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The Potential Cardioprotective Effects of Hydrogen
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Most ionizing radiation-induced damage is caused by hydroxyl radicals, and the selective reduction
of hydroxyl by hydrogen in vitro has been demonstrated previously. Irradiation of the heart can cause
chronic cardiac disease. This study was designed to test the hypothesis that hydrogen-rich water (pure
water saturated with molecular hydrogen), which is easy to use, induces cardioprotection against ionizing
irradiation injury in mice. In this paper, we demonstrate that hydrogen can protect myocardium degeneration from radiation-induced injury, decrease myocardium malondialdehyde (MDA), 8-hydroxydeoxyguanosine (8-OHdG) levels, and increase myocardium endogenous antioxidants in vivo. We suggest that
hydrogen has a cardioprotective effect against radiation induced injury.

INTRODUCTION
Irradiation of the heart can cause chronic impairment of
cardiac pump function and cardiac disease.1) The most significant type of radiation-induced heart disease (RIHD)
appears to be that of myocardial damage, which may result
from loss of alkaline phosphatase activity of capillary endothelial cells 6–10 weeks after irradiation.2,3) In addition to
myocardial degeneration, perivascular and interstitial fibrosis
are seen.4) Fibrosis is a sequel of both radiotherapy and accidental over exposures and has been described in many
tissues, including skin,5) lung,6) heart,7) and liver.8) And
fibrosis could be defined as a wound in which continuous
signals for tissue repair are emitted.
At present, thiol compounds is the most effective class of
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radioprotectors. Previously, the WR-2721’s protection
against heart irradiation has been reported.9) However, they
have significant shortcomings including relatively high
toxicity and unfavorable routes of administration, which
negatively affect their application and efficacy.10) Therefore,
there is a need for safer and even more effective radioprotective treatments.
Detrimental effects of ionizing radiation (IR) on biological tissues are, in major part, mediated via increased
production of hydroxyl radical. Ohsawa et al.11) found that
molecular hydrogen could selectively reduce cytotoxic
reactive oxygen species, such as •OH and ONOO– in vitro.
Previously, we have demonstrated that hydrogen has
potential radioprotective effects.12) In the current study, we
investigated whether hydrogen-rich water exerted cardioprotective effect in irradiated mice. We demonstrated here that
hydrogen treatment has a cardioprotective effect.

MATERIALS AND METHODS

Hydrogen-rich water production
Hydrogen was dissolved in pure water 6 hours under high
pressure (0.4 MPa) to a supersaturated level using hydrogenrich water-producing apparatus produced by our department.
The saturated hydrogen water was stored under atmospheric
pressure at 4°C in an aluminum bag with no dead volume.
Hydrogen-rich water was freshly prepared every week,
which ensured that a concentration of more than 0.6 mmol/L
was maintained. Gas chromatography (Biogas Analyzer
Systems-1000, Mitleben, Japan) was used to confirm the
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content of hydrogen in water by the method described by
Ohsawa et al..11)

described by Hui Liu et al..15) All histologic examinations
were performed by two different pathologists without prior
knowledge of the treatment given to the animals.

Irradiation
60

Co-gamma rays in irradiation Center (Faculty of Naval
Medicine, Second Military Medical University, 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.

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 published by the US
NIH (publication No. 96-01). A total of 90 male BALB/c
mice weighing 21–23 g were used in the experiments. The
animals were housed in individual cages in a temperaturecontrolled room with a 12 h light/dark cycle. Food and water
were provided ad libitum. For experiments, mice were provided with pure water or Hydrogen-rich pure water as
described by Sato et al.13) 24 h before radiation. Mice were
irradiated in a holder designed to immobilize unanaesthetized mice with a dose rate of 0.8 Gy/min.

Survival assays
For evaluation of radioprotective activity, mice were irradiated with a dose of 7 Gy. After irradiation they were
returned to the animal facility and routinely cared for 30
days after irradiation. Survival was checked and scored daily
for 30 days.

