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REVIEW
Oxidative Stress Resulting From Helicobacter pylori
Infection Contributes to Gastric Carcinogenesis

Lindsay D. Butcher,1 Gerco den Hartog,1 Peter B. Ernst,2 and
Sheila E. Crowe1
1Department of Medicine, 2Department of Pathology, University of California, San Diego, La Jolla, California
SUMMARY

Helicobacter pylori is known to induce a chronic immune
response including persistent oxidative stress in the stom-
ach. This response results in DNA damage that eventually
can lead to gastric cancer.

Helicobacter pylori is a gram-negative, microaerophilic
bacterium that infects the stomach and can lead to, among
other disorders, the development of gastric cancer. The
inability of the host to clear the infection results in a
chronic inflammatory state with continued oxidative stress
within the tissue. Reactive oxygen species and reactive
nitrogen species produced by the immune and epithelial
cells damage the host cells and can result in DNA damage.
H pylori has evolved to evoke this damaging response
while blunting the host’s efforts to kill the bacteria.
This long-lasting state with inflammation and oxidative
stress can result in gastric carcinogenesis. Continued
efforts to better understand the bacterium and the host
response will serve to prevent or provide improved
early diagnosis and treatment of gastric cancer. (Cell Mol
Gastroenterol Hepatol 2017;3:316–322; http://dx.doi.org/
10.1016/j.jcmgh.2017.02.002)

Keywords: AP Endonuclease; DNA Damage; H pylori; Gastric
Cancer; Oxidative Stress.

astric cancer, which is the third leading cause of
1
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Gcancer deaths worldwide, largely is caused by
Helicobacter pylori, a gram-negative, microaerophilic bacte-
rium that infects half of the world’s population. In addition
to gastric carcinogenesis, H pylori also contributes to the
development of peptic ulcers, chronic gastritis, and mucosa-
associated lymphoid tissue lymphoma.2 Although the
human immune system is capable of creating a robust
innate and adaptive immune response to the infection, it
usually fails to clear H pylori completely, thereby resulting
in a persistent infection. This prolonged infection results in
chronic inflammation, oxidative stress, and DNA damage.3–5

There are several H pylori virulence factors that
contribute to its ability to evade the immune system and
disrupt the host’s cells. One of the most studied factors is
cytotoxin-associated gene A (CagA), which is injected into the
host cell where it can affect the cell’s shape, motility, and
proliferation.6–10 Vacuolating cytotoxin A (VacA) is another
well-studied virulence factor that is a toxin secreted by
H pylori and able to induce inflammatory cytokines after
entering the host cell.11 In addition, VacA has several mech-
anisms to help the bacteria evade immune response such as
the disruption of phagosome maturation and the creation of
fused phagosomes called megasomes, which prevent the
destruction of the bacteria contained within.12,13 Although
not as well understood, blood group antigen binding adhe-
sion (BabA) is another virulence factor that is known to
induce inflammatory gene transcription and skew the im-
mune response fromThelper 2 to T helper 1with aweakened
interleukin (IL)33 response. These are a few of the virulence
factors that H pylori uses to maintain a prolonged proin-
flammatory response while evading self-destruction.

The Correa et al14 model hypothesizes that normal gastric
mucosa can develop gastritis, which progresses to dysplasia,
and, finally, the development of cancer. There are many fac-
tors that contribute to the initiation of gastritis and the pro-
gression to cancer such as host gene polymorphisms, dietary
factors, and H pylori strain infection among others. This re-
view summarizes the host’s response to generate oxidative
stress after H pylori infection and the resulting DNA damage
that may contribute to the development of gastric cancer.

Oxidative Stress Generation
Host Response

The presence of H pylori results in reactive oxygen
species (ROS) and reactive nitrogen species (RNS) produced
by the host in the gastric mucosa. Although there are many
cell types that can contribute to the production of ROS/RNS,
including the epithelial cells, it is primarily the neutrophils
that contribute the greatest amount.15 Nicotinamide
adenine dinucleotide phosphate (NADPH oxidase [Nox]) on

http://dx.doi.org/10.1016/j.jcmgh.2017.02.002
http://dx.doi.org/10.1016/j.jcmgh.2017.02.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2017.02.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.jcmgh.2017.02.002


May 2017 Helicobacter pylori Causes Oxidative Stress 317
the cell membrane catalyzes the ROS production to kill
bacteria.12,16 During this process, Nox is activated to receive
an electron from NADPH, which is donated to oxygen to
create superoxide (O2

-). Then O2
- is converted to hydrogen

peroxide (H2O2) by superoxide dismutase catalysis. H2O2

then can be converted to the more toxic hypochlorous acid.
In addition, H2O2 reacts with O2

- to form hydroxyl radicals
(OH). Combined, these ROS usually kill any bacteria within
the neutrophil. However, the separation between neutro-
phils in the tissue and bacteria in the lumen make it difficult
to kill all of the H pylori present. Consequently, the ongoing
attempt to do so is thought to result in the chronic–active
inflammation and damage to the gastric mucosa during the
course of the prolonged infection.

