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Abstract
It has been demonstrated that hydrogen can selectively reduce hydroxyl and peroxynitrite in vitro. Since most of the 
ionizing radiation-induced cellular damage is caused by hydroxyl radicals, this study was designed to test the hypoth-
esis that hydrogen may be an effective radioprotective agent. This paper demonstrates that treating cells with hydrogen 
before irradiation could signifi cantly inhibit ionizing irradiation(IR)-induced Human Lymphocyte AHH-1 cells apopto-
sis and increase cells viability in vitro. This paper also shows that hydrogen can protect gastrointestinal endothelia from 
radiation-induced injury, decrease plasma malondialdehyde (MDA) intestinal 8-hydroxydeoxyguanosine (8-OHdG) levels 
and increase plasma endogenous antioxidants in vivo. It is suggested that hydrogen has a potential as an effective and safe 
radioprotective agent.
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Ohsawa et al. [6] found that molecular hydrogen 
could selectively reduce cytotoxic reactive oxygen 
species, such as •OH and ONOO− in vitro and exert 
therapeutic antioxidant activity in a rat middle cere-
bral artery occlusion model. Therefore, we reasoned 
that hydrogen might be protective against detrimen-
tal effects of radiation. However, application of H2
gas inhalation is not convenient and may be danger-
ous because it is infl ammable and explosive. On the 
other hand, H2 gas saturated PBS/saline, which is 
called hydrogen-rich PBS/saline, is easy to apply and 
safe. In the current study, we investigated whether 
administration of hydrogen-rich PBS/saline exerted 
a radioprotective effect in vitro and in vivo. We dem-
onstrated here that hydrogen treatment could pro-
tect cultured lymphocytes and the gastrointestinal 
tract from �-radiation in mice.

Introduction

Exposure to ionizing radiation (IR) can produce 
severe health impairments due to injury and failure 
to susceptible organs. Detrimental effects of IR on 
biological tissues are, in major part, mediated via 
increased production of hydroxyl radical. Hydroxyl 
radical produced during radiolysis of water can 
trigger oxidation of lipids, amino acid, and saccha-
rides leading to formation of various secondary free 
radicals [1–3]. These free radicals can produce severe 
health impairments due to injury and failure to sus-
ceptible cells and organs.

The gastrointestinal tract is one of the most sus-
ceptible organs to radiation [4]. As low as 1 Gy of 
radiation induces a dramatic increase in apoptosis in 
mouse small intestinal crypt within 3–6 h after expo-
sure, predominantly in the stem cell region [5]. 
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manual. AHH-1cells were pre-treated with hydro-
gen-rich PBS and the fi nal concentration of H2 was 
maintained above 0.3 mmol/L. Immediately, the cells 
were exposed under gamma radiation and then trans-
ported to an ice bucket. After a 4 h time period we 
analysed the content of LDH in the cell suspension.

Apoptosis assays for cultured cells

Apoptosis was determined by Annexin V-APC and pro-
pidium iodide staining using Apoptosis Detection Kit 
(Bipec Biopharma, Massachusetts, MA). Treated cells 
were incubated with Annexin V-APC for 15 min at 4°C 
and propidium iodide for 5 min at room temperature. 
Cells were then analysed by fl ow cytometry. Alterna-
tively, apoptosis was determined by Hochest33258, 
fl ourescein diacetate (FDA) and propidium iodide stain-
ing. Treated cells were washed with PBS twice and then 
stained with 40 mg/L fl ourescein diacetate, 20 mg/L 
Hoechst33258 at room temperature for 15 min and 
stained with 20 mg/L propidine iodine at room tem-
perature for 5 min. The cellular morphology was observed 
using an Olympus BX60 fl uorescent microscope 
equipped with a Retiga 2000R digital camera. Average 
percentage of apoptotic cells was calculated in fi ve-
to-seven randomly selected high power fi elds (HPF).