Morphologic assessment of cardiac damage
For evaluation of radiation-induced cardiac damage in
early and late stages, mice were killed at 24 hours and 100
days by cervical dislocation under isoflurane anesthesia after
the experimental mice received a single dose of 15 Gy locally
to the heart. First the thorax was opened by 2 lateral cuts
through the ribs. The hearts were sampled for histologic
evaluation. Tissues were embedded in paraffin wax and processed through hematoxylin-eosin or the collagen specific
Masson stain in 4-μm sections. The severity and extent of
histologic lesions were evaluated in the irradiated and agematched control mice. For quantification of the degree of the
myocardial degeneration in the ventricles and the interventricular septum, 5 adjacent high-power fields were evaluated
as described by Tokatli et al..14) Myocardial degeneration was
scored from 0 to 3: no degenerated myocytes (0-normal), a
few degenerated myocytes (1-mild), about 50% degenerated
myocytes (2-moderate), and more than 50% degenerated
myocytes (3-severe). For quantification of total fibrillar collagen accumulation by Masson staining, the percentage of
fibrillar collagen in every section was determined by a computer with Image-Pro Plus image analysis software as as

Biochemical assays
For evaluation of biochemical changes, mice were killed
at 4 hours by cervical dislocation under isoflurane anesthesia
after the experimental mice received a single dose of 6 Gy.
The myocardial specimen was collected and homogenized in
buffer, then they were centrifuged at 620 × g for 10 min at
4°C. The samples were taken for biochemical estimations
(SOD, GSH and MDA). Superoxide dismutase (SOD) activity
was assayed by the method of Kakkar et al..16) This method
was based on the inhibition of the formation of NADHPMS-NBT complex. Total GSH (GSH plus GSSG) concentration was measured by the method of Anderson.17) It was
measured using the 5,5’-dithiobis (2-nitrobenzoic acid)
(DTNB) – oxidized GSH (GSSG) recycling assay. MDA
was assessed spectrophotometrically with the method defined
by Ohkawa et al. as MDA reacted with thiobarbituric acid
and formed a pink, maximum absorbent complex at 532 nm
wavelength.18)
For determination of 8-OHdG levels in DNA from the
myocardium of mice, DNA was extracted from the mice
myocardial specimen with a DNA Extractor Kit (DNA
Extractor Wb Kit, Wako Chemical, Osaka, Japan) according
to the method of Nakae et al..19) Then the isolated DNA was
digested by the method of Valls-Belles et al..20) The 8-OHdG
levels of these samples were measured as described by
Yasuhara et al..21) Briefly, the samples were added to plate
wells precoated with mouse monoclonal anti-8-OHdG
antibody (Japan Institute for the Control of Aging, Fukuroi,
Japan), of which the specificity has been proved by Shinya
Toyokuni et al..22) They were incubating for 45 min at 37°C.
After washed for 3 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’- tetramethylbenzidine (TMB) was added and the wells were incubated for 15
min at 37°C. The reaction was terminated by the addition of
a sulphuric acid. The absorbance was read at a wavelength
of 450 nm.

Comet assay
Cardiac myocytes were isolated from heart by method
described previously.23) The DNA strand breaks (DSBs)
were measured by using single-cell gel electrophoresis
(comet assay) based on the method of Gandhi et al..24)

STATISTICAL ANALYSIS
Data are expressed as means ± S.E.M. for each experiment. The number of samples is indicated in the description
of each experiment. Statistical analysis was performed by
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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 significant.

RESULTS

Survival rate of mice
90% of irradiated mice without H2 treatment before 7 Gy
whole body gamma-irradiation died by the 13rd postirradiation day (Fig. 1), while 80% of the mice pretreated
with H2 had survived. Thus, H2 could protect mice against
radiation-induced injury. Also, H2 could mitigate radiationinduced injury.

