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, Abstract—Background: Studies have shown that inhalation of hydrogen gas, which acts as an antioxidant, can
protect the brain against free radicals in rats with
ischemia-reperfusion. The neuronal damage caused by
acute carbon monoxide (CO) poisoning is partly free radical
mediated. We hypothesize that hydrogen may prevent neurological damage from CO poisoning. Objectives: This study
is designed to test whether hydrogen (H2)-rich saline will
have a protective effect on rats with acute CO poisoning.
Methods: Male Sprague-Dawley rats were subjected to
CO poisoning. H2-rich saline was administered by peritoneal injection (6 mL/kg/24 h). We used the Morris water
maze and the open field test to determine cognitive function.
After cognitive function studies, rats were decapitated and
the levels of trace elements copper (Cu), zinc (Zn), and
iron (Fe) in serum and brain were assessed by flame atomic
absorption spectrometry. Necrosis, apoptosis, and autophagy of neurons were assessed by H-E staining and immunohistochemical staining in another group of rats. Results:
H2-rich saline treatment improved the cognitive deficits
and reduced the degree of necrosis, apoptosis, and cell autophagy in rats. Additionally, H2-rich saline decreased the
content of Fe in serum and brain in these rats, and increased
the content of serum Cu related to free radical metabolism.
Conclusions: H2-rich saline may effectively protect the brain
from injury after acute CO poisoning. The mechanism of
this protection may be related to lessening oxidative damage
by affecting trace elements in vivo. Ó 2012 Elsevier Inc.

INTRODUCTION
Acute carbon monoxide (CO) poisoning is a common disease that can result in significant long-term morbidity and
severe delayed neuropathology despite aggressive treatment (1). It is reported that the mechanism of brain injury
after acute CO poisoning may be associated with free radicals, oxidative stress, and apoptosis (2–4).
Studies have shown that the role of oxidative stress is
important in the pathogenesis of hypoxic-ischemic brain
damage. The systems that protect against oxidative stress
are less effective in pathological conditions. The concentrations of serum transferrin, ceruloplasmin, glutathione
peroxidase, and superoxide dismutase are not high
enough to clear free radicals in hypoxic-ischemic conditions (5). Free radical scavengers protect the brain not
only from hydroxyl radicals but also from iron-induced
peroxidative injuries (6). Some research has shown that
hydrogen (H2) inhalation exerted antioxidant and antiapoptotic effects, and protected the brain against
ischemia-reperfusion injury by selectively reducing hydroxyl radicals and peroxynitrite (7). A recent
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hypothetical paper proposed that hydrogen therapy might
be an effective, simple, economic, and novel strategy in
the treatment of acute CO poisoning (8). However, in
view of the explosion hazards associated with H2 + air
mixtures > 4.6% (v/v), hydrogen gas treatment faces
safety and convenience problems in clinical application
(9). In this study, we produced H2-rich saline that can
be administered quickly and conveniently without safety
risks, then we tested the protective effects of it on a rat
model with acute CO poisoning.
Growing evidence supports an important role for
redox-active metals such as copper (Cu), zinc (Zn), and
iron (Fe) in neuronal degeneration (5). Trace elements
Cu, Zn, and Fe, as well as the associated antioxidases,
are closely related to metabolism of free radicals (10).
Based on these findings, we hypothesize that H2-rich
saline may have effects in decreasing neuronal damage
and improving neurological outcome after acute CO
poisoning, and the mechanism of the protective effects
may be related to redox-active metals in vivo. In this study,
we aimed to examine the protective effects of H2-rich saline
by using a rat model with acute carbon monoxide poisoning.
MATERIALS AND METHODS
Experimental Groups
Two-month-old male Sprague-Dawley rats were randomly assigned to the following three groups: 1) the normal control (NC) group; 2) the acute carbon monoxide
poisoning (CO) group; and 3) the hydrogen-rich saline
treatment (H2) group. All animal care was in accordance
with institutional guidelines. Histopathological experiments required perfusion and fixation with formaldehyde.
Half of the rats in each group were used for cognitive
function testing and trace elements determination, and
the other half were used for histopathological experiments after perfusion-fixation.
Rat Model with Acute CO Poisoning
The model used in this study was consistent with the
published protocol in a small, temperature-controlled
(2224 C), animal hyperbaric chamber. A CO detector
tube in the chamber was used to determine the concentration
of CO gas. Rats breathed 1000 ppm CO gas for 40 min, then
3000 ppm until all the rats lost consciousness or the time
elapsed was 20 min, then the rats were immediately removed to room air until they regained consciousness (11).
H2-rich Saline Treatment Paradigms
Fifty milliliters of saline solution was extracted from
a 200-mL bag of saline. Purified hydrogen gas was

