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Abstract
Gastric cancer is one of the most common malignancies in many countries. Environmental gastric cancer risk
is known to be associated with Helicobacter pylori infection, a high intake of salty foods, and alcohol consumption.
Here, we provide evidence of linkage of mitochondrial reactive oxygen species (ROS) to several environmental gastric
cancer risks. Moreover, ROS correlate with gastric cancer invasion and metastasis, the most important factor to decide
a patient’s prognosis. We also show correlation between mitochondrial ROS and gastric cancer invasion by using a
normal gastric mucosal cell line (RGM-1), a cancerous mutant RGM-1 subclonal (RGK-1) and a MnSOD-expressing
RGK-1 cell-line, used for a scavenging mitochondrial ROS. This mini-review summarizes role of ROS in gastric
carcinogenesis and aims to provide a clue in developing useful treatments against gastric cancer.
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Introduction
Although the incidence and mortality of gastric cancer have
recently been declining, it is still a common cancer in Japan [1]. Gastric
cancer remains the fourth most common cancer and the second leading
cause of global cancer mortality [2]. Thus, a gastric cancer control
strategy is important in Japan and around the world. Moreover, studies
to clarify the etiology of gastric cancer with molecular understanding
are still important work to be done. In this short review, we focus on the
etiology of gastric cancer from aspects of oxidative stress.

The Environmental Risk Factors of Gastric Cancer
According to the previous report of a joint WHO/FAO Expert
Consultation in 2003, a high intake of salty foods and salt, and reduced
fruit and vegetable intake were evaluated as “probable” risk factors for
gastric cancer [3]. An evaluation from the International Agency for
Research on Cancer concludes that smoking is the “convincing” risk
factor for gastric cancer [4]. Positive association is presented with
chronic atrophic gastritis, drinking habits, and barbecued or grilled
cooking [5]. In addition, Helicobacter pylori (H. pylori) infection is
considered as an important risk factor for gastric cancer. Besides
environmental risk factors, genetic factors also play crucial roles in
gastric cancer development. Mutation in the E-cadherin/CDH1 gene
resulted in hereditary diffuse gastric cancer [6]. People with Lynch
syndrome, and familial adenomatous polyposis, are high-risk groups
of gastric cancer [6].

Biology of Reactive Oxygen Species
Source of reactive oxygen species
In normal cells, energy substrates, such as ATP and NADPH are
produced from the electron transport chain in the mitochondria during
aerobic metabolism. However, distinct amounts of reactive oxygen
species (ROS) are also produced as a by-product from the mitochondrial
respiratory chain. These are so-called mitochondrial ROS. ROS include
the superoxide anion radical (O2.-), hydrogen peroxide (H2O2) and the
hydroxyl radical (.OH). The initial step in ROS formation is generation
of O2.- and then proceeds to H2O2 production. Interaction between O2.and H2O2 generates .OH, which causes strong damage to cells [7]. The
amount of ROS can be reduced by several antioxidant enzymes, e.g.
superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx)
and glutathione (GSH) [8-10]. Manganese superoxide dismutase
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(MnSOD) is one of these antioxidant enzymes that is particularly
localized at mitochondria to scavenge their O2.- [11,12]. In other
words, MnSOD is the specific scavenger of superoxides produced by
mitochondrial electron transport [13]. It is interesting that a hundred
times number of mitochondria is observed in oocytes compared to
those in somatic cells [14]. This result indicated a higher requirement
of energy production in oocytes for drastic cell division, along with a
high amount of generation of ROS. In the case of cancer cells, a huge
amount of O2.- is often generated because acomplex I dysfunction exists
in mitochondria.
On the other hand, other enzymes, such as NADPH oxidase
(NOX), generate ROS. Membrane-integrated NOX family oxidases,
such as NOX1 and Duox2, are known to produce O2.- or H2O2 [15].
NADPH oxidase is a multicomponent enzyme,which is formed of a
complex, p22phox, gp91phox (NOX2), p40phox, p47phox, p67phox
and the small GTP-binding protein Rac [16-19]. For the initial step
for the activation of NADPH oxidase, it is indispensable for Rac to
translocate to the membrane and interact with p67phox and p47phox
[20,21]. Nox1 is highly expressed in colon epithelial cells but not in
gastric epithelial cells.
Of note, it is worthwhile to mention that nitric oxide (NO) is also
an important radical species that induces cellular damage. NO interacts
with O2.-, and generates peroxynitrite, which damages DNA [22] and
also increasesnitrotyrosine levels in exposed tissue.