The presence of H pylori results in the influx of phago-
cytic cells in an effort to clear the infection. Macrophages
and neutrophils phagocytize the bacteria in an attempt to
kill the organism with ROS/RNS. In addition, the host
neutrophils and epithelial cells also express a critical
enzyme, the inducible nitric oxide synthase (iNOS), which
produces NO.17 NO reacts with metals and O2

- to produce
peroxynitrite, a strong oxidant. H pylori infection results in
the formation of ROS and RNS by increasing the immune cell
expression of Nox and iNOS.8 Patients infected with H pylori
have increased levels of ROS along with increased levels of
NO-derived metabolites, indicating the activation of
iNOS.5,18–20 In vivo studies with iNOS-deficient mice show
decreased gastric cancer incidence after infection with
H pylori compared with wild-type mice.21

In addition to the phagocytic cells attempting to clear
H pylori, there is recent evidence that gastric epithelial cells
also express Nox, however, the details remain unclear.22,23

The NADPH subunit Nox1 is expressed in gastric tissues
and likely contributes to the ROS production during H pylori
infection. ROS is produced at a much lower level in the
epithelial cells compared with the phagocytic cells of the
immune response and contributes to redox-sensitive
signaling and may not directly kill H pylori.24 In addition,
dual oxidases located on the gastric epithelial cells are
known to produce H2O2 in response to infection, also
contributing to the ROS levels.25 The combination of the
phagocytic and epithelial cell ROS production creates an
oxidative stress environment that contributes to the gastric
carcinogenesis.
H pylori Virulence Factors
H pylori strains contain multiple virulence factors that

may contribute to the host’s production of oxidative stress.
The presence of cagA in a strain results in an increased risk
of gastric carcinogenesis compared with individuals infected
with CagA-negative strains.26 Increased hydrogen peroxide
levels and oxidative DNA damage are seen with CagA-
positive strains.27,28 In addition, there is an increase in
tumor necrosis factor-a and IL8, which are inflammatory
and oxidative stress markers.29 Although the precise
mechanism CagA uses for carcinogenesis has not yet been
defined, it is clear that these actions can contribute to the
development of gastric cancer.30
Another virulence factor that may increase the chance
for the development of gastric cancer is VacA. VacA is
capable of inducing an influx of Ca2þ and the generation of
ROS that results in the activation of nuclear factor-kB,
thereby increasing proinflammatory immune response.31

H pylori has the ability to both recruit neutrophils and
protect itself from oxidative bursts with the aid of viru-
lence factors urease, neutrophil activating factor A (NapA),
and the enzyme catalase. Urease and NapA recruit
neutrophils to the site of infection and induce the oxida-
tive burst from the neutrophils once they arrive.32

Contributing to the survival of H pylori while creating a
chronic inflammatory state, the neutrophils are less likely
to undergo apoptosis, and H pylori located in the lumen is
protected from the oxy-radicals released by NapA and
catalase.23

BabA is an adhesion protein that is well characterized.
BabA-positive strains induce a strong IL8 and weak IL33
cytokine response.33,34 This immune response drives a
proinflammatory response without eventually killing the
bacteria. Also important is the correlation between BabA
positivity and DNA damage.35 Another adhesion is sialic
acid–binding adhesion, which induces oxidative bursts in
granulocytes.36

g-glutamyl transferase is a virulence factor that con-
tributes to production of IL8 and activation of nuclear
factor-kB while stimulating the production of H2O2 from the
gastric epithelium.37 It also is known that treatment of
primary gastric cells and the AGS cancer cell line with
g-glutamyl transferase results in DNA damage from oxida-
tive stress.37 The multiple ways of inducing the host
immune response combined with the damage resulting from
the oxidative stress response can initiate the steps toward
carcinogenesis.