injected into the extracted saline solution and dissolved
for 12 h under 0.6 Mpa at 4 C to produce H2-rich saline.
After establishment of the rat model, both the NC group
and the CO group received no therapy. The H2 group was
treated with H2-rich saline. The body weights of the rats
in the H2 group were recorded daily and treatment was
given once a day, in accordance with the protocol, with
a dose of H2-rich saline (6 mL/kg/24 h) by peritoneal
injection (12).
Histopathology
H-E staining and immunohistochemical staining were
performed on 5-mm-thick paraffin-embedded sections
after perfusion-fixation of anesthetized rats according to
standard procedures.
Cognitive Function Tests
Morris water maze. The Morris water maze experiment is
based on the fact that rodents placed in water have a strong
motivation to escape from the water environment by the
fastest and the most direct route. Rats escaping from
the water environment in this study reflect an ability to
learn. Rats swimming to a safe place (platform) in the surrounding environment reflect an ability to use spatial
memory. The Morris water maze experiment was performed in a tank of 122 cm diameter, with the water temperature maintained at 21 C. The water was tinted with
black ink to obscure the platform. A 10 cm  10 cm platform was hidden 1 cm below the surface of the water in
quadrant 1. Entry points were randomly assigned to quadrant 2, 3, or 4. In brief, familiarization and testing procedures were performed every other day. Acute carbon
monoxide poisoning occurred after the third familiarization session. Each trial lasted until the rats had found the
fixed platform or for a maximum of 60 s. All rats were allowed to rest on the platform for 10 s and each rat was
given four trials per day. The place navigation ability
was determined by recording the latency period before
searching for the platform. After the place navigation
test, the platform was removed to create a spatial probe
test. The swimming time spent searching for the platform
in quadrant 1 was recorded and this represented spatial
probe ability. In the place navigation test, after the familiarization session, normal rats found the platform quickly.
But rats with cognitive deficits took a longer time to find
the platform and sometimes never found it. In the spatial
probe test, however, the platform has been removed.
Normal rats quickly swam to quadrant 1 and took a
long time in this quadrant to try to find the platform.
But rats with cognitive deficits spent no time trying to
find the platform.
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Open Field Test
The Open Field test is based on the exploratory behavior
and spontaneous activity of rodents entering an open
environment. The movement distance and the speed of
the rats reflect their fear. The rats’ activities in the
central zone reflect their anxiety. The Open Field
test was performed on the 6th day after CO poisoning.
Briefly, the apparatus consisted of a gray square
70 cm  70 cm  40 cm. It was divided into 35  35
equal squares, which had been drawn in the floor of the
arena. The test room was dimly illuminated. A single rat
was placed in the center of the floor and after 30 s of adaptation, the total distance, average speed, distance in the
central zone, and stay period in the central zone were
counted automatically for 15 min by an imagecollecting and processing system. After each test, the
arena was cleaned with 90% alcohol solution. Normal
rats’ movement distance and activities in the central
