **, P � 0.01 versus control (saline solution,
normal gastric juice), as determined by one-way ANOVA and Student’s t test.
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juice rose to 15.2 and 18.7 �g/ml, respectively, which were 4.2- and 5.2-fold higher than in
normal gastric juice, respectively (Fig. 1C).

The effect of hydrogen peroxide on H. pylori. To confirm the effect of hydrogen
peroxide on cultures on agars and in peptone broth, four H. pylori strains (ATCC 43504,
wild type I, II, and III) were cultivated on Columbia blood agar, chocolate agar, H. pylori
special agar, and H. pylori special peptone broth. All H. pylori strains were susceptible
to hydrogen peroxide and were verified to be positive in assays of urease, catalase, and
oxidase. The turbidity of H. pylori suspensions by optical density at 600 nm (OD600) was
detected, which represented bacterial proliferation. The numbers of colonies and
turbidity of colony suspensions were compared in Columbia blood agar, chocolate
agar, and H. pylori special agar. The results showed that both the number of colonies
and OD600 were highest in Columbia blood agar. H. pylori suspensions at 1 � 106, 107,
108, and 109 CFU/ml were also incubated into special peptone broth to detect bacterial
growth. The optimal incubation concentration of H. pylori was 1 � 108 CFU/ml (Fig. S1-2
in the supplemental material). Colloidal bismuth subcitrate (CBS), an anti-H. pylori drug
(27), was used as the positive control. Normal saline (NS) solution was the negative
control. The results showed that the OD600 of an H. pylori ATCC 43504 colony suspen-
sion in Columbia blood agar was 3.3 in the control group (i.e., normal growth control).
In the agars containing hydrogen peroxide at 1, 2, 4, and 8 mg/ml, OD600 decreased to
3.0, 2.3, 2.0, and 0.1, respectively, while the OD600 with CBS was 2.6. The downward
trends of OD600 of H. pylori wild type I, II, and III in hydrogen peroxide and CBS were
similar to ATCC 43504 (Fig. 2A). For H. pylori ATCC 43504 in special peptone broth,

FIG 2 The effect of hydrogen peroxide (H2O2) on H. pylori. (A) OD600 of H. pylori colony suspensions in Columbia blood agars containing a series of
concentrations of hydrogen peroxide. Colloidal bismuth subcitrate (CBS) 7.3 mg/ml was the positive control, and normal saline (NS) solution was the negative
control (n � 5). (B) OD600 of H. pylori suspensions in special peptone broth containing a series of concentrations of hydrogen peroxide (n � 7). (C) OD600 of H.
pylori suspensions in special peptone broth containing hydrogen peroxide as follows: 1.0 mg/ml for ATCC 43504; 0.3 mg/ml for wild type I; 0.5 mg/ml for wild
type II; and 1.2 mg/ml for wild type III, with H. pylori inoculum concentrations of 1 � 106, 107, 108, and 109 CFU/ml, respectively (n � 7). Values given are
mean � SE; *, P � 0.05; and **, P � 0.01 versus control, as determined by one-way ANOVA and Student’s t test.
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OD600 on the 5th day in the control group (normal growth control) was 2.4. In the broth
containing hydrogen peroxide at 0.7, 0.8, 1.0, 1.2, and 1.4 mg/ml, OD600 decreased to
2.3, 2.0, 2.0, 0.4, and 0.1, respectively. The times for reaching the 50% maximal effect for
hydrogen peroxide at 1.2 and 1.4 mg/ml were 1.7 and 0.9 days, respectively, which were
shorter than the 1.9 days seen for the control. OD600 of other wild-type strains was
similar to ATCC 43504. The MICs were 1.4, 0.5, 0.6, and 1.4 mg/ml for four H. pylori
strains (ATCC 43504, wild type I, II, and III), respectively (Fig. 2B). The times for hydrogen
peroxide at 1.0 mg/ml to reach the 50% maximal effect on ATCC 43504 at incubation
concentrations of 1 � 106, 107, 108, and 109 CFU/ml were 3.5, 2.8, 1.6, and 0.4 days,
respectively. Similar data were also found in three wild-type strains (Fig. 2C).