Moreover, H pylori also is able to protect itself from the
host immune response by inducing apoptosis of macro-
phages. In vitro macrophages stimulated by the lipopoly-
saccharide of H pylori produce polyamine, which suppress
their iNOS and induces apoptosis.38 Within the gastric
epithelial cells, the polyamine is used to create H2O2.
H pylori also is thought to produce O2

.-, which is moderately
cytotoxic and likely originates from the mitochondrial res-
piratory chain of electrons.39 Although O2

.- is harmful, the
reaction of H2O2 and metals is much more potent. H pylori
is capable of inducing a host response and then manipu-
lating it to create a tolerant, prosurvival environment for
the bacteria, which produces a chronic inflammatory
environment that is harmful to the host.
Host Damage and Gastric Cancer
H pylori was the first bacterial pathogen to be recognized

as a carcinogen.40 The long lag time between the initial
infection and carcinogenesis combined with the late-stage
diagnosis results in a low 5-year survival rate.1 As previ-
ously mentioned, H pylori is capable of inducing a prolonged
inflammatory state that contributes to carcinogenesis.3

CagA-positive strains are capable of inducing an oxidative
stress response in vitro and these strains are associated
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more frequently with gastric cancer.41 In vitro studies also
have shown an increase in oxidative damage and
apoptosis.42,43 However, studies have shown some cells
with DNA damage are less likely to undergo apoptosis, thus
increasing the potential for cancer to arise from these
cells.43

The DNA damage from the H pylori infection can result
from oxidative stress. In vitro studies have shown cells with
deficient DNA repair mechanisms that are infected with
H pylori result in more oxidative stress and DNA
damage.44,45 In vivo work with mice deficient in part of the
base excision repair mechanism also showed severe gastric
lesions after H pylori infection.46 The ability of H pylori to
induce DNA strand breaks likely contributes to genomic
instability and may facilitate the carcinogenesis.47 NO can
prevent the removal of DNA mutations by 8-oxoguanine
glycosylase.44 Studies have shown an increase of phospho-
histone H2AX, a marker of repair for double-strand DNA
breaks, after H pylori infection.44 We propose (Figure 1) that
ROS causes DNA damage subsequent to 8-hydroxy-
20deoxyguanosine accumulation. The loss of a base after
damage would result in an abasic site that could lead to a
Figure 1. Oxidative stress may result in DNA damage. ROS pr
oxidation of the DNA often occurs on deoxyguanosine, resultin
can be lost as a result of the damage, causing an abasic site. Th
repaired. Double-strand breaks can develop from single-strand
replication forks. Both single- and double-strand breaks can
replication that may increase the chances of a tumor formation
single-strand break in the DNA. The lack of repair or
continued damage may induce double-strand breaks in the
DNA, although DNA strands can be induced by other means.
If a cell fails to repair too many breaks, it may result in a
neoplastic precursor.

Inhibition of the base excision repair and mismatch
repair systems during infection allows for cellular trans-
formation to occur. AGS cells express decreased messenger
RNA expression of apurinic/apyrimidinic endonuclease 1
(APE1), which makes the cells less able to repair DNA
mutations and may result in increased genomic instability.48

APE1 is a multifunctional molecule that repairs damage
DNA via its carboxy-terminus while its amino-terminus
regulates transcription.49 Initial cloning experiments
discovered APE1 as the mammalian ortholog of Escherichia
coli Xth and a DNA repair enzyme.50,51 These early studies
identified APE1 as a molecule to evaluate genomic insta-
bility. Shortly after identification as a DNA repair enzyme,
APE1 also was determined to be a redox protein.52 A recent
study showed the ability of APE1 to regulate epithelial ROS
via Rac1 and Nox1 after H pylori infection.23 APE1 was
shown to decrease the expression of Nox1 and interact with
oduced during H pylori infection can cause DNA damage. The
g in 8-hydroxy-20deoxyguanosine (8-OHdG). This base then
is abasic site produces a single-strand break in the DNA if not
breaks or from other sources such as chemicals or collapsed
increase chromosomal instability and lead to errors during
.



Figure 2. H pylori infec-
tion leads to oxidative
stress. H pylori infection
results in ROS production
by the immune and
epithelial cells in an
attempt to kill the bacteria.
Virulence factors from
H pylori such as CagA are
injected into the epithelial
cell while VacA is secreted
from the bacteria and
trapped in an intracellular
vesicle. The virulence
factors trigger multiple
cellular responses
including the production of
intrinsic ROS. The ROS
result in DNA damage in
the epithelial cells, acti-
vating APE1, which
then translocates to the
nucleus to regulate gene
transcription and to
attempt to repair the DNA.
Spermine oxidase (SMO)
also is activated and
results in DNA damage, as
well as acting on the
mitochondria membrane.
Immune cells recruited to
the area by virulence fac-
tors including NapA
release extrinsic ROS in
an attempt to clear the
infection, resulting in more
damage to the area.
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Rac1 to prevent the formation of the NADPH oxidase com-
plex, thus limiting ROS production. If this multifunctional
molecule is impaired, both the feedback loop to control ROS
and DNA repair are unable to contain the negative effects of
the H pylori infection that may contribute to gastric cancer.
Further studies, especially in vivo, are needed to evaluate
the protecting effects of APE1 from DNA damage because
the ability of the cells to maintain genomic integrity is
critical to preventing carcinogenesis.