Reactive oxygen species and carcinogenesis
DNA damage induced by ROS is likely to play an important role
in carcinogenesis. DNA exposed to ROS results in single- or doublestrand DNA breaks, DNA-protein cross-links [23] and deoxyribose
oxidation. Oxidation of guanine at the C8 position forms 8-hydroxy-
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2’-deoxyguanosine (8-OHdG) [24]. Such oxidized DNA bases have
been shown to be mutagenic, linked to mutations commonly observed
in human cancers. Lipid peroxidation generated by ROS has also been
recognized to be involved in carcinogenesis, for example by modification
of DNA bases and activation of transcriptional factors [25].
In addition, ROS affects cancer cell proliferation and apoptosis
through activation of AP-1 and nuclear factor-kappaB (NF-κB)
transcription factors [26]. Activation of AP-1 results in induction
of cyclin D1 and cyclin-dependent kinase, while NF-κB induces
inflammatory cytokines and growth factors. Recently, correlation
between NF-E2 p45-related factor-2 (Nrf2) and Kelch-like ECHassociated protein 1 (keap1) antioxidant system has been attracting
much attention because Nrf2 induces a variety of antioxidant enzymes
during exposure to oxidative stress [27,28].

Relation Between Environmental Risk factors of Gastric
Cancer and Reactive Oxygen Species
Helicobacter pylori-induced reactive oxygen species
H. pylori is a spiral-shaped, gram-negative rod bacteria
(approximately 3.5 × 0.5 µm) that infects the stomachs of almost half
of all humans [29]. H. pylori is classified as a class 1 carcinogen [30],
and its infection of the stomach induces chronic gastritis and intestinal
metaplasia, which are risk factors for gastric cancer [31,32]. H. pylori
strains have been classified by their expression genes, such as cytotoxinassociated antigen A (Cag A), cag-pathogenicity island (cag PAI) and
vacuolating cytotoxin (Vac A). It was demonstrated that H. pylori
carrying Cag A is closely associated with severe gastric inflammation
and the development of gastric cancer [33]. On the other hand, the cag
PAI status correlates with intracellular ROS formation in the gastric
epithelial cells [34].
In addition to the gastric epithelial cells, the activated inflammatory
cells, including neutrophil of the infected tissues, produce ROS [35].
Current evidence suggests that neutrophil-dependent oxidative
stress plays a pivotal role in the pathogenesis of gastric inflammation
associated with H. pylori infection. Neutrophil infiltration of the gastric
mucosa is the initial pathological abnormality in H. pylori -associated
inflammation, and this induces activation of NADPH oxidase. It has
been reported that H. pylori induces translocation of HSP90β from
cytosol to the cell membrane with interaction with Rac1, which activates
NADPH oxidase to produce ROS in gastric epithelial cells [36]. On the
other hand, 15d-PGJ2 inhibits the activation of NADPH oxidase in
H. pylori-infected gastric epithelial AGS cells [37].
As a brief summary, gastric oxidative stress occurs as a result of
both the bacterial and host side factors in the case of H. pylori infection.
It would be interesting to clarify the contribution of mitochondrial ROS
to H. pylori infected gastric epithelial damage and carcinogenesis.