zone were less and the movement speed was slower.
Rats that fear a new open environment generally move
faster and a greater distance.
Trace Elements Determination
The contents of the trace elements Cu, Fe, and Zn in
serum and brain were measured by Hitachi Z-2000
flame atomic absorption spectrometry (FAAS). Blood
aspirated from the abdominal aorta was centrifuged
for 10 min (2000 r/min). Serum was obtained and stored
in rewashed polyethylene bottles at 20 C until further
analysis and preparation. The rats were decapitated and
the brains were washed repeatedly with physiological
saline and deionized water. The wet brains were then
put into a constant-temperature drying stove until they
reached a constant weight. Dry brain tissue samples
were digested by the conventional wet acid digestion
method. Samples of brain tissue from each rat were
placed into Pyrex flasks separately. Five milliliters of
freshly prepared mixture of concentrated HNO3HClO4 (4:1, v/v) was added and kept for 24 h at room
temperature. Then, the content of the flasks was heated
on an electric hot plate at 6070 C for 23 h until
clear, transparent digests were obtained. Up to 5 mL final solutions were made with 10% HNO3. The final solutions were collected in polyethylene flasks and kept at
4 C until further analysis. As required by FAAS, blank
digestions were also carried out. The FAAS instrumental
conditions are reported in Table 1.
Statistical Analysis
The number of staining cells in each field was counted at
high magnification (40). Five high-power fields of the
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cerebral cortex and hippocampus were photographed in
each section. These high-power fields were separated
by at least 60 mm to avoid double counting of cells. The
sum of positive cells in five high-power fields was
recorded as the data for each section. The number of
positive cells in each sample was taken as the average
count from five brain sections. Values are presented as
mean 6 SD. Statistical analysis was done using SPSS
Statistics 17.0 (SPSS Inc., Chicago, IL) by one-way analysis of variance to establish whether the difference was
statistically significant. Between groups, variance was
determined using the LSD-T test; p value < 0.05 was considered statistically significant.
RESULTS
Effects of H2-rich Saline on Cerebral Tissue Morphology
of Rats with Acute CO Poisoning
In the NC group, there were few degenerated and necrotic
neurons in rat cerebral tissue sections (Figure 1A, D). But
in the CO group, extensive neural degeneration and necrosis in the cortex and hippocampus could be observed
(Figure 1B, E). The most severe neuronal damage was
at the apical lobe of the cortex. The hippocampal pyramidal cell layer got thinner in the CO group. In the H2 group,
some degenerated and necrotic neurons were also found,
but the number of degenerated cells was less than that
in the CO group in both the cortex and hippocampus
(Figure 1C, F, G, H).
Effect of H2-rich Saline on Apoptosis and Autophagy of
Neurons in Rats with Acute CO Poisoning
Caspase-3 immunohistochemical staining. The results
indicated that Caspase-3-positive cells were markedly increased in the CO group (Figure 2B). The administration
of H2-rich saline dramatically reduced the number of
Caspase-3-positive cells (Figure 2C). A few Caspase-3positive cells were identified in samples from the NC
group (Figure 2A). The difference between the NC group
and the H2 group after CO poisoning on both the 3rd and
the 7th days was not significant (Figure 2G, H).