Mice and treatment

All the protocols were approved by the Second Military 
Medical University, China in accordance with the 
Guide for Care and Use of Laboratory Animals pub-
lished by the US NIH (publication No. 96-01). Male 
BALB/c rats weighing 21–23 g were used in the exper-
iments. The animals were housed in individual cages 
in a temperature-controlled room with a 12 h light/
dark cycle and food and water were provided ad libi-
tum. For experiments, mice were treated intraperitone-
ally (IP) with physiological saline or hydrogen-rich 
saline 20 min before radiation. Mice were irradiated in 
a holder designed to immobilize unanaesthetized mice 
such that the abdomens were presented to the beam.

Morphologic observation

Mice were treated intraperitoneally (IP) with 
physiological saline or hydrogen-rich saline 20 
min before irradiation. Twelve hours after irradia-
tion, mice were sacrificed by cervical dislocation 
under isoflurane anaesthesia. A 5 cm segment of 
small intestine which was removed at 5 cm proxi-
mal to the terminal ileum was fixed in 10% buff-
ered formaldehyde-saline. Three 1 cm segments of 
intestinal specimen were embedded in paraffi n and 
stained with hematoxylin and eosin. Morphological 
damages were assessed by Chiu  histological injury 
scoring system of intestinal villi (0 � normal mucosa, 
1 � slight-, 2 � moderate-, 3 � massive subepithelial 

Materials and methods

Hydrogen-rich PBS/saline production

Hydrogen was dissolved in PBS/physiological saline for 
6 h under high pressure (0.4 MPa) to a  supersaturated 
level using a hydrogen-rich water-producing apparatus 
produced by our department. The saturated hydrogen 
PBS/saline was stored under atmospheric pressure 
at 4°C in an aluminium bag with no dead volume. 
Hydrogen-rich PBS/saline was freshly prepared every 
week, which ensured that a concentration of more 
than 0.6 mmol/L was maintained. Gas chromatogra-
phy (Biogas Analyzer  Systems-1000, Mitleben, Japan) 
was used to confi rm the content of hydrogen in PBS/
saline by the method described by Ohsawa et al. [6].

Cell culture and treatment

Human lymphocyte AHH-1 cells (American Type 
Culture Collection, Manassas, VA) were maintained 
in RPMI 1640 (Invitrogen, CA) with 10% foetal 
bovine serum and 1% penicillin–streptomycin–
glutamine at 37°C in a 5% CO2 humidifi ed chamber. 
For radioprotective studies, cells were treated with a 
different volume of hydrogen-rich PBS and accord-
ingly we added a different volume of PBS in order to 
obtain the desired concentration of H2 and make the 
fi nal volume of the medium the same, then the treated 
cells were immediately irradiated with different doses 
of �-ray, depending upon the requirement of the pres-
ent study. After irradiation, the cells were centrifuged 
and cultured in RPMI 1640.

Irradiation

60Co-gamma rays in the irradiation centre (Faculty of 
Naval Medicine, Second Military Medical Univer-
sity, China) were used for the irradiation purpose. 
Mice (with or without hydrogen pre-treatment) were 
exposed to different doses of radiation, depending 
upon the requirement of the present study.

Cell viability analyses

Human lymphocyte AHH-1 cells were seeded in 
96-well plates and pre-treated with or without hydro-
gen-rich PBS, the treated cells were then immediately 
irradiated. After irradiation the cells were further 
cultured for 48 h. Cell viability was determined by 
WST assay using a Cell Counting kit (Dojindo 
Laboratories, Kumamoto, Japan). 

Lactate dehydrogenase (LDH) leakage assay

LDH leakage assay was carried out using LDH 
cytotoxicity detection kit (Nanjing KeyGen Biotech. 
Co. Ltd. China) according to protocol in the user’s 
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centrifuged at 2500 rpm and 4°C for 10 min. The 
plasma was taken for biochemical estimations (SOD, 
GSH and MDA). Superoxide dismutase (SOD) activ-
ity was assayed by the method of Kakkar et al. [8], 
based on the inhibition of the formation of NADH-
PMS-NBT complex. The GSH concentration was 
measured by the method of Ellman [9]. This method 
was based on the development of a yellow colour when 
5’,5’-dithiobis 2-nitrobenzoic acid was added to com-
pounds containing sulphydryl groups. MDA was 
assessed spectrophotometrically with the method 
defi ned by Ohkawa et al. [10] as MDA reacted with 
thiobarbituric acid and formed a pink, maximum 
absorbent complex at 532 nm wavelength.

