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Stress ulceration frequently occurs as a result of major stressful events and hydroxyl radical (⋅OH) is one of
the major causative factors for it. Recently, it has been proved that hydrogen, a potent selectively ⋅OH scav-
enger, can effectively protect animals against ROS-induced tissue damage. In like manner, we hypothesize
that hydrogen may have a protective effect against stress ulceration. Gastric ulceration was induced by the
method of cold restraint stress. Rats in the hydrogen treatment group received hydrogen-rich saline
(10 mL/kg body weight) 5 min before the stress. At 6 h post-stress, gastric corpus mucosa was harvested
for the measurement of malondialdehyde, protein carbonyl, 8-hydroxy-desoxyguanosine, glutathione, super-
oxide dismutase, myeloperoxidase, TNF-α, IL-1β and cytokine-induced neutrophils chemoattractant-1. In ad-
dition, western blotting was used to determine the expression of p38 MAPK, P-p38 MAPK, P-JNk, JNK, Bcl-xl,
Bax and cleaved caspase-3. Nuclear translocation of NF-κB was assessed by electrophoretic mobility shift
assay. Gastric mucosa structure and mucosal epithelial cells apoptosis were measured at 12 h post-stress.
Our present study showed that hydrogen treatment lessened the stress-induced lipid peroxidation, protein
carbonyl and DNA oxidant and improved tissue antioxidant potential. In addition, hydrogen mitigated in-
flammatory response and neutrophils infiltration with suppressing the activity of P-p38 MAPK, P-JNk and
NF-κB. Importantly, hydrogen ameliorated gastric mucosa damage with preventing cell apoptosis. Further-
more, the up-regulation of cleaved caspase-3, Bax and down-regulation of Bcl-xl expression were blocked
by hydrogen treatment. In conclusion, hydrogen treatment effectively ameliorated stress-associated gastric
mucosa damage via its anti-oxidant, anti-inflammatory and anti-apoptotic effects.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Stress ulceration is diffuse lesions of the mucosal layer of the
stomach and sometimes the duodenum, and it frequently occurs as
a result of many major stressful events, such as extensive burns,
shock, sepsis, major surgery, and severe trauma. Bleeding from stress
ulcer in critical ill patients can result in substantial morbidity and
mortality [1].

Over recent decades, there is a wealth of evidence to point out that
mucosal hypoxia-ischemia is the major cause of cold immobilization
stress-induced gastric injury. Under the hypoxic-ischemic condition,
reactive oxygen species (ROS) such as superoxide anions (O2

−),
hydrogen peroxide (H2O2), and hydroxyl radicals (⋅OH) are rapidly
and continuously produced, and the resulting oxidative stress is cru-
cially responsible for the development and progression of epithelial
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necrosis and mucosal ulceration. A growing body of experimental
and clinical evidence proved that stress-induced gastric mucosal
damage is mediated through the ROS [1–3]. Scientists have demon-
strated that ⋅OH was one of the major causative factors for stress-
induced gastric ulceration [3]. ⋅OH, one of the most toxic ROS, is
short-lived which is about billionth part of a second and can only dif-
fuse approximately 4 nm before reacting; therefore, there is only
need a millisecond for it to cause DNA damage [4]. Until now, there
is no known endogenous detoxification system for ⋅OH [5]. Therefore,
scavenging ⋅OH has tremendous potential to control stress-induced
gastric ulceration.

In 2007, Ohsawa et al. suggested that hydrogen inhalation could
protect the brain against ischemia/reperfusion (IR) injury and stroke
by selectively reducing ⋅OH, which indicated a unique function of hy-
drogen as a therapeutic gas by specifically targeting ⋅OH [5]. Although
the protective effect of hydrogen as a therapeutic gas for ROS-induced
damage has been extensively investigated, its gastroprotective effect
has not been reported until now [6–8]. Based on the theory that hy-
drogen could selectively counteract ⋅OH, one of the major causative
factors for stress-induced gastric ulceration, we built a rat restraint-
cold stress-induced gastric ulceration model to investigate its protec-
tive effect and the underlying mechanism.
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Table 2
The concentration of hydrogen in Hs and Ps.

Hs Ps

Hydrogen concentration
(mmol/L)

0.63±0.05** 0.034±0.021

Data are expressed as mean±SD (n=3), **Pb0.01 vs. Ps group.
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2. Materials and methods

2.1. Animals

Male Sprague Dawley (SD) rats, aged 8–10 weeks and weighing
180–200 g, (Experimental Animal Center of the Second Military
Medical University (SMMU), Shanghai, China) were housed in indi-
vidual cages in a temperature-controlled room with a 12 h light/
dark cycle and free access to food and water. All animal experiments
were approved by the Shanghai Changhai Hospital Ethics Committee
in accordance with the Guide for Care and Use of Laboratory Animals
published by the US NIH (approval ID: no. 96–01).