Resistance to hydrogen peroxide by H. pylori. Hydrogen peroxide at 0.8, 0.3, 0.4,
and 1.0 mg/ml was used to promote resistance to four H. pylori strains (ATCC 43504,
wild type I, II, and III), respectively. Clarithromycin, an important component of standard
triple therapy (28), was used as positive control. A 24-h culture was recorded as a
generation, and H. pylori strains were continuously cultured for 30 generations. The
MICs of H. pylori to clarithromycin significantly increased on the 20th and 30th
generations, and were approximately 4- and 10-fold higher than that on the 0th
generation. The minimum bactericidal concentrations (MBCs) of H. pylori to clarithro-
mycin increased from the 0th to the 10th, 20th, and 30th generations by 2.6-, 5.4-, and
17.0-fold, respectively. The resistance of H. pylori strains to hydrogen peroxide was
mainly detected. The MICs revealed there was no increase on the 20th generation for
all H. pylori strains. When comparing the 30th generation with the 0th generation, the
MIC of wild type I did not change, while the MICs of ATCC 43504, wild type II, and III
were no more than 3-fold than that on the 0th generation. Meanwhile, the MBCs of
hydrogen peroxide in the four H. pylori strains did not show an increase on the 20th
generation. On the 30th generation, MBCs of wild type I and III did not increase, and the
MBCs of ATCC 43504 and wild type II were approximately 2-fold than that on the 0th
generation (Table 1).

The effect of hydrogen peroxide on H. pylori-infected Mongolian gerbils. For
establishing an H. pylori-infected model of Mongolian gerbils, the suspension (1 � 108

CFU/ml) of H. pylori ATCC 43504 was orally administered to Mongolian gerbils for
20 days. In order to verify the success of the gerbil model, the following test indicators
were assessed. The morphology of gastric mucosa in the control group was normal and
smooth. However, the gastric mucosa of H. pylori-infected gerbils showed obvious
hyperemia and edema, and H. pylori from the infected mucosa was positive for urease,
catalase, and oxidase assays, which showed an obvious red spot, rich foams, and a dark
blue smear, respectively (Fig. 3A). During 20 days of modeling, the daily food intake and
weight of Mongolian gerbils was recorded every 2 days. The daily food intake and body
weight of H. pylori-infected gerbils both significantly decreased, compared with the
control gerbils which were orally administered the same volume of saline solution (Fig.
3B). The stomach tissues of Mongolian gerbils were fixed in paraffin and in frozen
sections. For localization by Giemsa staining, the areas colonized by H. pylori will stain
violet, while gastric mucosal cells will stain blue (29). The results showed that H. pylori
scattered on the surface of the gastric mucosa and in the gastric pits. For immunoflu-
orescence, H. pylori was stained by polyclonal IgG/FITC-IgG, the cytoskeleton was
stained by ActinRed, and the nucleus was stained by 4’, 6-diamidino-2-phenylindole
(DAPI). H. pylori colonizing the gastric mucosa showed green fluorescence, the cyto-
skeleton appeared red, and the nucleus was blue. Similarly, H. pylori was observed
distributed in the glandular cavity or scattered on the surface of the gastric mucosa (Fig.
3C). After successful establishment of the model, H. pylori counts of the infected
mucosa after 14 days of oral administration by hydrogen peroxide at 1, 2, and 4 mg/ml
were tested. The counts of H. pylori significantly decreased upon administration of
hydrogen peroxide. There was no significant difference in the counts of H. pylori
between the control and the hydrogen peroxide groups, indicating that H. pylori had
been eradicated. However, the counts of H. pylori in the triple-drug group were more
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FIG 3 The effect of hydrogen peroxide (H2O2) on H. pylori-infected Mongolian gerbils. (A) The morphology of H. pylori-infected mucosa
and assays for urease, catalase, and oxidase (H. pylori ATCC 43504). (B) The alterations of daily food intake and body weight of H.
pylori-infected Mongolian gerbils (H. pylori ATCC 43504). (C) Giemsa staining and immunofluorescence of H. pylori-infected gastric mucosa.
Giemsa staining shows H. pylori as purple and gastric mucosa as blue. Immunofluorescence shows H. pylori ATCC 43504 as green,
cytoskeleton as red, and the nucleus as blue. (D) The bacterial counts of H. pylori-infected mucosa after 14 days of oral administration by
hydrogen peroxide at 1, 2, and 4 mg/ml. The triple-drug group (colloidal bismuth subcitrate, clarithromycin, and tinidazole) was a positive
control. (E) The bacterial counts of H. pylori-infected mucosa on the 4th, 7th, and 14th days of oral administrations of hydrogen peroxide
at 2 mg/ml. The triple-drug group was a positive control. (F) The bacterial counts of H. pylori-infected mucosa on the 5th and 10th days
of oral administrations of hydrogen peroxide at 2 mg/ml, and on the 14th day after hydrogen peroxide withdrawal. (G) Giemsa staining
of gastric mucosa on the 14th day after hydrogen peroxide withdrawal. Red circles and arrows indicate H. pylori ATCC 43504, as magnified
within the black frame (n � 10 animals; 5 dots per animal; 50 dots per group). The bar length measurement was 100 �m. Values given
are mean � SE; *, P � 0.05; and **, P � 0.01 versus control, as determined by one-way ANOVA and Student’s t test.
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than those of the hydrogen peroxide group and less than that of the H. pylori-infected
control group (Fig. 3D). On the 4th, 7th and 14th days of oral administration of
hydrogen peroxide at 2 mg/ml, the counts of H. pylori rapidly dropped, and were
significantly smaller than those of the triple-drug group (Fig. 3E). We further shortened
the administration period from 14 to 10 days, and obtained a similar result, which
showed the counts of H. pylori significantly decreased on the 5th and 10th day of oral
administration of hydrogen peroxide at 2 mg/ml. After drug withdrawal (hydrogen
peroxide and the triple drugs), Mongolian gerbils were observed for another 14 days to
determine if there was a recurrence of H. pylori. The counts of H. pylori in the hydrogen
peroxide group did not increase compared with the control group, which did not show
H. pylori recurrence. However, compared with the control, the bacterial counts signif-
icantly increased in the triple-drug group, demonstrating the recurrence of H. pylori
occurred due to the failing eradication during the initial drug administration (Fig. 3F
and G).