Salt-induced reactive oxygen species
High concentrations of salt could provide a hyperosmotic pressure
environment for gastric mucosa. Consumption of high concentrations
of salt has been reported to destroy the gastric mucosal barrier, evoking
inflammation, diffuse erosion and degeneration of gastric mucosa
[38,39]. On the other hand, plants can be damaged by salt treatment
due to superoxide production [40,41]. Thus, it is speculated that salt
could also induce oxidative stress in animal cells. However, there are
no reports demonstrating relations between ROS and sodium chloride
in animal cells.
In our previous study, we asked whether salt (NaCl) could induce
oxidative stress in rat gastric mucosal cells (RGM-1) [42]. We measured
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living gastric epithelial cells’ ROS spectra using an electron paramagnetic
resonance (EPR) apparatus, and we successfully demonstrated for the
first time that hypertonic salt treatment could induce ROS production
in gastric epithelial cells [43]. In this study, NaCl at a concentration of 1
M for an hour exposure resulted in all cells dying. However, exposure of
NaCl less then 650 mM concentration allowed survival of several cells
for a few hours with production of ROS. These results suggest that high
concentrations of NaCl, such as more than 1 M, act as a necrotizing
factor, while lower concentrations of NaCl act as an oxidative stress
inducer. Moreover, to investigate whether the salt-induced ROS is
derived from mitochondria, we treated MnSOD over expressing cells
(RGM-MnSOD) [44] with NaCl, and found that MnSOD suppressed
the ROS production. The results were further confirmed by measuring
the amount of the cellular membrane peroxidation using DPPP as
a ROS indicator. In MnSOD-expressing cells, the levels of cellular
membrane peroxidation induced by NaCl were reduced compared to
those of the control parent cells.
In this section, salt is not only a necrotizing factor for gastric
epithelial cells, but also an oxidative stress inducer. It is also interesting
to know the combined effects of salt and gastric acids on ROS induction.
Strong acidic environments below pH 2 induce necrosis in gastric
epithelial cells, while pH 3 and/or pH 4 environments produce ROS
from gastric epithelial cell mitochondria [45].

Alcohol-induced reactive oxygen species
As reported by WHO, alcohol may cause 60 types of diseases
and injuries. Moreover, around 4% of all deaths worldwide, about
2.25 million, were attributed to alcohol consumption in 2004. The
gastrointestinal tract, including the stomach, is called “the first-pass
metabolism of alcohol”. In the cytoplasm of gastric epithelial cells, a
microsomal ethanol oxidizing system (MEOS) is activated by alcohol.
For the activation of MEOS, CYP2E1 (one of the cytochrome P450
family) is required to generate oxidized NADPH [46,47]. CYP2E1 has
been reported to induce the expression of cyclooxygenase-2 (COX-2)
in the liver [48]. Conversely, COX-2 could be induced by ROS, partly
through activation of NF-κB. It is reasonable to induce COX-2 with
resultant production of prostaglandins because it protects gastric
epithelial cells from an aggressive factor for the gastrointestinal tract
in vivo. Taking all into consideration, we speculated that alcohol could
also induce oxidative stress in an animal cell. However, there are few
reports investigating the relations between ethanol-induced ROS and
mitochondria.
In a previous study, we demonstrated for the first time that
treatment by ethanol is involved in ROS production, especially the
superoxide anion, in RGM-1 cells [49]. We measured living gastric
epithelial cells’ ROS spectra using an EPR apparatus. We performed this
study under conditions from 0 to 20% ethanol. Such a concentration
of ethanol may represent popular alcohol beverages such as beer or
wine. A concentration of ethanol of more than 15% caused immediate
cell death, while a concentration of ethanol of less then 15% allowed
survival of several cells for a few hours with production of ROS.
Ethanol-induced cellular ROS was observed for 15 min from exposure
to 1% (v/v) ethanol. Lipid peroxidation in cellular membrane was
also observed with1% ethanol, examined by the intensity of DPPP
fluorescence. We also tried to clarify the localization of ROS production,
which may co-localize with mitochondria. To this end, we stained cells
with APF and MitoRed. After treatment with 0, 1 and 5% ethanol for an
hour, the MitoRed fluorescence coincided with the APF fluorescence.
Moreover, we also investigated the microscopic observations with
fluorescent probes JC-1 that detect mitochondrial electron potential.
In this experiment, injured mitochondria were observed in 5% ethanol
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exposed cells. These results indicated that ethanol injured mitochondria
and reduces electron potential.
In this section, ethanol is not merely a necrotizing factor for gastric
epithelial cells, but also an oxidative stress inducer. Ethanol inhibits a
mitochondrial electron transfer system, and results in O2.- production.