For determination of 8-OHdG levels in DNA from 
the intestine of mice, DNA was extracted from the 
mice intestinal specimen with a DNA Extractor Kit 
(DNA Extractor Wb Kit, Wako Chemical, Osaka, 
Japan) according to the method of Nakae et al. [11]. 
Then the isolated DNA was digested by the method 
of Valls-Belles et al. [12]. The 8-OHdG levels of these 
samples were measured as described by Inoue et al. 
[13]. Briefl y, the samples were added to plate wells 
pre-coated with mouse monoclonal anti-8-OHdG 
antibody (Japan Institute for the Control of Aging, 
Fukuroi, Japan), of which the specifi city has been 
proved by Toyokuni et al. [14]. They were incubating 
for 45 min at 37°C. After being washed three times, 
the wells were sequentially treated with Biotinylated 
rabbit-anti-mouse lgG for 30 min at 37°C and 
Streptavidin-Horseradish Peroxidase (HRP) for 30 
min at 37°C. A substrate containing 3,3’,5,5’-tetra-

methylbenzidine (TMB) was added and the wells were 
incubated for 15 min at 37°C. The reaction was termi-
nated by the addition of sulphuric acid. The absor-
bance was read at a wavelength of 450 nm.

Statistical analysis

Data are expressed as means � SEM for each experiment. 
The number of samples is indicated in the description 

detachments, 4 � denudes villi, 5 � ulceration) [7]. 
Two independent and blinded researchers per-
formed the histological scoring.

Biochemical assays

Arterial blood samples (0.6 ml) of mice were collected 
12 h after irradiation. These samples were immediately 

Figure 2. Changes in the levels of LDH in normal, �-irradiated and 
H2 pre-treated lymphocytes. Values are given as mean � SEM 
(n� 4). ∗p � 0.01.

Figure 1. Dose-dependent effect of H2 on cell viability induced by 
4 Gy gamma radiation (A). Pre-treatment of 0.4 mmol/L H2 before 
irradiation can increase cell survival (B). Variation of cell survival 
percentage pre-treated with 0.4 mmol/L H2 before different dose 
of irradiation (C). Values are given as mean � SEM (n� 6, neg: no 
H2 no radiation). ∗p � 0.05, ∗∗p � 0.01, #p � 0.1. 
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irradiation signifi cantly increased cell survival as com-
pared to cells treated with radiation alone at all examined 
doses (up to 8 Gy) (Figures 1A and C).And as shown 
in Figure 1, the radioprotective effect of H2 is dose-
dependent.  However, as we treated cells with hydrogen-
rich PBS after irradiation, the protective effect is not 
signifi cant (Figure 1B).

Hydrogen-rich PBS decrease cellular lactate 
dehydrogenase (LDH) leakage in irradiated cells

Besides the cell viability, we also determined 
LDH activities to estimate cellular LDH leakage from 
damaged cells. The result indicated that pre-treatment 
with 0.3 mmol/L H2 before irradiation signifi cantly 
decreased LDH leakage of AHH-1 cells which were 
exposed under different doses of �-radiation (Figure 2). 

of each experiment. Statistical analysis was performed 
by using One Way Analysis of Variance. Between 
groups, variance was determined using the Student-
Newman–Keuls post-hoc test. A p-value of less than 
0.05 was considered to be statistically signifi cant.