The effect of hydrogen peroxide on H. pylori-infected Kunming mice. We further

established the model of H. pylori-infected Kunming mice. Similar to what was seen in
Mongolian gerbils, the gastric mucosa of infected mice presented hyperemia and
edema, and was urease-, catalase-, and oxidase-positive (Fig. 4A). Both the daily food
intake and body weight of H. pylori-infected mice significantly dropped compared with
the control (Fig. 4B). Gastric mucosal cells and H. pylori-infected cells stained by Giemsa
solution were blue and purple, respectively, but H. pylori counts in Kunming mice were
less than those in Mongolian gerbils (Fig. 4C). After successfully establishing the H.
pylori-infected model of Kunming mice, we detected the counts of H. pylori after
treatment with hydrogen peroxide at 2 mg/ml. The counts of H. pylori significantly
dropped in the hydrogen peroxide group on the 4th, 7th, and 14th days of adminis-
tration. The counts of H. pylori in the triple-drug group were more than those of the
hydrogen peroxide group and less than the H. pylori-infected group on the 4th, 7th, and
14th days of administrations (Fig. 4D). We shortened the administration period and
observed that the counts of H. pylori in the hydrogen peroxide group significantly
decreased on the 5th and 10th days of administration, which was similar to what was
seen in Mongolian gerbils. After 10 days of oral administration, hydrogen peroxide and
the triple drugs were both withdrawn. Similar to Mongolian gerbils, the mice were
observed for H. pylori recurrence over another 14 days. The gastric tissues of Kunming
mice were fixed in paraffin sections and stained by Giemsa solution. The counts of H.
pylori in the gastric mucosa after hydrogen peroxide withdrawal did not rise, while
there was a significant increase after the triple drug withdrawal. These results show the
absence in recurrence of H. pylori in the hydrogen peroxide group, whereas H. pylori
recurred in the triple-drug group (Fig. 4E and 4F).

The effect of hydrogen peroxide on bacterial cell membranes and enzymes of
H. pylori. SYTO 9 and propidium iodide (PI) were used to stain the living and dead H.