Another source of damage within the epithelial cells
during H pylori infection is spermine oxidase, which is an
enzyme in the pathway to produce spermidine.53 During
this process, H2O2 also is produced, which results in the
depolarization of the mitochondrial membrane, thereby
activating caspase-mediated apoptosis.43,54 Studies have
shown an increase in spermine oxidase is correlated with
increased DNA damage.42 In addition, the increased
apoptosis can result in an increase in proliferation in the
localized area that also can contribute to gastric carcino-
genesis. An in-depth review can be found by Chaturvedi
et al.55

Transforming growth factor-b1 (TGF-b1) is a multi-
functional cytokine that is known to regulate proliferation
and cell differentiation, among other cellular processes, and
is involved in the regulation of the immune response.
Studies have shown that the severity of gastritis can be
correlated with increased expression of TGF-b1 and that
gastric mucosal biopsy specimens infected with H pylori
have higher TGF-b1 gene expression compared with unin-
fected samples.56,57 Although overexpression of TGF-b can
be correlated with an increased immune response, under-
expression also is harmful in H pylori infection. When TGF-b
is suppressed, it is unable to prevent the H2O2 release from
macrophages, which results in an uncontrolled respiratory
burst.58 In addition, TGF-b stimulates the induction of
Foxp3þ Treg cells that inhibit lymphocyte activation and
favors persistent H pylori infection and the harmful
results.59,60 A recent study showed that TGF-b1 induced
by H pylori infection results in activation of the epi-
thelial–mesenchymal transition pathway and the develop-
ment of gastric cancer stem cells.61 A better understanding
of the interactions between ROS and TGF-b will help clarify
its contributions to carcinogenesis.

Animal models can be useful to evaluate infection in the
complexity of a living organism. Previous studies have used
the Big Blue mouse model to assess the DNA damage from
infection with Helicobacter because this models allows for
the removal of a lambda vector to measure the mutations.
These studies demonstrated increased genetic point muta-
tions indicating oxidative stress occurring as early as 6
months post infection. Infection also was correlated with
hyperplasia, neutrophil infiltration, and mutated p53 sta-
tus.62,63 An additional study also showed the increased
point mutations from oxidative stress along with gastric
lesions and a proinflammatory immune response after
infection.64 These studies suggested that long-term infection
with Helicobacter can result in a proinflammatory immune
response along with oxidative stress, which may contribute
to gastric neoplasia.
Conclusions
H pylori infection results in a chronic inflammatory

response by the host. The chronic oxidative stress produced
by cells in an attempt to eradicate the bacteria results in a
harmful microenvironment for the host rather than an
effective means to eliminate the pathogen. Continued host
efforts to clear the bacteria merely result in an increased
chance of carcinogenesis. The oxidative stress produced
results not only in DNA damage, but also prevents DNA
repair mechanisms from functioning properly (Figure 2).
This is in addition to the increased apoptosis and subse-
quent cell proliferation also resulting from oxidative stress
along with the development of cancer stem cells. Continued
study of this process and the resulting steps to cancer are
required to fully understand the mechanisms at work and,
perhaps, develop an effective gastric cancer prevention or
early treatment.
References
1. Ferlay JSI, Ervik M, Dikshit R, et al. GLOBOCAN 2012 v1.

0, cancer incidence and mortality worldwide: IARC
CancerBase no. 11, Vol 2016. Lyon, France: International
Agency for Research on Cancer, 2013.

2. Peek RM, Blaser MJ. Helicobacter pylori and gastroin-
testinal tract adenocarcinomas. Nat Rev Cancer 2002;
2:28–37.

3. Peek RM, Fiske C, Wilson KT. Role of innate immunity in
Helicobacter pylori-induced gastric malignancy. Physiol
Rev 2010;90:831–858.

4. Augusto AC, Miguel F, Mendonça S, et al. Oxidative
stress expression status associated to Helicobacter
pylori virulence in gastric diseases. Clin Biochem 2007;
40:615–622.

5. Chaturvedi R, Asim M, Piazuelo MB, et al. Activation of
EGFR and ERBB2 by Helicobacter pylori results in
survival of gastric epithelial cells with DNA damage.
Gastroenterology 2014;146:1739–1751.e14.

6. Suzuki M, Mimuro H, Suzuki T, et al. Interaction of CagA
with Crk plays an important role in Helicobacter pylo-
ri–induced loss of gastric epithelial cell adhesion. J Exp
Med 2005;202:1235–1247.