Table 1. The FAAS Instrumental Conditions

Element

Wavelength
(nm)

Slit
Width
(nm)

Lamp
Current
(mA)

Oxidant
Flow
(L/min)

Fuel
Flow
(L/min)

Fe
Cu
Zn

248.3
324.8
213.9

0.2
1.3
1.3

12.5
7.5
5.0

15.0
15.0
15.0

2.0
2.2
2.0

FAAS = flame atomic absorption
Cu = copper; Zn = zinc.

spectrometry;

Fe = iron;
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Figure 1. The morphologic characteristic of H-E staining. The control brain section shows the normal neurons in cortex (A) and
hippocampus (D). The carbon monoxide (CO)-poisoned brain section shows extensive neuronal degeneration and necrosis
(arrows) among normal neurons in cortex (B) and hippocampus (E). Treatment with hydrogen (H2)-rich saline diminishes the brain
damage (C, F). Compared with the normal control (NC) group, *p < 0.05; compared with the CO group, #p < 0.05.

Beclin-1 immunohistochemical staining. The results indicated that Beclin-1-positive cells in the NC group were
rare (Figure 2D). But the positive cells obviously increased in the CO group (Figure 2E). By the 3rd day after
CO poisoning there was no significant difference between
the CO group and the H2 group (Figure 2G). H2-rich
saline treatment dramatically reduced the number of
Beclin-1 positive cells on the 7th day after CO poisoning
(Figure 2F, H).

Spatial probe test: Place navigation ability. The swimming time of the CO group in quadrant 1 was shorter
than that of the NC group. In the H2 group, the swimming time was longer than in the CO group. But the
difference between the H2 group and the NC group
was not significant (Figure 3E). The swimming time
and the swimming locus of the three groups
(Figure 3F, G, H) showed that H2-rich saline enhanced
the spatial probe ability that was lowered by acute CO
poisoning.

Cognitive Function Tests
Morris water maze: The escape latency in the CO group
was longer than that in the NC group on each recording
day. Compared with the CO group, administration of
H2-rich saline shortened the escape latency. But the
time of the H2 group was not different from that of the
NC group (Figure 3A). The escape latency and the swimming locus of the three groups (Figure 3B, C, D) showed
that H2-rich saline improved place navigation ability that
had been lessened by acute CO poisoning.

Open field test. The total distance and the distance in
the central zone in the CO group were both longer
than in the NC group. The average speed was faster
in the CO group than the speed in the NC group. The
stay period in the central zone in the CO group was
longer than in the NC group. In the H2 group, the total
distance was shorter, the average speed was slower,
and the stay period in the central zone was shorter
than in the CO group. The difference in distance in

H2-rich Saline in CO Poisoning

5

Figure 2. Immunohistochemical staining of Caspase-3 (thin arrows) and Beclin-1 (thick arrows). The control brain section shows
a few Caspase-3 (A) and Beclin-1 (D)-positive cells. Acute carbon monoxide (CO) poisoning induced a degree of apoptosis (B) and
autophagy (E). H2-rich saline treatment decreased the degree of apoptosis (C) on the 3rd day (G) and on the 7th day (H) after CO
poisoning. The difference in autophagy between the CO group and the hydrogen (H2) group on the 3rd day (G) after CO poisoning
is not significant (G). But H2-rich saline dramatically reduced the degree of autophagy on the 7th day (F, H) after CO poisoning.
Compared with the normal control (NC) group, *p < 0.05; compared with the CO group, #p < 0.05.

the central zone between the H2 group and the CO
group was not significant (Table 2). H2-rich saline
enhanced the rat’s adaptive capacity in a novel
environment, which had been reduced by acute CO
poisoning.
Trace elements determination. The level of Fe in serum
and brain in the CO group was significantly increased
compared with the NC group. However, H2-rich saline
administration markedly decreased the content of Fe in
rats after acute CO poisoning, compared with rats in
the CO group (Figure 4A, B). CO poisoning had no influence on the level of Cu, either in serum or brain. But
the H2-rich saline treatment group had a marked increase in the level of serum Cu when compared with
either the NC group or the CO group (Figure 4A).
The content of Cu in brain and the content of Zn in serum and brain among the three groups were not significantly different.

DISCUSSION
In this study, we investigated the protective effect of peritoneal administration of H2-rich saline on rats with acute
CO poisoning. The results indicated that H2-rich saline
treatment significantly enhanced the place navigation
ability, the spatial probe ability, and the adaptive capacity,
all of which had been adversely affected by acute CO
poisoning.
Recent research demonstrated that H2-rich saline decreased neuron necrosis after CO poisoning (13). Further
studies revealed that there are three major ways for neuron death to occur: apoptosis, autophagic cell death, and
necrosis (14). In this study, we observed all three ways of
neuron death. Apoptosis and autophagic cell death, and
even necrosis, have been defined as programmed cell
death and can be regulated by different molecular pathways. Necrosis usually occurs after acute ischemia due
to a reduction in the tissue adenosine triphosphate
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Figure 3. Morris water maze and the swimming locus. In the place navigation test, the escape latency in the hydrogen (H2) group
(A, D) was shorter than in the carbon monoxide (CO) group (A, C); the time in the H2 group was not different from that in the normal
control (NC) group (A, B). In the spatial probe test, the swimming time in quadrant 1 in the H2 group (E, H) was longer than in the CO
group (E, G). The difference between the H2 group and the NC group (E, F) was not significant. Compared with the NC group,
*p < 0.05; compared with the CO group, #p < 0.05.