pylori, and emitted green and red fluorescence, respectively. The results showed that H.
pylori in the control group (normal growth control) was living and showed green
fluorescence. With the increasing concentrations of hydrogen peroxide, the red fluo-
rescence gradually increased, and the green fluorescence decreased, demonstrating a
trend of death in H. pylori. Red fluorescence appeared in both the group administered
hydrogen peroxide at 2.0 mg/ml and the group administered amoxicillin, which was the
positive control (Fig. 5A). Flow cytometry showed survival rates of H. pylori in hydrogen
peroxide at 0.5 to 2.0 mg/ml decreased in a concentration-dependent manner (Fig. 5B).
As H. pylori in hydrogen peroxide at 2.0 mg/ml were fully killed, the concentration of
2.0 mg/ml was used to determine morphological alterations of H. pylori cell mem-
branes. Transmission electron microscopy showed that H. pylori cell membranes in the
control were complete and clear, while the membranes in 2.0 mg/ml hydrogen perox-
ide were fragmentized, broken, and blurred. Amoxicillin damaged only bacterial cell
walls, while bacterial cell membranes remained complete (Fig. 5C). Moreover, we used
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FIG 4 The effect of hydrogen peroxide (H2O2) on H. pylori-infected Kunming mice. (A) The morphology of H. pylori-infected
mucosa and assays for urease, catalase, and oxidase (H. pylori ATCC 43504). (B) The alterations of daily food intake and body
weight of H. pylori-infected Kunming mice (H. pylori ATCC 43504). (C) Giemsa staining of H. pylori-infected gastric mucosa.
Giemsa staining shows H. pylori as purple and gastric mucosa as blue. (D) The bacterial counts of H. pylori-infected mucosa on
the 4th, 7th, and 14th days of oral administrations of hydrogen peroxide at 2 mg/ml. The triple-drug group was the positive
control. (E) The bacterial counts of H. pylori-infected mucosa on the 5th and 10th days of oral administrations of hydrogen
peroxide at 2 mg/ml, and on the 14th day after hydrogen peroxide withdrawal. (F) Giemsa staining of gastric mucosa on the
14th day after hydrogen peroxide withdrawal. Red circles and arrows indicate H. pylori ATCC 43504, as magnified within the
black frame (n � 10 animals; 5 dots per animal; 50 dots per group). Values given are mean � SE; *, P � 0.05; and **, P � 0.01
versus control, as determined by one-way ANOVA and Student’s t test.
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FIG 5 The effect of hydrogen peroxide (H2O2) on bacterial cell membranes and enzymes of H. pylori. (A) SYTO 9/PI stain of H. pylori ATCC 43504 incubated
with hydrogen peroxide at 0.5, 1, and 2 mg/ml. Amoxicillin was the positive control. Green fluorescence indicates living H. pylori ATCC 43504; red

(Continued on next page)
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1-N-phenyl-naphtylamine (NPN) (blue fluorescence) to detect the disruption of bacte-
rial cell membranes. Triton X-100 was used as a positive control. With the increasing
concentrations of hydrogen peroxide, blue fluorescence gradually increased, indicating
that the cell membranes were damaged in a concentration-dependent manner
(Fig. 5D). The disruption of bacterial cell membranes subsequently caused the leakage
of cytoplasmic proteins and DNA. In four H. pylori strains, the leakage of cytoplasmic
proteins and DNA in hydrogen peroxide at 2.0 mg/ml was 1.3, 2.0, 3.3, and 2.0 times
higher (for cytoplasmic proteins) and 3.9, 1.9, 1.6, and 2.4 times higher (for DNA) than
that of the control group (Fig. 5E and 5F). Additionally, cytoplasmic proteins were
oxidized to be protein carbonyls by hydrogen peroxide. The results of the enzyme-
linked immunosorbent assays (ELISAs) showed that carbonyl contents significantly
increased in a concentration-dependent manner (Fig. 5G). Superoxide dismutase (SOD),
alkyl hydroperoxide reductase (Ahp), and catalase are three key enzymes of H. pylori
that are affected by oxidative stress (30–32). The SOD activities significantly increased
in hydrogen peroxide at 0.5, 1.0, and 2.0 mg/ml (Fig. 5H). Similarly, Ahp activity in
hydrogen peroxide at 2.0 mg/ml also rose significantly (Fig. 5I). Catalase activity initially
increased and almost reached a peak in hydrogen peroxide at 1.0 mg/ml, while the
activity decreased in hydrogen peroxide 2.0 mg/ml (Fig. 5J). Malondialdehyde (MDA) is
a product of lipid peroxidation that reflects the extent of lipid oxidation of bacterial cell
membranes. After incubation with hydrogen peroxide at 2.0 mg/ml, the level of MDA
significantly increased in the bacterial membranes, proving that H. pylori cell mem-
branes were severely damaged (Fig. 5K). As hydrogen peroxide produces large hydroxyl
radicals that are strongly aggressive against bacterial cell membranes, H. pylori showed
strong scavenging activities in hydrogen peroxide at 0.5 and 1.0 mg/ml but not at
2.0 mg/ml (Fig. 5L).