2.2. Stress-induced gastric ulceration model

Gastric ulcer was produced in rats by restraint-cold stress and the
severity of the damage was expressed as ulcer index. The rats were
immobilized under light ether anesthesia and subjected to cold
stress (4±1 °C) for 3.5 h. Fasted animals of the control group were
kept at room temperature without any stress [9].

2.3. Preparation and measurement of hydrogen-rich saline (Hs)

Hydrogen was dissolved in physiological saline (Ps, the hydrogen
in which was 0.034 mmol/L) for 6 h under high pressure (0.4 MPa)
to a rich level (0.63 mmol/L) using an Hs-producing apparatus (De-
partment of Diving Medicine, SMMU). Hs was freshly prepared just
before the experiment. A hydrogen microelectrode was applied to de-
tect the concentration of hydrogen in the Hs and Ps using the method
described by Sun et al. [10] Table 2.

2.4. Experimental design

Thirty rats were randomized into three groups: sham group (12
rats, Hs, S group), control group (12 rats, stress+Ps, C group) and
Hs treatment group (12 rats, stress+Hs, H group). Rats received an
intravenous bolus of 10 mL/kg body weight Hs or the same volume
of Ps just before the stress. Six rats were killed each time by over-
dosed anesthesia (peritoneal cavity injection, 100 mg/kg body
weight; Sigma, USA) at 6 h and 12 h post-stress in all three groups.

At 6 h post-stress, gastric corpus mucosa was harvested by
gently scraping the mucosa off the underlying muscularis mucosa
and serosal layers with a microscope slide and were frozen in
liquid nitrogen and stored at −80 °C until assayed. At 12 h post-
stress, the stomachs were fixed in 4% polyformaldehyde for histo-
logical and immunohistochemistry.

2.5. Preparation of nuclear extracts and EMSA

The nuclear protein extracts from frozen mucosal tissues were
prepared as described previously [11]. The protein concentration
was measured by the BCA assay (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Double-stranded oligonucleotides containing
nuclear factor (NF)-κB consensus binding sequences (Santa Cruz
Table 1
Primer sequences for PCR amplification.

mRNA Primer sequence

TNF-α Sence5-AGAACTCCAGGCGGTGTCTGTG-3
Antisence5-GTGGCAAATCGGCTGACGGTGT-3

IL-1 β Sence5-AGAAGCTGTGGCAGCTACCT-3
Antisence5-TTGGGATCCACACTCTCCAG-3

CINC-1 Sense 5-CTCCAGCCACACTCCAACAGA-3
Antisence5-CCTAACACAAAACACGAT-3

β-Actin Sense 5-CTATCGGCAATGAGCGGTTCC-3
Antisence5-TGTGTTGGCATAGAGGTCTTTACG-3
Biotechnology) were end-labeled with [γ-32P] ATP and purified
over a Sephadex G-25 column. Nuclear extracts (2 μg) were incu-
bated with labeled probe at room temperature for 20 min in a
binding buffer containing poly (di: dc) as described previously.
DNA–protein complexes were separated in 6% nondenaturing poly-
acrylamide gel at 90 V for 1.5 h. Gels were dried, autoradiographed
at −70 °C, and quantified using PhosphorImager analysis [1].

2.6. Biochemical assays

SOD and GSH are endogenous antioxidants which can markedly
inhibit or delay oxidative processes via oxidized itself. SOD is deter-
mined via the SOD assay kit-WST (Dojindo, Kumamoto, Japan). GSH
is a cellular non-enzymatic tripeptide antioxidant and is measured
using total glutathione quantification kit (Dojindo, Kumamoto,
Japan). The levels of MPO were measured using commercially
assay kits (Shanghai Gen Med Corporation, Shanghai, China) follow-
ing the manufacturer's recommendations. Malondialdehyde (MDA),
protein carbonyl, and 8-hydroxy-desoxyguanosine (8-OHdG) were
measured commercial kits (Cell BioLabs, San Diego, USA).

2.7. Extraction of total RNA and reverse transcription-polymerase chain
reaction (RT-PCR)

Total tissue RNA was isolated the Trizol methods [12]. Total RNA
(2 μg) from each sample was subjected to reverse transcription in a
reaction volume of 50 μl. Aliquots of the reverse transcription mix
were used for amplification of fragments specific to TNF-α, IL-1 β,
CINC-1 and β-actin by PCR using the primer pairs listed in Table 1.
PCR products were run on a 1.2% agarose gel.