Results

Hydrogen-rich PBS increases cell viability 
of irradiated AHH-1 cells

To study radioprotective effects of H2 in cell culture, 
we examined viability of irradiated AHH-1 cells. Cells 
treated with or without different concentrations of 
H2 were exposed under 4Gy of �-radiation as described 
in the Methodssection. We demonstrated that pre-treat-
ment of AHH-1 cells with 0.1–0.4 mmol/L H2 before 

Figure 3. Hydrogen-rich PBS attenuates radiation-induced apoptosis in AHH-1 cells. Treated cells were collected 24 h after irradiation, 
stained with Annexin V-APC and propidium iodide and analysed by fl ow cytometry. Shown are representative diagrams of distribution 
of stained cells (A) and a bar graph of apoptotic cells expressed as a percentage of total cells. Values are given as mean � SEM (n� 4). 
∗p � 0.01 (B). Cells were stained with FDA, Hoechst33258 and PI 24 h after irradiation and apoptotic cells were counted in multiple
randomly selected fi elds. Shown are representative micrographs (C) and a bar graph of apoptotic cells expressed as a percentage of total 
cells. Values are given as mean � SEM (n� 4). ∗p � 0.01 (D).
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33258, fl ourescein diacetate and propidium iodide 
staining. Irradiated AHH-1 cells pre-treated with 
hydrogen-rich PBS demonstrated a protective effect 
with a reduced number of apoptotic cells to 26.1% 
as compared to 49.3% in PBS-pre-treated irradiated 
cells (Figures 3C and D). These data suggest that H2
can attenuate apoptosis in irradiated AHH-1 cells.

Hydrogen-rich saline treatment attenuates intestinal 
injury in vivo

We observed histological IR injuries featured by 
shortening of the villi, loss of villous epithelium 
and prominent mucosal neutrophil infi ltration 

This result was consistent with the result obtained by 
cell viability observation.

Hydrogen-rich PBS attenuates apoptosis in 
irradiated AHH-1 cells

To determine the radiation-induced apoptosis of irra-
diated AHH-1 cells, we analysed treated cells by using 
Annexin V-APC and propidium iodide staining in 
fl ow cytometry assay. The early apoptotic cells 
decreased when pre-treated with 0.4 mmol/L H2 as 
compared to cells pre-treated without H2 (Figures 3A 
and B, 10.2% vs 21.5%, respectively). We further 
evaluated the morphology of dying cells using Hochest 

Figure 4. Morphologic observation of the intestinal tissue in normal, �-irradiated and H2 pre-treated mice. Photomicrographs of the 
intestinal tissue stained by the hematoxylin and eosin (A). Intestinal mucosal injury evaluated by Chiu scoring system (B). Grading as 
(0� normal mucosa, 1 � slight-, 2 � moderate-, 3 � massive sub-epithelial detachments, 4 � denudes villi, 5 � ulceration). Data are expressed 
as means � SEM for at least triplicate independent experiments (n� 8 per group). ∗p � 0.01.
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(Figure 4A). All of these changes were ameliorated by 
administration of hydrogen-rich saline. Chiu scoring 
and microphotographs are shown in Figure 4B. As 
shown in Figure 4, hydrogen-rich saline administra-
tion signifi cantly reduced the mucosal injury caused 
by IR.

Changes in the activities of plasma SOD and GSH

The plasma SOD and GSH concentrations were 
measured at 12 h of irradiation (Figures 5A and B). 
Plasma SOD and GSH concentrations at 12 h of irra-
diation in the H2 group were signifi cantly higher than 
that of the control group. 

Changes in the levels of plasma MDA and 
intestinal 8-OHdG 

The plasma MDA and intestinal 8-OHdG concentra-
tions were measured at 12 h of irradiation (Figures 
6A and B). Plasma MDA and intestinal 8-OHdG con-
centrations at 12 h of irradiation in the H2 group were 
signifi cantly lower than that of the control group. 

Figure 5. Changes in the activities of SOD and concentrations of 
GSH in normal, �-irradiated and H2 pre-treated mice. Values are 
given as mean � SEM (n� 4). ∗p � 0.01. 

Figure 6. Hydrogen-rich saline signifi cantly decreased levels of 
MDA, a marker of oxidative stress (A). Oxidative DNA damage 
was assessed by 8-OHdG immunoreactivity. Shown are, 12 h 
after irradiation, intestinal 8-OHdG concentrations in normal, 
�-irradiated and H2 pre-treated groups (B). Relative to the Control, 
H2 signifi cantly decreased the concentration of 8-OHdG. Values 
are mean � SEM (n� 6), ∗p � 0.01.