The safety of hydrogen peroxide in animals. Single-dose acute toxicity and
gastric mucosal injury tests were used to determine the safety of hydrogen perox-
ide in Kunming mice and Mongolian gerbils. For single-dose acute toxicity tests in
mice, hydrogen peroxide at 30 mg/ml with the maximum dose volume 40 ml/kg
(1,200 mg/kg) was orally administered to the mice for once. After 14 days of observa-
tion, the mice in the hydrogen peroxide group all survived and their body weights did
not decrease compared with the control mice. The gerbils were orally administered
hydrogen peroxide at 30 mg/ml with the maximum dose volume of 30 ml/kg (900 mg/
kg). After 14 days of observation, the gerbils all survived and their body weights did not
alter. For a gastric mucosal injury test, after hydrogen peroxide at 2.5 mg/ml and 10.0
mg/ml with the dose volume of 20 ml/kg (50 mg/kg and 200 mg/kg) was orally
administered to the mice for 7 days, the gastric mucosa was as complete as the
controls, and there was no damage such as erosion or ulceration. However, the gastric
mucosa of the aspirin group, the positive control, showed an obvious erosion (Fig. S3).

DISCUSSION

H. pylori survives in a microaerophilic environment of 5% to 6% oxygen (vol/vol %)
in air (25), and in aqueous solutions in which the oxygen concentrations are approxi-
mately 1.7 to 2.0 �g/ml at 37°C. H. pylori colonizes the surface of the gastric mucosa and
is surrounded by the gastric juice, in which the oxygen concentration is approximately
2.0 �g/ml. H. pylori cannot survive at 15% oxygen in the air (vol/vol %), i.e., at oxygen