(ATP) level accompanied by brain injury and concomitant death of glial cells. In this study, H2-rich saline
reduced the amount of neuronal necrosis, which had
increased after acute CO poisoning. Neuronal apoptosis
occurs days after injury without a reduction in ATP level
and concomitant death of glial cells. Caspase-3 is a member of the converting enzyme-like proteases, which are
related to mammalian apoptosis. Activation or failure to
suppress caspases can cause apoptosis (15). In the present
study, H2-rich saline treatment significantly decreased
the apoptosis that had been increased by acute CO poisoning. It has been reported that autophagy is induced
after amino acid deprivation as a protective mechanism,
attempting to recycle materials during starvation (16).

Beclin-1 is a kind of protein expressed by the
autophagy-related gene that participates in the formation
of autophagosome and concentration of autophagic
vacuole at an early stage. Oxidative stress is an important
inducer of autophagy. However, autophagy is a doubleedged sword: it protects neurons when brain injury
occurs, but it may make brain injury more severe if it is
overactive (17). The results of this study indicated that
CO poisoning induced autophagy. H2-rich saline had no
influence on autophagy on the 3rd day after CO poisoning.
But it decreased the degree of autophagy on the 7th day
after CO poisoning. This suggests that CO poisoning
increases the autophagy to protect neurons in the early
stage. But with the degree of autophagy becoming severe

Table 2. Result in Open Field Test (n = 6)
Group

Total Distance (cm)

Average Speed (cm/s)

Distance in Central Zone (cm)

Stay Period in Central Zone (s)

NC
CO
H2

941.72 6 22.92
1577.9 6 473.79*
1188.5 6 250.22†

0.87 6 0.66
10.27 6 3.38*
6.18 6 3.44†

139.38 6 26.58
260.39 6 45.09*
231.39 6 41.02

17.58 6 4.97
72.34 6 19.75*
34.91 6 4.04†

Compared to NC group, *p < 0.05; compared to CO group, †p < 0.05.
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Figure 4. The content of trace elements in serum and brain. (A) The content of copper (Cu), zinc (Zn), and iron (Fe) in serum. (B) The
content of Cu, Zn, and Fe in brain. Compared with the normal control (NC) group, *p < 0.05; compared with the carbon monoxide
(CO) group, #p < 0.05.

at a later stage, it may have the opposite effect on neurons.
In the present study, H2-rich saline decreased the degree
of autophagy in the later stage to maintain homeostasis
and enhance neuronal survival.
The key effect of hydrogen is to neutralize free radicals.
It has been reported that therapeutic effects of H2-rich
saline on CO poisoning may be related to antioxidant
and anti-inflammatory actions (13). After acute CO
poisoning, reactive oxygen species and reactive nitrogen
species seem to play a critical role in brain injury and in delayed neuropathology (2). The brain has potent defenses,
including dietary free-radical scavengers, the endogenous
tripeptide glutathione, and antioxidase against reactive oxygen species (18). To address the antioxidative mechanism
of H2-rich saline further, we selectively studied the redoxactive metals Cu, Zn, and Fe, which are associated with metabolism of antioxidant and free radicals.
Iron is the most important cofactor in peroxidase, catalase, and the electron transport chain, as well as the cytochrome system. Drugs that can clear dissociated iron
have the capability to inhibit the formation of oxygen
free radicals and lessen oxidative damage (19). In the
present study, H2-rich saline decreased the content of
Fe in serum and brain. This suggests that H2-rich saline
might be a kind of brain-permeable iron-chelating agent.
It may inhibit formation of oxygen free radicals and
lessen oxidative damage after acute CO poisoning by
clearing iron from the brain.
Copper is an important component of metal enzymes such as copper-protein, cytochrome oxidase,
and superoxide dismutase (20). It has been reported
that increasing antioxidative defense and decreasing
oxidative damage of unsaturated fatty acids seems to