7. Tammer I, Brandt S, Hartig R, et al. Activation of Abl by
Helicobacter pylori: a novel kinase for CagA and crucial
mediator of host cell scattering. Gastroenterology 2007;
132:1309–1319.

8. Mimuro H, Suzuki T, Tanaka J, et al. Grb2 is a key
mediator of Helicobacter pylori CagA protein activities.
Mol Cell 2002;10:745–755.

9. Chang Y-J, Wu M-S, Lin J-T, et al. Mechanisms for
Helicobacter pylori CagA-induced cyclin D1 expression
that affect cell cycle. Cell Microbiol 2006;8:1740–1752.

10. Murata-Kamiya N, Kurashima Y, Teishikata Y, et al.
Helicobacter pylori CagA interacts with E-cadherin and
deregulates the [beta]-catenin signal that promotes
intestinal transdifferentiation in gastric epithelial cells.
Oncogene 2007;26:4617–4626.

11. Supajatura V, Ushio H, Wada A, et al. Cutting edge:
VacA, a vacuolating cytotoxin of Helicobacter pylori,
directly activates mast cells for migration and production

http://refhub.elsevier.com/S2352-345X(17)30032-2/sref1
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref1
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref1
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref1
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref2
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref2
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref2
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref2
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref3
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref3
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref3
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref3
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref4
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref4
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref4
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref4
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref4
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref5
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref5
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref5
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref5
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref5
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref6
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref6
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref6
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref6
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref6
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref6
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref7
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref7
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref7
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref7
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref7
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref8
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref8
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref8
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref8
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref9
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref9
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref9
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref9
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref10
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref10
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref10
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref10
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref10
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref10
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref11
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref11
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref11


May 2017 Helicobacter pylori Causes Oxidative Stress 321
of proinflammatory cytokines. J Immunol 2002;168:
2603–2607.

12. Allen L-AH, Schlesinger LS, Kang B. Virulent strains of
Helicobacter pylori demonstrate delayed phagocytosis
and stimulate homotypic phagosome fusion in macro-
phages. J Exp Med 2000;191:115–128.

13. Zheng P-Y, Jones NL. Helicobacter pylori strains
expressing the vacuolating cytotoxin interrupt phagosome
maturation in macrophages by recruiting and retaining
TACO (coronin 1) protein. Cell Microbiol 2003;5:25–40.

14. Correa P, Cuello C, Duque E, et al. Gastric cancer in
Colombia. III. Natural history of precursor lesions. J Natl
Cancer Inst 1976;57:1027–1035.

15. Naito Y, Yoshikawa T. Molecular and cellular
mechanisms involved in Helicobacter pylori-induced
inflammation and oxidative stress. Free Radic Biol Med
2002;33:323–336.

16. Lambeth JD. NOX enzymes and the biology of reactive
oxygen. Nat Rev Immunol 2004;4:181–189.

17. Fu S, Ramanujam KS, Wong A, et al. Increased expres-
sion and cellular localization of inducible nitric oxide
synthase and cyclooxygenase 2 in Helicobacter pylori
gastritis. Gastroenterology 1999;116:1319–1329.

18. Dulger AC, Aslan M, Nazligul Y, et al. Peripheral
lymphocyte DNA damage and oxidative status after
eradication therapy in patients infected with Helicobacter
pylori. Pol Arch Med Wewn 2011;121:428–433.

19. Ma Y, Zhang L, Rong S, et al. Relation between gastric
cancer and protein oxidation, DNA damage, and lipid
peroxidation. Oxid Med Cell Longev 2013;2013:543760.

20. Wilson KT, Ramanujam KS, Mobley HL, et al. Heli-
cobacter pylori stimulates inducible nitric oxide synthase
expression and activity in a murine macrophage cell line.
Gastroenterology 1996;111:1524–1533.

21. Nam KT, Oh S-Y, Ahn B, et al. Decreased Helicobacter
pylori associated gastric carcinogenesis in mice lacking
inducible nitric oxide synthase. Gut 2004;53:1250–1255.

22. Sumimoto H, Miyano K, Takeya R. Molecular composi-
tion and regulation of the Nox family NAD(P)H oxidases.
Biochem Biophys Res Commun 2005;338:677–686.

23. den Hartog G, Chattopadhyay R, Ablack A, et al.
Regulation of Rac1 and reactive oxygen species pro-
duction in response to infection of gastrointestinal
epithelia. PLoS Pathog 2016;12:e1005382.