FIG 5 Legend (Continued)
fluorescence indicates dead H. pylori ATCC 43504. (B) Survival rates of H. pylori ATCC 43504 incubated with hydrogen peroxide at 0.5, 1, and 2 mg/ml by
flow cytometry (n � 6). (C) The morphology of H. pylori ATCC 43504 incubated with hydrogen peroxide at 2 mg/ml by transmission electron microscopy.
Amoxicillin was the positive control, which damaged bacterial cell walls, not cell membranes (n � 3). Red arrows showed bacterial cell membranes. The
bar length measurement was 300 nm. (D) The disruption of bacterial cell membranes in H. pylori ATCC 43504 incubated with hydrogen peroxide at
2 mg/ml by 1-N-phenyl-naphtylamine (blue fluorescence). Triton X-100 was the positive control (n � 4). (E and F) Leakage of cytoplasmic proteins and DNA
in four H. pylori strains incubated with hydrogen peroxide at 0.5, 1, and 2 mg/ml (n � 6). (G to J) The protein carbonyls and activities of three enzymes:
superoxide dismutase (SOD), alkyl hydroperoxide reductase (Ahp), and catalase of four H. pylori strains incubated with hydrogen peroxide at 0.5, 1, and
2 mg/ml (n � 6). (K and L) Malondialdehyde (MDA) and hydroxyl radical scavenging activities of four H. pylori strains incubated with hydrogen peroxide
at 0.5, 1, and 2 mg/ml (n � 6). Values given are mean � SE; *, P � 0.05; and **, P � 0.01 versus control, as determined by one-way ANOVA and Student’s
t test.
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of 5.0 �g/ml in aqueous solution at 37°C (33, 34). In this study, hydrogen peroxide at
0.02 to 2.00 mg/ml (0.002% to 0.200%) increased oxygen in aqueous solutions (or rabbit
gastric juice) to 7.8 to 26.0 (15.2 to 18.7) �g/ml, which was a 1.2- to 3.9-fold (4.2- to 5.2-)
increase to oxygen levels in which H. pylori cannot survive. In Columbia blood agar and
H. pylori special peptone, hydrogen peroxide significantly inhibited the growth of H.
pylori. The inhibition potency of hydrogen peroxide was significantly stronger than that
of CBS. Furthermore, CBS, like other antibacterial drugs, easily promoted resistant
strains of H. pylori, which sharply increased the MIC and MBC of antibacterial drugs (35,
36). However, our results showed the MIC and MBC of hydrogen peroxide to be
relatively stable after attempting to promote resistance for 30 generations, revealing
that hydrogen peroxide does not easily promote resistance in H. pylori. In addition to
these experiments in vitro, we also verified the effect of hydrogen peroxide on H. pylori
in vivo. Mongolian gerbils are the most commonly used animal for establishing an H.
pylori-infection model (37, 38). The symptoms of H. pylori-infected gerbils, such as the
loss of appetite and weight, were consistent with human patients. The in vivo results
showed there were no colonizing H. pylori in the stomach of Mongolian gerbils in the
hydrogen peroxide group, suggesting that hydrogen peroxide killed H. pylori, which
was consistent with the in vitro results, and was better than that of the triple drugs. The
recurrence of H. pylori often causes reinfection in humans and animals. In our study, the
definition of recurrence was incomplete clearance. After establishing H. pylori models of
Mongolian gerbils and Kunming mice, hydrogen peroxide and the triple drugs were
orally administered to animals for 14 days. At this time, we did not know whether H.
pylori had been cleared completely or not. Thus, all animals were stopped with drug
administration and observed for another 14 days to determine if there existed residual
H. pylori growth. In the hydrogen peroxide group, we did not observe H. pylori growth
after hydrogen peroxide withdrawal and considered that H. pylori was completely
eradicated, which showed that recurrence did not occur. However, in the triple-drug
group, residual H. pylori significantly grew after the triple-drug withdrawal, demon-
strating H. pylori was not completely cleared and recurrence occurred. Furthermore, we
studied the mechanism of hydrogen peroxide in eradicating H. pylori and found it
involved damage to bacterial cell membranes. Regarding H. pylori morphology, trans-
mission electron microscopy directly confirmed the disruption of bacterial cell mem-
branes after hydrogen peroxide treatment. As a positive control, amoxicillin only
damaged bacterial cell walls of H. pylori, while cell membranes remained intact.
Additionally, NPN bound to a phospholipid of the H. pylori cell membrane and
produced blue fluorescence, which could be used to determine the degree of damage
to bacterial cell membranes (39). With increasing concentrations of hydrogen peroxide,
the intensity of blue fluorescence also increased, indicating that bacterial cell mem-
branes of H. pylori were ruptured. After the disruption, the contents of H. pylori leaked
out. As expected, our results showed that DNA and cytoplasmic proteins such as SOD,
Ahp, and catalase increased in the hydrogen peroxide group. Leaked proteins could be
oxidized to protein carbonyls, which showed increased levels in the hydrogen peroxide
group. These results further supported that bacterial cell membranes had been rup-
tured. In addition to this disruption, hydrogen peroxide also altered the activities of key
enzymes. Among the enzymes, SOD is a major antioxidant that scavenges superoxide
radicals and inhibits lipid peroxidation of bacterial cell membranes caused by hydrogen
peroxide. Ahp restores peroxide substrates to water and alcohols, thereby protection H.
pylori against oxidative stress. Hydrogen peroxide-induced increases in the activities of
SOD and Ahp might also be related to protecting H. pylori. Due to this self-protecting
of H. pylori, the activity of catalase increased at lower concentrations of hydrogen
peroxide because catalase could decompose hydrogen peroxide into oxygen and
water, whereas this activity decreased due to oxidative inactivation in the presence of
higher hydrogen peroxide levels. Hydrogen peroxide oxidized lipids of the H. pylori
membrane to generate MDA. The increase in MDA reflected the oxidation of the H.
pylori cell membrane. Simultaneously, hydroxyl radical scavenging activity reflected the
ability of H. pylori to resist hydrogen peroxide, which increased in low concentrations
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of hydrogen peroxide to improve survival but decreased at higher concentration due
to the death of H. pylori cells. In the single-dose acute toxicity test, we performed a
single oral administration to Kunming mice of hydrogen peroxide at 30 mg/ml and did
not observe the death of the mice after 14 days. Hydrogen peroxide at 30 mg/ml is used
as a disinfectant for skin and oral mucosa in clinical practice (40), which is 15-fold higher
than 2 mg/ml used in our study, and our results with hematoxylin and eosin (H&E)
staining also showed that hydrogen peroxide at 10 mg/ml did not damage the gastric
mucosa of Kunming mice. Additionally, all mice and gerbils survived without weight
loss in the single-dose acute toxicity test. These data suggest that hydrogen peroxide
is safe and feasible for oral administration to eradicate H. pylori. In conclusion, hydrogen
peroxide can increase the oxygen concentration in the gastric juice and eventually
eradicate H. pylori colonizing the gastric mucosa by damaging bacterial cell mem-
branes.