2.8. Histological examination and TUNEL staining

For histological evaluation, gastric tissues were fixed in 4% poly-
formalin, embedded in paraffin, sectioned to 6 μm, in thickness, and
stained with hematoxylin and eosin (HE). Apoptosis test in the gastric
mucosal tissues was performed by TACSTM TdT Kit (Invitrogen Co.,
Purchase, NY, USA).

2.9. Western blot analysis

The gastric corpus mucosa was homogenized and analyzed for
JNK, phospho-JNK (P-JNK), p38 mitogen-activated protein kinases
(MAPK), phosphor-p38 MAPK (P-p38 MAPK), B-cell lymphoma-
extra large (Bcl-xl), B-cell lymphoma-2-associated X-protein (Bax),
cleaved caspase-3 and β-actin. Samples were electro blotted onto
PVDF membranes and probed with primary antibodies against JNK
(Cell Signaling Technology, Beverly, MA,USA), p38 MAPK (Cell Signal-
ing Technology), P-JNK (Cell Signaling Technology), P-p38MAPK(Cell
Signaling Technology), Bcl-xl (Cell Signaling Technology), Bax (Cell
Signaling Technology), cleaved caspase-3(Cell Signaling Technology),
and β-actin (Sigma-Aldrich, St. Louis, MO, German), respectively.
Membranes were then incubated with the horseradish peroxidase-
tagged secondary antibody (1:7500, Calbiochem, La Jolla, CA) for 2 h
and visualized with the enhanced chemiluminescence reagent
followed by autoradiography [13].
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2.10. Statistical analysis

Statistical description was performed by using SPSS 16.0 (SPSS
Inc., Chicago, IL) for windows. Analysis of variance was used for statis-
tical analysis. All values were expressed as mean±SEM. Significance
was accepted when Pb0.05.
3. Results

3.1. Hs reduced the oxidative stress damage caused by cold-restraint
stress

ROS such as O2
−, H2O2, and ⋅OH are produced during stress in

the gastric mucosa and are known to be crucial in the pathogenesis
of stress ulceration. To clarify whether hydrogen had really reduced
the generation of ROS within the gastric mucosa in stressed rats,
we measured the intracellular concentration of MDA, protein car-
bonyl, and 8-OHdG. It is well established that oxidative stress dam-
age usually leads to the accumulation of cytotoxic products such as
MDA, protein carbonyl and 8-OHdG. SOD and GSH, both important
cellularantioxidants,contributetothegastricoxidative–antioxidative
balance in the gastric mucosa. Cold constraint stress resulted in a
Fig. 1. Effects of hydrogen on oxidative stress caused by cold-restraint. Hydrogen reduc
tained the activity of (D) SOD and (E) GSH at 6 h post-stress. Furthermore, hydrogen
SEM from six animals per group. *Pb0.05 and **Pb0.01 compared with the S group; #
decrease of SOD andGSH activitywith the accumulation ofMDA, pro-
tein carbonyl and 8-OHdG concentration. Our results exhibited that
Hs prevented these changes.

3.2. Effects of Hs on stress-induced neutrophils infiltration

Recruitment and activation of neutrophils contribute greatly to
the pathophysiological processes occurring in gastric mucosa at the
later stage of stress [14,15]. MPO activity, an indicator of neutrophils
infiltration, was significantly increased in the gastric tissues at the 6 h
post-stress. Fig. 1f showed that MPO activity was strongly inhibited
by administration of Hs at 6 h post-stress.

3.3. Effects of Hs on stress-induced pro-inflammatory gene expression

Synthesis and release of inflammatory mediators, especially of
proinflammatory cytokines such as TNF-α, IL-1β, and CINC-1, are re-
cently emerged as important determinants of mucosal inflammation
and gastric injury following cold immobilization stress [16–18]. Our
present study showed that mRNA expression of TNF-α, IL-1β, and
CINC-1 was linearly increased in rat gastric mucosa at 6 h after stress
and Hs prevented those changes (Fig. 2).
ed the accumulation of (A) MDA, (B) protein carbonyl, and C) 8-OHdG and main-
reduced stress-induced increases of (F) MPO activity in gastric mucosa. Mean±

Pb0.05 and ##Pb0.01 compared with the S group.