24. Ding S-Z, Minohara Y, Fan XJ, et al. Helicobacter pylori
infection induces oxidative stress and programmed cell
death in human gastric epithelial cells. Infect Immun
2007;75:4030–4039.

25. Grasberger H, El–Zaatari M, Dang DT, et al. Dual
oxidases control release of hydrogen peroxide by the
gastric epithelium to prevent Helicobacter felis infection
and inflammation in mice. Gastroenterology 2013;
145:1045–1054.

26. Tsugawa H, Suzuki H, Saya H, et al. Reactive oxygen
species-induced autophagic degradation of Helicobacter
pylori CagA is specifically suppressed in cancer stem-
like cells. Cell Host Microbe 2012;12:764–777.

27. Handa O, Naito Y, Yoshikawa T. CagA protein of
Helicobacter pylori: a hijacker of gastric epithelial cell
signaling. Biochem Pharmacol 2007;73:1697–1702.
28. Hanada K, Uchida T, Tsukamoto Y, et al. Helicobacter
pylori infection introduces DNA double-strand breaks in
host cells. Infect Immun 2014;82:4182–4189.

29. O’Hara AM, Bhattacharyya A, Bai J, et al. Tumor necrosis
factor (TNF)-a-induced IL-8 expression in gastric
epithelial cells: role of reactive oxygen species and AP
endonuclease-1/redox factor (Ref)-1. Cytokine 2009;46:
359–369.

30. Amieva M, Peek RM Jr. Pathobiology of Helicobacter
pylori - induced gastric cancer. Gastroenterology 2016;
150:64–78.

31. Kim JM, Kim JS, Lee JY, et al. Vacuolating cytotoxin in
Helicobacter pylori water-soluble proteins upregulates
chemokine expression in human eosinophils via Ca2þ
influx, mitochondrial reactive oxygen intermediates, and
NF-kB activation. Infect Immun 2007;75:3373–3381.

32. Wang G, Hong Y, Olczak A, et al. Dual roles of
Helicobacter pylori NapA in inducing and combating
oxidative stress. Infect Immun 2006;74:6839–6846.

33. Shahi H, Reiisi S, Bahreini R, et al. Association between
Helicobacter pylori cagA, babA2 virulence factors and
gastric mucosal interleukin-33 mRNA expression and
clinical outcomes in dyspeptic patients. Int J Mol Cell
Med 2015;4:227–234.

34. Rad R, Gerhard M, Lang R, et al. The Helicobacter pylori
blood group antigen-binding adhesin facilitates bacterial
colonization and augments a nonspecific immune
response. J Immunol 2002;168:3033–3041.

35. Toller IM, Neelsen KJ, Steger M, et al. Carcinogenic
bacterial pathogen Helicobacter pylori triggers DNA
double-strand breaks and a DNA damage response in its
host cells. Proc Natl Acad Sci U S A 2011;
108:14944–14949.

36. Unemo M, Aspholm-Hurtig M, Ilver D, et al. The sialic
acid binding SabA adhesin of Helicobacter pylori is
essential for nonopsonic activation of human neutrophils.
J Biol Chem 2005;280:15390–15397.

37. Gong M, Ling SSM, Lui SY, et al. Helicobacter pylori
y-glutamyl transpeptidase is a pathogenic factor in the
development of peptic ulcer disease. Gastroenterology
2010;139:564–573.

38. Bussière FI, Chaturvedi R, Cheng Y, et al. Spermine
causes loss of innate immune response to helicobacter
pylori by inhibition of inducible nitric-oxide synthase
translation. J Biol Chem 2005;280:2409–2412.

39. Benaissa M, Babin P, Quellard N, et al. Changes in
Helicobacter pylori ultrastructure and antigens during
conversion from the bacillary to the coccoid form. Infect
Immun 1996;64:2331–2335.

40. IARC. Infection with Helicobacter pylori. IARC Monogr
Eval Carcinog Risks Hum 1994;61:177–240.

41. Blaser MJ, Perez-Perez GI, Kleanthous H, et al. Infection
with Helicobacter pylori strains possessing cagA is
associated with an increased risk of developing adeno-
carcinoma of the stomach. Cancer Res 1995;55:
2111–2115.