MATERIALS AND METHODS
Drugs and reagents. Hydrogen peroxide at 300 mg/ml was purchased from Jinhuada Chemical

Reagent (China). H. pylori ATCC 43504 was purchased from ATCC (American Type Culture Collection;
certificate of analysis 43504, USA). Wild-type strains (named H. pylori wild-type I, II, and III) were isolated
from gastric tissues of peptic ulcer combined with C13 urea-positive patients. Columbia blood agar,
chocolate agar, H. pylori special agar, and H. pylori special liquid broth were purchased from Hope
Biotechnology (China). Microaerophilic bags and a culture tank were purchased from Mitsubishi Gas
Chemical (Japan). Colloidal bismuth subcitrate, clarithromycin, and the triple drugs were purchased from
Livzon Pharmaceutical Group (China). Urease test paper was purchased from Zhuhai Kedi Technology
(China). Oxidase test paper was purchased from Hope Biotechnology (China). ELISA kits and ActinRed
were purchased from Nanjing Jiancheng Bioengineering Institute (China). Live/Dead BacLight bacterial
viability kits and horse serum were purchased from Thermo Fisher Scientific (USA). Polyclonal IgG (rabbit
anti-H. pylori ATCC 43504) and FITC-IgG (goat anti-rabbit) were purchased from Bio-Rad Laboratories
(USA). DAPI was purchased from Solarbio Life Sciences (China). Optimal cutting temperature compound
was purchased from Sakura FineTek (Japan).

Animals. Rabbits (2.0 to 3.0 kg, male and female) and Kunming mice (20 to 25 g, male and female)
were provided by the Animal Medical Center of Xi’an Jiaotong University. Mongolian gerbils (60 to 70 g,
male and female) were provided by the Animal Center of Zhejiang Academy of Medical Sciences. Animal
experiments were done by permission of the Ethics Committee of Xi’an Jiaotong University (No.
2016-1033).

Oxygen concentration detection. Oxygen concentrations in hydrogen peroxide solutions and
rabbit gastric juice were detected by a portable dissolved oxygen meter (WTW, Germany). The probe was
automatically calibrated by exposure to the air. The oxygen meter was placed in the solutions to be
tested for 30 min at 37°C. After a 24-h fast, the rabbits were anesthetized by ketamine and medetomi-
dine. A small incision was cut along the duodenum near the pylorus. The probe was quickly inserted into
the pylorus and the incision was tightened. After injecting hydrogen peroxide solutions into the stomach,
the oxygen concentrations were recorded on the oxygen meter.

Cultivation of H. pylori. The suspensions (1 � 108 CFU/ml) of H. pylori strains were inoculated on
Columbia blood agars, chocolate agars, H. pylori special agars, and the H. pylori special peptone broth.
The agars and the broth were put into the sealed culture tank (containing microaerophilic bags and a
vibrator of 150 rpm/min for the broth) at 37°C for 3 to 7 days.

Determination of the MICs and the MBCs. The serial dilution method was used to determine the
MICs and the MBCs of H. pylori strains in the H. pylori special peptone broth. H. pylori suspensions (1 � 108

CFU/ml) of each strain were prepared, equally inoculated in the peptone broth with a series of hydrogen
peroxide concentrations, and cultivated (microaerophilic atmosphere, 150 rpm/min) at 37°C for 24 h. The
minimum concentration of hydrogen peroxide in the peptone broth that did not allow H. pylori growth
was recorded as the MIC. The peptone broths without H. pylori growth which contained hydrogen
peroxide were separately inoculated on the blank agars and cultivated (microaerophilic atmosphere) at
37°C for 72 h. When there were no colonies on the agar, the minimum concentration of hydrogen
peroxide was recorded as the MBC.

Determination of resistance. H. pylori strains were cultivated in peptone broth containing hydrogen
peroxide concentrations that were slightly lower than the MICs. A 24-h culture was considered a generation.
All H. pylori strains were continuously cultivated for 30 generations, and the MICs and MBCs of H. pylori strains
were detected on the 10th, 20th, and 30th generations according to the serial dilution method.