Fig. 2. Effects of hydrogen on stress-induced TNF-α, IL-1β, and CINC-1 mRNA expression. Cold constraint stress caused a significant increase of TNF-α, IL-1β, and CINC-1 and hy-
drogen treatment markedly inhibited the high expression of TNF-α, IL-1β, and CINC-1. Relative RNA levels were quantified by densitometry and expressed as optical density ratio
with β-action serving as internal standards. Mean±SEM from three animals per group. **Pb0.01 compared with the S group; ##Pb0.01 compared with the S group.
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3.4. Hs inhibited the activity of P-p38 MAPK, P-JNK and NF-κB

Jia et al. have showed that cold immobilization stress resulted in a
rapid and persistent activation of NF-κB in rat gastric mucosa [1]. As
shown in Fig. 3a, the results of the EMSA experiments illustrated
that Hs treatment suppressed the NF-κB binding activities at 6 h
post-stress.

The p38 MAPK and JNK are important in mediating stress, inflam-
matory responses and apoptosis processes. Previous studies have
showed that treatment with p38 MAPK and JNK kinases inhibitors
could lessen cold constraint stress-induced tissue injury [2,19]. Our
studies exhibited that pre-treatment with Hs also inhibited the exces-
sive P-p38 MAPK and P-JNK activity, but not total JNk and p38 MAPK
(Fig. 3b).

3.5. Cold constraint stress-induced gastric mucosal injury alleviated in
the presence of Hs

No damage was observed in the rats of the sham group, whereas
large numbers of hemorrhagic necrotic lesions were observed in the
corpus mucosa as well as in the antral mucosa in the rats of control
group at 12 h post-stress. Our work showed that application of Hs
prevented the cold constraint stress-induced lesion formation as
assessed by gross and histological examination (Fig. 4a and b).
3.6. Effects of hydrogen on ROS-induced pro-apoptotic signaling and
mucosal epithelial cell apoptosis

It is well known that mucosal cell apoptosis plays a crucial role in
the pathogenesis of gastric ulceration [20]. In our previous study, we
investigated the effects of hydrogen on stress-induced occurrence of
mucosal cellular apoptosis. Gastric epithelial apoptosis was assessed
by TUNEL staining. Our study exhibited that the increase in apoptosis
of mucosal epithelial cells at 12 h of stress was significantly blocked
by prior administration of Hs (Fig. 5a).

Caspase-3, a key mediator for execution of apoptosis, is involved in
apoptotic cell death in stress-induced ulcer [21,22]. The cold restrained
stress resulted in a dramatic activation of caspase-3. In our present
study, the expression of cleaved caspase-3 was markedly decreased
by the treatment of Hs. Apoptosis is promoted because of an imbalance
between the Bcl-2 family of anti-apoptotic protein and apoptotic Bax
protein [20,23]. In our present study, we found that hydrogen inhibited
the over-expression of Bax. Furthermore, we also demonstrated that
hydrogen could up-regulate anti-apoptotic genes, Bcl-xl (Fig. 5b).

4. Discussion

In this study, we demonstrated administration of hydrogen miti-
gated cold constraint stress-associated oxidative damage, inflammatory

image of Fig.�2


Fig. 3. Effects of hydrogen on stress-induced the activity of NF-κB, p38 MAPK, JNK, P-p38 MAPK and P-JNK. (A) Hydrogen treatment inhibited the cold constraint stress-induced
the over activity of NF-κB at 6 h post-stress. (B) Hydrogen treatment did not effect the expression of total JNK and p38 MAPK but significantly inhibited the activity of P-p38
MAPK and P-JNK at 6 h post stress. Relative protein levels were quantified by densitometry and expressed as optical density ratio with β-action serving as internal standards.
Mean±SEM from three animals per group. **Pb0.01 compared with the S group; ##Pb0.01 compared with the S group.
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responses and mucosal structural damage as well as cell apoptosis. To
our knowledge, this was the first study to investigate the protective ef-
fect of hydrogen on cold restrained stress-induced gastric ulcer.

Hydrogen is the most abundant chemical element, constituting ap-
proximately 75% of the universe's elemental mass and recent attention
has focused on hydrogen as an energy storage medium that burns in a
less-polluting way than fossil fuels [24]. Recently, it has been proved
that hydrogen could selectively reduce the ⋅OH, one of the most cyto-
toxic of ROS, and effectively protected organs against ROS-induced
damage [5]. Compared with other types of antioxidants, hydrogen
has several advantages: (1) low-toxic; (2) it is mild enough not to
disturb metabolic oxidation-reduction reactions or to disrupt ROS
involved in cell signaling; (3) due to its small molecular weight,
hydrogen can easily penetrate biomembranes and diffuse into the
Fig. 4. Effects of hydrogen on stress-induced gastric mucosal injury. (A) Gross appearance
(B) Light micrograph shows damage to the surface epithelium and upper gastric pits invo
rhagic necrosis in the stressed animals treated with normal saline. There are no significan
cytosol, mitochondria and nucleus; (4) clinically, hydrogen gas therapy
could be delivered by a variety of systems including simple inhalation
using a ventilator circuit, a facemask or a nasal cannula. In addition, hy-
drogen gas therapy could be administered via a parental hydrogen-
releasing moiety and/or a hydrogen enriched fluid [7]. Just because
of those unique advantages, hydrogen may be superior to other anti-
oxidants in terms of cold restrained stress-induced gastric ulcer.