42. Xu H, Chaturvedi R, Cheng Y, et al. Spermine oxidation
induced by Helicobacter pylori results in apoptosis and
DNA damage: implications for gastric carcinogenesis.
Cancer Res 2004;64:8521–8525.

http://refhub.elsevier.com/S2352-345X(17)30032-2/sref11
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref11
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref11
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref12
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref12
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref12
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref12
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref12
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref13
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref13
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref13
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref13
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref13
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref14
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref14
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref14
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref14
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref15
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref15
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref15
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref15
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref15
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref16
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref16
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref16
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref17
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref17
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref17
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref17
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref17
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref18
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref18
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref18
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref18
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref18
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref19
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref19
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref19
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref20
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref20
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref20
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref20
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref20
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref21
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref21
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref21
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref21
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref22
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref22
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref22
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref22
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref23
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref23
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref23
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref23
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref24
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref24
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref24
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref24
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref24
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref25
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref25
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref25
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref25
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref25
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref25
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref25
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref26
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref26
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref26
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref26
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref26
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref27
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref27
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref27
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref27
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref28
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref28
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref28
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref28
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref29
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref29
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref29
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref29
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref29
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref29
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref30
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref30
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref30
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref30
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref31
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref31
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref31
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref31
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref31
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref31
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref32
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref32
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref32
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref32
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref33
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref33
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref33
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref33
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref33
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref33
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref34
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref34
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref34
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref34
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref34
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref35
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref35
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref35
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref35
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref35
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref35
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref36
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref36
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref36
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref36
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref36
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref37
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref37
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref37
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref37
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref37
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref38
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref38
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref38
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref38
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref38
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref39
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref39
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref39
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref39
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref39
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref40
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref40
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref40
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref41
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref41
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref41
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref41
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref41
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref41
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref42
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref42
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref42
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref42
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref42


322 Butcher et al Cellular and Molecular Gastroenterology and Hepatology Vol. 3, No. 3
43. Chaturvedi R, Asim M, Romero–Gallo J, et al. Spermine
oxidase mediates the gastric cancer risk associated with
Helicobacter pylori CagA. Gastroenterology 2011;
141:1696–1708.e2.

44. Kidane D, Murphy DL, Sweasy JB. Accumulation of
abasic sites induces genomic instability in normal human
gastric epithelial cells during Helicobacter pylori
infection. Oncogenesis 2014;3:e128.

45. Greenman C, Stephens P, Smith R, et al. Patterns of
somatic mutation in human cancer genomes. Nature
2007;446:153–158.

46. Meira LB,Bugni JM,GreenSL, et al. DNAdamage induced
by chronic inflammation contributes to colon carcino-
genesis in mice. J Clin Invest 2008;118:2516–2525.

47. Koeppel M, Garcia-Alcalde F, Glowinski F, et al. Heli-
cobacter pylori infection causes characteristic DNA
damage patterns in human cells. Cell Rep 2015;
11:1703–1713.

48. Machado AMD, Figueiredo C, Touati E, et al. Heli-
cobacter pylori infection induces genetic instability of
nuclear and mitochondrial DNA in gastric cells. Clin
Cancer Res 2009;15:2995–3002.

49. Bhattacharyya A, Chattopadhyay R, Mitra S, et al.
Oxidative stress: an essential factor in the pathogenesis
of gastrointestinal mucosal diseases. Physiol Rev 2014;
94:329–354.

50. Demple B, Herman T, Chen DS. Cloning and expression
of APE, the cDNA encoding the major human apurinic
endonuclease: definition of a family of DNA repair en-
zymes. Proc Natl Acad Sci U S A 1991;88:11450–11454.

51. Robson CN, Hickson ID. Isolation of cDNA clones
encoding a human apurinic/apyrimidinic endonuclease
that corrects DNA repair and mutagenesis defects in E.
coli xth (exonuclease III) mutants. Nucleic Acids Res
1991;19:5519–5523.

52. Xanthoudakis S, Curran T. Identification and character-
ization of Ref-1, a nuclear protein that facilitates AP-1
DNA-binding activity. EMBO J 1992;11:653–665.

53. Hardbower DM, de Sablet T, Chaturvedi R, et al. Chronic
inflammation and oxidative stress: the smoking gun for
Helicobacter pylori-induced gastric cancer? Gut
Microbes 2013;4:475–481.

54. Chaturvedi R, Cheng Y, Asim M, et al. Induction of
polyamine oxidase 1 by Helicobacter pylori causes
macrophage apoptosis by hydrogen peroxide release
and mitochondrial membrane depolarization. J Biol
Chem 2004;279:40161–40173.

55. Chaturvedi R, de Sablet T, Peek RM, et al. Spermine
oxidase, a polyamine catabolic enzyme that links
Helicobacter pylori CagA and gastric cancer risk. Gut
Microbes 2012;3:48–56.