Histology
There was no statistically significant difference among the
24-hour groups themselves (Fig. 2). On the 100th day of
evaluation, there were no histopathologic changes in the
group pretreated with H2, but there was myocardial degeneration in 40% mice from the group pretreated without H2.
These degenerations were mild focal vacuolization (score 1)
in the ventricles and the interventricular septum (Fig. 3),
which showed a statistically significant difference.
Lesions in the irradiated mice hearts were also characterized by an increase in total collagen, as demonstrated with
the Masson blue staining. In the group pretreated without
H2, the ratio of fibrillar collagen was significantly higher in
100th day postirradiation than in the group pretreated with
H2 (Fig. 4A and B). Statistical analysis suggested that there
was significant difference between these two groups. There
was no statistically significant difference among the 24-hour
groups.

Fig. 1. Hydrogen-rich water mediated radioprotection of mice.
Groups of 20 Balb/c mice were given Hydrogen-rich water or water
for 24 h before irradiation. Mice in control group were normal ones
which were not irradiated. Representative results from one of three
independent experiments are shown. The difference in survival
between the experimental groups was statistically significant (*P <
0.05).
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Changes in the activities of myocardial SOD and GSH
The myocardial SOD and total GSH concentrations were
measured at 4 h after irradiation (Fig. 5A and B). Myocardial SOD and total GSH concentrations at 4 h after irradiation in the H2 group were significantly higher than that of the
Control group. The results indicated that gamma irradiated
cardiac muscle showed a significant decrease in the levels of
both enzymatic and non-enzymatic antioxidant status when
compared to hydrogen pre-treated groups which showed an
increased antioxidant status, indicating that pretreatment
with hydrogen restored the antioxidant status to near normal.

Changes in the levels of myocardial MDA and 8-OHdG
The myocardial MDA and 8-OHdG concentrations were
measured at 24 h after irradiation (Fig. 6A and B). Myocardial MDA and 8-OHdG concentrations in the H2 group were
significantly lower than that of the Control group. Changes
in the levels of MDA indicate the antioxidant potential of
hydrogen. The result of 8-OHdG indicates that hydrogen
could alleviate injury on DNA induced by free radicals.

Comet assay
The alteration in the levels of comet attributes is shown
in Fig. 7. The irradiated mice resulted in an increase in the
levels of all comet parameters (%DNA in tail, tail length, tail
moment, and olive tail moment), whereas pretreatment of
hydrogen prior to irradiation inhibited the increase of these
parameters significantly, indicating the protective effects of
hydrogen on radiation induced DNA damage.

DISCUSSION
To our knowledge, this is the first study demonstrating
that hydrogen has cardioprotective effects in irradiated mice.
This is also the first study revealing that H2 reduces rate of
mortality induced by γ-irradiation. The sulfhydryl compound amifostine, named WR-2721, which is the only radioprotector registered for using in human, has shown good
radioprotective effects.25) However, it has a narrow therapeutic index and is plagued by significant side effects such
as hypotension, nausea, vomiting and allergy even at low
doses.26) Thus, the use of these agents limited because of
their toxic effects. On the other hand, hydrogen is continuously produced by colonic bacteria in the body and normally
circulates in the blood,27) we suggest that the side effects of
hydrogen must be small, and different from other antioxidants. Inhalation of hydrogen gas does not influence
physiological parameters such as body temperature, blood
pressure, pH, and pO2 in the blood, as shown previously.11,28) So it is physiologically safe for humans to inhale
hydrogen at a relatively low concentration. When hydrogenrich water was placed in the stomach, hydrogen was detected
in the blood, indicating the incorporation of H2 into the body
by drinking.29) Hydrogen diffuses very rapidly into cells, and
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Fig. 2. Normal myocardial cells in mice at 1st postradiation day. Mice in control group were given pure
water without irradiation.