Tissues contain various endogenous antioxidant enzymes like SOD
and GSH, which scavenge ROS and therefore prevent lipid peroxida-
tion formation, DNA oxidant and protein carbonyl. In the process of
gastric ulcer formation, ROS was over-produced and resulted in an
imbalance between the ROS and endogenous antioxidants or antiox-
idant enzymes. Our results also proved that hydrogen treatment less-
ened the ROS-induced lipid peroxidation formation, DNA oxidant
of gastric mucosa of non-stressed animals or stressed animals treated with hydrogen.
lving exfoliation of surface mucosal cells into the gastric lumen and massive hemor-
t lesions in the stressed rats treated with hydrogen.

image of Fig.�3
image of Fig.�4


Fig. 5. Effects of hydrogen on stress-induced mucosal epithelial cell apoptosis and associated apoptotic signaling pathways. (A) Gastric mucosa section stained with TUNEL method
(magnification ×200). Hydrogen treatment reduced the TUNEL-positive cells induced by cold constraint stress. (B) Hydrogen treatment inhibited the activity of cleaved caspase-3.
The up-regulation of Bax and down-regulation of Bcl-xl activity were also blocked by hydrogen treatment at 12 h post-stress. Relative protein levels were quantified by densitom-
etry and expressed as optical density ratio with β-action serving as internal standards. Mean±SEM from three animals per group. **Pb0.01 compared with the S group; ##Pb0.01
compared with the S group.
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and protein carbonyl and improved tissue anti-oxidant potential.
The antioxidant properties of hydrogen to eliminate ROS and im-
proved tissue oxidant potential may contribute to the mitigation
of stress-induced gastric damage. Zheng et al. have referred to
this new cyto-protective approach of using extrinsic hydrogen
treatment to improve imbalance of oxidation and reduction as
“hydrogen resuscitation” [24].

Previous studies have showed that hydrogen has a strong ability of
anti-inflammatory. Growing evidence indicates that proinflammatory
mediators, TNF-α IL-1β and CINC-1, have a central role in mediating
neutrophils infiltration and subsequent mucosal injury following
cold restraint stress. In the present study, we observed that pretreat-
ment with hydrogen resulted in significantly decreased TNF-α, IL-1β
and CINC-1 production and then prevented the subsequent neutro-
phils infiltration.

This is a number of recent reports that showed that ROS-mediated
p38 MAPK, JNK and NF-κB activation played an essential role in the
pathogenesis of cold constraint stress-induced gastric damage
[1,2,19]. To explore the downstream signaling mechanisms responsi-
ble for the roles of hydrogen to suppress proinflammatory cytokine
production, we assessed how they affected the activation of P-p38
MAPK, P-JNK and NF-κB. In the present study, our results demon-
strated that hydrogen markedly suppressed the activity of P-p38
MAPK, P-JNK and NF-κB.

The maintenance of gastric mucosal integrity depends upon the
interplay between epithelial cell proliferation and apoptosis.
Apoptosis has recently been suggested as a causative factor for cold
restrained stress-induced gastric ulcer [20]. Caspase-3 is involved in
apoptotic cell death in stress-induced ulcer. Our present study exhib-
ited that the presence of hydrogen markedly inhibited the activity of
caspase-3. The imbalance between the Bcl-2 family of anti-apoptotic
protein and apoptotic Bax protein promotes apoptosis in the early
stage of gastric ulcer [23]. The Bcl-2 family of proteins plays a central
role in the regulation of apoptotic cell death by suppressing the
apoptosis while some others such as Bax proteins promote this
process. We demonstrated, in the present study, that hydrogen
could up-regulate the expression of anti-apoptotic genes, Bcl-xl
and inhibit the expression of apoptotic genes, Bax.

In conclusion, this study demonstrated a novel anti-inflammatory,
anti-oxidant, and anti-apoptotic function of hydrogen that amelio-
rated cold constraint stress-induced gastric damage.
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