Reactive Oxygen Species and Invasion/metastasis
Cancer patients’ prognosis mainly depends on the ability of cancer
cell invasion. Generally, treatment decreasing cancer cell invasive
abilities could improve prognosis. However, the mechanisms that
control gastric cancer invasion and metastasis have not been clarified
yet. The ability of gastric cancer cell invasion is related to mutations in
both oncogenes and tumor suppressor genes, and is affected by growth
factors, inflammatory cytokines and angiogenesis [50-52]. In addition,
cancer cellular ROS may also play an important role in their invasion and
metastasis [53,54] because ROS regulate activation of actin remodeling
proteins and focal adhesion proteins [55,56]. Cellular invasion needs
alteration of cellular morphology, including invadopodia/invasive feet.
For instance, the ability to form invadopodia in breast cancer cells is
closely related to their invasive potential [57]. Regarding cancer cell
invasion, ROS generated by membrane-bound NOX play a critical
role. NOX is reported to accelerate invadopodia formation through O2⋅production [58,59]. However, the relation between mitochondrial ROS
and tumor invasion has not been well investigated.
In a previous study, we elucidated whether mitochondrial ROS was
involved in tumor cell migration or not [60]. We investigated living
cellular ROS spectra of EPR using RGM-1, RGK-1 and RGM-MnSOD
cells [60]. Two-times higher concentration of intracellular ROS was
observed by EPR measurement in RGK-1 cells compared to those

in RGM-1 cells. MnSOD over expression in RGK cells significantly
decreased intracellular ROS concentration. To evaluate horizontal
cellular migration, cellular ruffling frequencies were measured and
a wound healing assay was performed. To analyze vertical cellular
migration, an invasion assay using matrigel was also performed. All
cellular movement abilities were inhibited by scavenging mitochondrial
ROS by over expression of MnSOD. In these cells, components forming
invadopodia, such as Rac1 and cdc42 were not reduced by MnSOD
over expression. These data suggest mitochondrial ROS might have
a different mechanism for the tumor invasions from the NOX-ROS
pathway.
In this section, we demonstrated for the first time that mitochondrial
ROS are involved in cancer cellular invasion. Matrix metalloproteinase
(MMP) signaling enhances tumor invasion ability by degrading
collagens. It has been reported that mitochondrial ROS controls MMP
signaling by inducing MMP expression or pro enzymes [61]. It will be
very important to clarify the mechanism of mitochondrial ROS for
tumor invasion to improve cancer patients’ prognosis.

Future Aspects
The overall five-year survival rate in gastric cancer patients is very
low [62]. Thus, we should further clarify the pathogenesis of gastric
cancer carefully. Subsequent studies, including experimental and clinic
studies, suggest that the stomach may be susceptible to considerable
oxidative stress associated with inflammation and cancer. In addition
to inflammation that produce ROS in the stomach, environmental risk
factors of gastric cancer also play a role in producing mitochondrial
ROS, as summarized in this mini-review (Figure 1). For clinical
use, monitoring the degree of 4-hydroxy-2-noneal, nitrotyrosine,

Figure 1: Schema of mitochondrial ROS involved in gastric cancinogenesis.
Cag A: Cytotoxin-associated antigen A; cag PAI: cag-pathogenicity island; GPx: Glutathione Peroxidase; H. pylori, Helicobacter pylori; Keap1: Kelch-like ECHassociated protein 1; MnSOD: Manganese Superoxide Dismutase; NOX: NADPH Oxidase; NF-κB: Nuclear Factor-kappaB; NO: Nitric Oxide; Nrf2: NF-E2 p45-related
factor-2; 8-OHdG: 8-hydroxy-2’-deoxyguanosine; ROS: Reactive Oxygen Species; Vac A: Vacuolating Cytotoxin A.

J Gastroint Dig Syst
ISSN: 2161-069X, an open access journal

Volume 3 • Issue 4 • 1000150

Citation: Tamura M, Mutoh M, Fujii G, Matsui H (2013) Involvement of Mitochondrial Reactive Oxygen Species in Gastric Carcinogenesis. J Gastroint
Dig Syst 3: 150. doi: 10.4172/2161-069X.1000150

Page 4 of 5

8-hydroxyguanosine DNA adducts and other lipid peroxides for free
radical reaction may support identification of the degree of cancer
risk. Identification or development of small molecules that scavenge
superoxides, activate antioxidant enzymes and modulate activation
of transcription factors, will be a useful strategy for future treatments,
including chemoprevention for cancer.
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