be related to a certain level of serum Cu (20). In this
study, we found that CO poisoning had no influence
on the level of Cu. Furthermore, H2-rich saline treatment increased the level of serum Cu over that found
in the NC group or the CO group. This suggests that
H2-rich saline treatment may increase the level of Cu
to maintain a certain serum level to enhance the capability of antioxidation.
Cu and Zn are part of the catalytic center of the enzyme. Cu is involved in the redox-mechanism, and Zn
acts as a structural element (21). But in this study, the
content of element Zn in serum and brain among the three
groups was not different. Further study should be done on
this apparent dilemma.
Hyperbaric oxygen treatment is the traditional and
effective therapy for acute CO poisoning and its delayed
neuropathology (22). But the time spent in transporting
patients to the hyperbaric oxygen center might make
the disease more severe and delay treatment. Drugs
that could be used immediately and conveniently after
CO poisoning are needed. In this study, we found that
H2-rich saline has a protective effect on brain injury
after acute CO poisoning in rats. It can prevent or reduce early pathological changes and improve neurobehavioral functions. H2 is a non-toxic, convenient, safe,
and effective antioxidant that has been clinically used
only in human metabolic disorders in Japan (23,24).
There are no appropriately designed, large-scale, placebo-controlled clinical trials on humans in the literature. Studies using different dosages and routes of
administration are also needed to evaluate the therapeutic efficacy of H2 treatment in different conditions.
Although applying animal experiments to human
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clinical applications may be stretching a long distance,
elucidation of the protective effect of H2-rich saline on
brain injury after acute CO poisoning in rats suggests
that H2-rich saline may be a new agent for research
on acute CO poisoning in further animal as well as clinical research studies.
Limitations
This study focuses only on the protective effects of
H2-rich saline on brain injury after acute CO poisoning,
and its antioxidant mechanism. But there are some indications that H2 might act not only as an antioxidant, but
also interact directly with certain signaling pathways
(25). The next step for our research group is to study
the molecular targets of H2 in vivo. In this study, we
used basic methods to observe the three major ways
that neurons die (necrosis, apoptosis, and autophagy).
However, if we consider flow cytometry of cultured cells
in vitro, we can precisely identify necrosis, apoptosis, and
autophagy. The results with zinc do not imply a relationship of oxidative damage with zinc. The trace elements
are complex. Further study should be done on the changes
in zinc and other elements. Notwithstanding its limitations, this study does suggest that H2-rich saline may effectively protect the brain from injury after acute CO
poisoning, and the mechanism of this protection may be
related to lessening oxidative damage by affecting
redox-active trace elements.
CONCLUSION
Peritoneal administration of H2-rich saline was effective
in reducing brain damage caused by acute CO poisoning.
The mechanism of H2-rich saline treatment may be to inhibit formation of oxygen free radicals and lessen oxidative damage by chelating iron in serum and brain, and
maintaining a certain level of serum copper.
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ARTICLE SUMMARY
1. Why is this topic important?
Research on the protective effects of hydrogen (H2)rich saline may present a new way to treat carbon monoxide (CO) poisoning and associated brain damage.
2. What does this study attempt to show?
This study shows the protective effects of H2-rich saline
and its probable mechanism.
3. What are the key findings?
The key finding of this study is that H2-rich saline is effective in protecting the brain from injury after acute CO
poisoning. The mechanism of this protection may be related to lessening oxidative damage by chelating trace elements of iron in serum and the brain, and maintaining
a certain level of the trace element copper in serum.
4. How is patient care impacted?
H2-rich saline can prevent or reduce early pathological
changes and improve neurobehavioral functions in rats
with acute CO poisoning. It may be used in the future as
an adjunctive therapy for hyperbaric oxygen treatment
to avoid the harmful effects of a delay in treatment.
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