Discussion

To our knowledge, this is the fi rst study demon-
strating that hydrogen has radioprotective effects 
in vitro and in vivo. In several recent studies, H2
inhalation was reported to protect cerebral [6], 
myocardial [15] and hepatic [16] I/R injury in 
animal models. In addition, Buchholz et al. [17] 
reported that hydrogen inhalation ameliorates oxi-
dative stress in transplantation-induced intestinal 
graft injury. This radioprotective effect may result 
from radical oxygen species (ROS) scavenging effect 
of molecular H2, as previously reported in a brain 
injury model [6]. The effect of free radical scav-
engers to ameliorate the oxidative injuries due to 
ionizing radiation has been considerably reported 
[18,19]. Radical oxygen species O2

- and H2O2 are 
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lipid peroxidation, thereby decreased the deleterious 
effects of radiation.

Some radioprotectors, such as thiol compounds, 
has relatively high toxicity [27], while cytokines and 
immunomodulators should be used with low radia-
tion doses or in combination with radical scavengers 
and antioxidants [28] and natural antioxidants, such 
as vitamin E, fl avonoids and others, have fewer toxic 
side-effects but also a lower degree of protection com-
pared to thiol agents [27]. The sulphydryl compound 
amifostine, named WR-2721, which is the only radio-
protectant registered for use in humans, has shown 
good radioprotective effects [29]. However, it has 
many side-effects limiting its clinical use such as 
hypertension, nausea, vomiting and others [30]. How-
ever, hydrogen is continuously produced by colonic 
bacteria in the body and normally circulates in the 
blood [31], so it is physiologically safe for humans to 
inhale hydrogen at a relatively low concentration. It is 
also a highly diffusible gas and reacts with hydroxyl 
radical to produce water [32]. Dissolving H2 in sol-
vent such as PBS, physiological saline or medium is 
easy to apply and safe. Therefore, it may have great 
potential for clinical use. 

In conclusion, the effect of reducing radical oxygen 
species plays an important role in the radioprotective 
effects of hydrogen. However, the exact mechanism 
and signalling pathway involved in the protection role 
of hydrogen in ionizing radiation injury need to be 
studied in the future.
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References

Halliwell B, Gutteridge JMC. Free radicals, other reactive [1]
species and disease. Free radicals in biology and medicine. 
3rd ed. London: Clarendon; 1999. p. 246–350.
Stadtman ER. Oxidation of free amino acids and amino acid [2]
residues in proteins by radiolysis and by metal-catalyzed 
reactions. Annu Rev Biochem 1993;62:797–821.
Fan X. Ionizing radiation induces formation of malon-[3]
dialdehyde, formaldehyde, and acetaldehyde from carbo-
hydrates and organic acid. J Agric Food Chem 2003;51: 
5946–5949.
Ramachandran A, Madesh M, Balasubramanian KA. [4]
Apoptosis in the intestinal epithelium: its relevance in normal 
and pathophysiological conditions. J Gastroenterol Hepatol 
2000;15:109–120.
Potten CS. Extreme sensitivity of some intestinal crypt cells [5]
to X and gamma irradiation. Nature 1977;269:518–521.
Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, [6]
Yamagata K, Katsura K, Katayama Y, Asoh S, Ohta S. 
Hydrogen acts as a therapeutic antioxidant by selectively 
reducing cytotoxic oxygen radicals. Nat Med 2007;13:
688–694.

detoxifi ed by antioxidant defense enzymes, whereas 
·OH and ONOO− could not be detoxifi ed by anti-
oxidant defense enzyme. It has been demonstrated 
that hydrogen gas selectively reduces ·OH and 
ONOO− [6]. The hydroxyl radical is the most reac-
tive product of reactive oxygen species generated in 
cells. Hydroxyl radicals can easily react with cellu-
lar macromolecules, including DNA, proteins and 
lipids, to exert a strong cytotoxic effect. Since most 
of the ionizing radiation-induced damage is caused 
by hydroxyl radicals, we speculate that the radio-
protective effect may result from its radical  oxygen 
species (ROS) scavenging effect.