Fig. 3. Normal myocardial cells in mice pretreated with H2 at 100th postradiation day, but myocardial cells
showing vacuolization (→) in mice pretreated without H2 at 100th postradiation day, hematoxylin-eosin
(magnification × 400).

Fig. 4. Histopathologic changes of experimental groups. Mice in control group were given pure water without irradiation. Few fibers
could be seen among the muscles of mice pretreated with H2, but among the muscles of mice pretreated without H2 fibers accumulated
around the artery and invaded into the muscle, Masson (magnification × 400) (A). The percentage of fibrillar collagen accumulated at the
100th day after irradiation was shown (B) (* P < 0.05).
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Fig. 5. Changes in the activities of SOD (A) and concentrations of total GSH (B) in normal, γ-irradiated and H2
pretreated mice. Values are given as mean ± SEM (n = 8). *P < 0.01.

Fig. 6. Level of myocardial MDA (A) and 8-OHdG immunoreactivity (B) in normal, γ-irradiated and H2
pretreated mice. Values are mean ± SEM (n = 6), *P < 0.01.

Fig. 7. Effect of hydrogen in Cardiac myocytes on DNA damage assayed by comet assay: (A) %DNA in
tail, (B) tail length, (C) tail moment, (D) olive tail moment.

high efficacy is expected.11,28) It is a highly diffusible gas and
it reacts with hydroxyl radical to produce water.30) Dissolving H2 in solvent such as pure water, physiological saline or

medium is easy to apply and safe. Therefore, it may have
great potential for clinical use.
This study indicates that late cardiac effects of irradiation
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were characterized by mild degeneration (score 1) in 40% of
the mice killed 100 days after irradiation and pretreated
without H2. This percentage was statistically different from
the percentage of the mice treated with H2. Also the ratio of
fibrillar collagen in myocardium showed a significant difference between the mice killed 100 days after irradiation pretreated with and without H2 by the collagen specific Masson
stain. It is thought that H2 could be a cardioprotector,
because less histopathologic myocardial damage was detected in mice receiving hydrogen-rich water preirradiation as
compared to mice given water only.
Antioxidant enzymes such as SOD are important in providing protection from radiation exposure.31) The proper
balance of the enzymes in the whole organism are required
for maximum radioprotection..Glutathione (GSH) participates non-enzymatically in protection against radiation
damage.32) 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.33) The increase in the levels of lipid
peroxidation products, such as malondialdehyde and TBARs,
points to the indices of lipid damage.34) The research of
membrane damage induced by reactive oxygen species is
related to human diseases and their possible prevention by
antioxidants constitutes an active area of research in recent
years. Also, DNA is one of the major targets of ROS and 8OHdG is formed from deoxyguanosine in DNA by hydroxyl
free radicals.35) In our study, we observed a significant
decrease in the levels of enzymatic antioxidant (SOD), nonenzymatic antioxidant (GSH) and an increase in the levels
of myocardial MDA and 8-OHdG of irradiated mice. But
pretreatment of hydrogen prior to radiation exposure
increased the antioxidant status at both enzymic and nonenzymic levels and decreased the levels of MDA and 8OHdG. This effect was due to its antioxidant property and
showed that hydrogen acted as a good scavenger against free
radical generation and thereby inhibits lipid and DNA peroxidation.
The alkaline comet assay is an effective technique to
monitor the extent of the DNA damage. Our results show
that pretreatment of hydrogen prior to irradiation inhibited
the increase of comet parameters when compared to irradiated group. The exact mechanism is still unknown. But this
may be due to the effective antioxidant potential of
hydrogen. Thus hydrogen could have decreased the DNA
damage during exposure to irradiation by effectively scavenging the free radicals.
Thus from the results obtained, we conclude that the
effect of reducing radical oxygen species plays an important
role in the radioprotective effects of hydrogen. However, the
exact mechanism and signaling pathway involved in the protection role of hydrogen in ionizing radiation injury need to
be studied in the future.
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