56. Lindholm C, Quiding-Järbrink M, Lönroth H, et al. Local
cytokine response in Helicobacter pylori-infected sub-
jects. Infect Immun 1998;66:5964–5971.

57. Galamb O, Sipos F, Molnar B, et al. Evaluation of ma-
lignant and benign gastric biopsy specimens by mRNA
expression profile and multivariate statistical methods.
Cytometry B Clin Cytom 2007;72B:299–309.

58. Jo Y, Han SU, Kim YJ, et al. Suppressed gastric mucosal
TGF-B increases susceptibility to H. pylori-induced
gastric inflammation and ulceration: a stupid host
defense response. Gut Liver 2014;4:43–53.

59. Raitala A, Karjalainen J, Oja SS, et al. Helicobacter pylori-
induced indoleamine 2,3-dioxygenase activity in vivo is
regulated by TGFB1 and CTLA4 polymorphisms. Mol
Immunol 2007;44:1011–1014.

60. den Hartog G, van Altena C, Savelkoul HFJ, et al. The
mucosal factors retinoic acid and TGF-b1 induce
phenotypically and functionally distinct dendritic cell
types. Int Arch Allergy Immunol 2013;162:225–236.

61. Choi YJ, Kim N, Chang H, et al. Helicobacter pylori-
induced epithelial-mesenchymal transition, a potential
role of gastric cancer initiation and an emergence of stem
cells. Carcinogenesis 2015;36:553–563.

62. Jenks PJ, Jeremy AHT, Robinson PA, et al. Long-term
infection with Helicobacter felis and inactivation of the
tumour suppressor gene p53 cumulatively enhance the
gastric mutation frequency in Big Blue® transgenic mice.
J Pathol 2003;201:596–602.

63. Touati E, Michel V, Thiberge J-M, et al. Chronic
Helicobacter pylori infections induce gastric mutations in
mice. Gastroenterology 2003;124:1408–1419.

64. Sheh A, Lee CW, Masumura K, et al. Mutagenic potency
of Helicobacter pylori in the gastric mucosa of mice is
determined by sex and duration of infection. Proc Natl
Acad Sci U S A 2010;107:15217–15222.
Received November 19, 2016. Accepted February 11, 2017.

Correspondence
Address correspondence to: Sheila E. Crowe, MD, Department of Medicine,
University of California, San Diego, 9500 Gilman Drive, La Jolla, California
92093-0063. e-mail: secrowe@ucsd.edu; fax: (858) 246-1788.

Conflicts of interest
The authors disclose no conflicts.

Funding
Supported by National Institutes of Health RO1DK061769 (S.E.C.), University
of California, San Diego Digestive Diseases Research (S.E.C.), and National
Institutes of Health T32 DK07202 (L.D.B.).

http://refhub.elsevier.com/S2352-345X(17)30032-2/sref43
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref43
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref43
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref43
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref43
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref43
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref44
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref44
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref44
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref44
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref45
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref45
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref45
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref45
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref46
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref46
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref46
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref46
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref47
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref47
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref47
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref47
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref47
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref48
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref48
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref48
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref48
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref48
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref49
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref49
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref49
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref49
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref49
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref50
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref50
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref50
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref50
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref50
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref51
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref51
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref51
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref51
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref51
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref51
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref52
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref52
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref52
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref52
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref53
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref53
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref53
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref53
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref53
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref54
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref54
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref54
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref54
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref54
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref54
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref55
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref55
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref55
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref55
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref55
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref56
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref56
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref56
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref56
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref57
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref57
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref57
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref57
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref57
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref58
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref58
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref58
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref58
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref58
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref59
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref59
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref59
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref59
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref59
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref60
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref60
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref60
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref60
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref60
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref61
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref61
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref61
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref61
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref61
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref62
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref62
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref62
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref62
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref62
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref62
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref63
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref63
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref63
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref63
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref64
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref64
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref64
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref64
http://refhub.elsevier.com/S2352-345X(17)30032-2/sref64
mailto:secrowe@ucsd.edu

	Oxidative Stress Resulting From Helicobacter pylori Infection Contributes to Gastric Carcinogenesis
	Oxidative Stress Generation
	Host Response
	H pylori Virulence Factors

	Host Damage and Gastric Cancer
	Conclusions
	References