Endogenous antioxidants are a group of sub-
stances that signifi cantly inhibit or delay oxidative 
processes while being oxidized themselves [20]. 
Antioxidant enzymes are important in providing 
protection from radiation exposure [21]. Also, glu-
tathione (GSH)  participates non-enzymatically in 
protection against radiation damage [22]. Therefore, 
a reduction in the activity of these substances can 
result in a number of deleterious effects. Membrane 
lipids are the major targets of ROS and the free 
radical chain reaction [23]. The increase in the levels 
of lipid peroxidation products such as malondialde-
hyde and TBARs are the indices of lipid damage 
[24]. Also DNA is one of the major targets of ROS 
and 8-OHdG is formed from deoxyguanosine in 
DNA by hydroxyl free radicals [25]. In our study, 
we observed a signifi cant decrease in the levels of 
enzymatic antioxidant (SOD), non-enzymatic anti-
oxidant (GSH) and an increase in the levels of 
plasma MDA and intestinal 8-OHdG of irradiated 
mice. However, pre-treatment of hydrogen prior to 
radiation exposure increased the antioxidant status 
at both enzymatic and non-enzymatic levels and 
decreased the levels of MDA and 8-OHdG.

The mechanism of protection on SOD and GSH 
is most likely based on the ability of H2 to effectively 
inhibit oxidative reactions .It has been demonstrated 
that O2- can undergo either spontaneous or enzyme-
catalysed (SOD) dismutation to hydrogen peroxide 
(H2O2) or can react with nitric oxide (NO·) to form 
the toxic product peroxynitrite (ONOO−) [26]. 
Hydrogen gas can reduce ONOO− [6]. Therefore, 
it’s possible that H2 can accelerate the reaction 
between O2- and NO·. More O2- would react with 
NO· while the enzyme-catalysed reaction by SOD 
would weaken. Thus, the SOD can be protected. 
Besides, hydroxyl radicals can react with themselves 
to form H2O2, which could oxidize GSH to GSSG 
[1]. Hydrogen gas can reduce hydroxyl radical [6], 
thus probably hydrogen gas could partly reduce the 
formation of H2O2 in the reaction chain which may 
lead to the protection of GSH. We may conclude that 
the protection in the antioxidant status during H2
pre-treatment has further decreased the attack of 
free radicals, prevented DNA damage and decreased 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



282 L. Qian et al.

Shirazi A, Ghobadi G, Ghazi-Khansari M. A radiobiological [18]
review on melatonin: a novel radioprotector. J Radiat Res 
2007;48:263–272.
Yan SX, Hong XY, Hu Y, Liao KH. Tempol, one of nitroxides, [19]
is a novel ultraviolet-A1 radiation protector for human dermal 
fi broblasts. J Dermatol Sci 2005;37:137–143.
Kalpana KB, Devipriya N, Srinivasan M. Investigation of [20]
the radioprotective effi cacy of hesperidin against gamma-
radiation induced cellular damage in cultured human periph-
eral blood lymphocytes Mutat Res 2009;676:54–61.
El-Nahas SM, Mattar RE, Mohamed AA. Radioprotective [21]
effect of vitamins Cand E. Mutat Res 1993;301:143.
Kojima S, Shimomura H, Matsumori S. Effect of pre-irradiation [22]
with low dose �-rays on chemically induced hepatotoxicity and 
glutathione depletion. Anticancer Res 2000;20:1583–1586.
Pandey BN, Mishra KP. Fluorescence and ESR studies on [23]
membrane oxidative damage by �-radiation. Appl Magn Reson 
2000;18:483–492.
Dubner D, Gione P, Jaitovich I, Pere ZM. Free radicals pro-[24]
duction and estimation of oxidative stress related to 
�-irradiation. Biol Trace Elem Res 1995;47:265.
Kasai H. Analysis of a form of oxidative DNA damage,[25]
8-hydroxy-2’-deoxyguanosine, as a marker of cellular oxidative 
stress during carcinogenesis. Mutat Res 1997;387:147–163.
Fattman CL, Schaefer LM, Oury TD. Extracellular superox-[26]
ide dismutase in biology and medicine. Free Radic Biol Med 
2003;35:236–256.
Hosseinimehr SJ. Trends in the development of radioprotec-[27]
tive agents. Drug Discov Today 2007;12:794–805.
Herodin F, Drouet M. Cytokine-based treatment of acciden-[28]
tally irradiated victims and new approaches. Exp Hematol 
2005;33:1071–108.
Gosselin TK, Mautner B. Amifostine as a radioprotectant. [29]
Clin J Oncol Nurs 2002;6:175–176, 180.
Genvresse I, Lange C, Schanz J, et al. Tolerability of the cyto-[30]
protective agent amifostine in elderly patients receiving chem-
otherapy: a comparative study. Anticancer Drugs 2004;12: 
345–349.
Reth M. Hydrogen peroxide as second messenger in lym-[31]
phocyte activation. Nat Immunol 2002;3:1129–1134.
Labiche LA, Grotta JC. Clinical trials for cytoprotection in [32]
stroke. NeuroRx 2004;1:46–70.