Establishment of H. pylori-infected animal models and certification of colonized H. pylori. H.
pylori-infected animal models (Mongolian gerbils and Kunming mice) were established, and the numbers
of H. pylori-infected animals were identified. After a fast for 24 h, Mongolian gerbils (60 to 70 g, male and
female) and Kunming mice (20 to 25 g, male and female) were orally administered H. pylori suspensions
(ATCC 43504) at a dose of 1.5 � 106 CFU/g and 2.0 � 106 CFU/g, respectively, once a day for 20 days.
Giemsa staining and immunofluorescence were used to verify whether H. pylori infection had been
successfully established. Then, Mongolian gerbils and Kunming mice were anesthetized by pentobarbital
and ketamine, and the gastric tissues were removed. For the Giemsa staining, the gastric tissues of
Mongolian gerbils and Kunming mice were fixed in paraffin sections and were stained by Giemsa
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solutions. For immunofluorescence, the gastric tissues were made into frozen sections and were stained
by antibodies (polyclonal IgG rabbit anti-H. pylori ATCC 43504, and FITC-IgG goat anti-rabbit), ActinRed,
and DAPI. Sections from the control group were also stained by the same Giemsa solutions or antibodies.
The H. pylori numbers within each animal were counted via 5 random fields at 1000� magnification
under the microscope (Olympus, Japan). The dots of the y axis showed H. pylori counts, and there were
50 dots per group (n � 10).

Determination of H. pylori viability. Live/Dead BacLight bacterial viability kits (Thermo Fisher
Scientific, USA) and flow cytometry (BD Biosciences, USA) were used to detect the viability of H. pylori
ATCC 43504. H. pylori suspensions (1 � 108 CFU/ml) were incubated with a series of hydrogen peroxide
for 20 min. After centrifuging and rinsing with saline solution, H. pylori suspensions were stained with
fluorescent dyes (SYTO 9/PI), and were added to a clean glass slide with a coverslip. The fluorescence was
observed under the microscope (Olympus, Japan). H. pylori suspensions stained by fluorescent dyes
(SYTO 9/PI) were added to the flow cytometry. The proportion of live H. pylori was calculated based on
the ratio of survival bacteria in the quadrants.

Determination of H. pylori cell membrane disruption. H. pylori suspensions (ATCC 43504, 1 � 108

CFU/ml) were incubated with hydrogen peroxide at 2 mg/ml for 20 min. Then, H. pylori suspensions were
centrifuged (15,000 rpm, 5 min) and rinsed 3 times with phosphate buffer, eventually becoming a
precipitate with a volume of 1 mm3. After fixing with 2.5% glutaraldehyde for 2 h, the precipitate was
washed 3 times with phosphate buffer. Again, after another fixation with 1% citric acid for 2 h, the
precipitate was also washed by phosphate buffer. The was then dehydrated with 50%, 70%, 80%,
and 90% ethanol for 15 min, and finally dehydrated 3 times with 100% ethanol. The precipitate was
embedded with pure acetone and embedding solution. After slicing, the H. pylori samples were
stained by 3% uranyl acetate and lead citrate. The morphology of the H. pylori was observed by the
transmission electron microscope (Hitachi, Japan). The bar length measurement of H. pylori was
300 nm.

Determination of enzymes activities. ELISA kits were used to determine the activities of enzymes
in H. pylori, such as SOD, Ahp, and catalase. ELISAs were performed according to the manufacturer’s
instructions.

The safety of hydrogen peroxide in animals. Single-dose toxicity and gastric-mucosal injury tests
were used to determine the safety of hydrogen peroxide. For single-dose toxicity, Kunming mice were
orally administered with hydrogen peroxide (30 mg/ml, 40 ml/kg) at a dose of 1,200 mg/kg and were
then observed for 14 days. Mongolian gerbils were orally administered with hydrogen peroxide at
30 mg/ml with the maximum dose volume of 30 ml/kg (900 mg/kg) and were also observed for 14 days.
For the gastric-mucosal injury test, Kunming mice were orally administered with hydrogen peroxide (2.5
mg/ml and 10.0 mg/ml, 20 ml/kg) at a dose of 50 mg/kg and 200 mg/kg, once a day for 7 days. Then the mice
were anesthetized by pentobarbital and diazepam. The gastric tissues were then removed and underwent
fixation, grossing, tissue processing, embedding with paraffin, microtomy, and staining by hematoxylin and
eosin (H&E) solution. The gastric tissues were observed under the microscope (Olympus, Japan).

Statistical analysis. Figures were generated by GraphPad Prism 5.2. Statistical analyses were
performed by Stata 12.0 and GraphPad Prism 5.2 of one-way ANOVA and the Student’s t test. Results are
presented as the mean � standard error (SE). As compared to control, P values were deemed significant
at P � 0.05 (*) and P � 0.01 (**).
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