Chiu CJ, McArdle AH, Brown R, Scott HJ, Gurd FN. [7]
Intestinal mucosal lesion in low-fl ow states. I. A morphologi-
cal, hemodynamic, and metabolic reappraisal. Arch Surg 
1970;101:478–483. 
Kakkar P, Das B, Viswanathan PN. A modifi ed spectrophoto-[8]
metric assay of superoxide dismutase (SOD). Indian J 
Biochem Biophys 1984;21:130–132.
Ellman GL. Tissue sulfhydryl groups. Arch Biochem Biophys [9]
1959;82:70–77.
Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in [10]
animal tissues by thiobarbituric acid reaction. Anal Biochem 
1979;95:351–358.
Nakae D, Kobayashi Y, Akai H, et al. Involvement of 8-hydrox-[11]
yguanine formation in the initiation of rat liver carcinogenesis 
by low dose levels of N-nitrosodiethylamine. Cancer Res 
1997;57:1281–1287.
Valls-Belles V, del Carmen Torres M, Boix L, et al. [12]
α-Tocopherol, MDA-HNE and 8-OHdG levels in liver and 
heart mitochondria of adriamycin-treated rats fed with alco-
hol-free beer. Toxicology 2008;249:97–101.
Inoue T, Hayashi M, Takayanagi K, et al. Oxidative DNA [13]
damage is induced by chronic cigarette smoking, but repaired 
by abstention. J Health Sci 2009;51:169–172.
Toyokuni S, Tanaka T, Hattori Y, Nishiyama Y, et al. Quantita-[14]
tive immunohistochemical determination of 8-hydroxy-2’ 
deoxyguanosine by a monoclonal antibody N45.1: Its applica-
tion to ferric nitrilotriacetate-induced renal carcinogenesis 
model. Lab Invest 1997;76:365–374 .
Hayashida K, Sano M, Ohsawa I, Shinmura K, Tamaki K, [15]
Kimura K, Endo J, Katayama T, Kawamura A, Kohsaka S, 
et al. Inhalation of hydrogen gas reduces infarct size in the rat 
model of myocardial ischemia-reperfusion injury. Biochem 
Biophys Res Commun 2008;373:30–35.
Fukuda K, Asoh S, Ishikawa M, Yamamoto Y, Ohsawa I, Ohta S. [16]
Inhalation ofhydrogen gas suppresses hepatic injury caused 
by ischemia/reperfusion through reducing oxidative stress. 
Biochem Biophys Res Commun 2007;361:670–674.
Buchholz BM, Kaczorowski DJ, Sugimoto R, Yang R, [17]
Wang Y, Billiar TR, McCurry KR, Bauer AJ, Nakao A. 
Hydrogen inhalation ameliorates oxidative stress in transplan-
tation induced intestinal graft injury. Am J Transplant 
2008;8:2015–2024.

This paper was fi rst published online on Early Online on 16 
December 2009.

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


