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Abstract  Objective: Oxidative stress contributes signifi-
cantly to the development of secondary brain injury after 
intracerebral hemorrhage (ICH). It has been previously dem-
onstrated that hydrogen gas can decrease oxidative stress by 
scavenging reactive oxygen species. We hypothesized that 
hydrogen therapy will reduce brain oxidative stress in mice 
after ICH and thereby will lead to reduced brain edema and 
improved neurological outcomes.

Materials and Methods: CD1 male mice (weight 30–35 g) 
were divided into the following groups: sham, ICH + vehicle 
(room air), ICH + 1-h hydrogen treatment, and ICH + 2-h 
hydrogen treatment. ICH was induced by injection of bacte-
rial collagenase into the right basal ganglia. The evaluation 
of outcomes was done at two time points: 24 and 72 h post-
ICH. Brain water content was measured for assessment of 
brain edema (wet/dry weight method), and three neurologi-
cal tests were performed pre- and postoperatively.

Results: Collagenase injection was found to induce brain 
edema and impair functional performance of rats. The 
hydrogen inhalation reduced these effects acutely (24  h); 
however it exhibited only a tendency to improvement in the 
delayed study (72 h).

Conclusions: Our results suggest that hydrogen inhala-
tion exerts an acute brain-protective effect in the mouse ICH 
model. However, the acute hydrogen therapy alone is not 
sufficient to improve delayed ICH outcomes in this model.

Keywords  ROS · Antioxidant · Brain edema · ICH · 
Neuroprotection

Introduction

The role of reactive oxygen species (ROS) as mediators  
of oxidative brain damage after ICH is well accepted. 
Overproduction of ROS, which cannot be balanced by endog-
enous antioxidant defenses of brain tissues, results in lipid 
peroxidation, disruption of the blood-brain barrier (BBB), an 
increase in brain edema, and neurological deficits. Beneficial 
effects of antioxidant agents in the ICH model have been 
recently demonstrated in our laboratory [1]. The inhalation 
with hydrogen selectively reduced hydroxyl radical and per-
oxynitrite levels in vitro and exerted an antioxidant effect, 
reflected by a decreased brain concentration of 4-hydroxynon-
enal (4-HNE) (the specific marker for lipid peroxidation) and 
8OHG (nucleic acid oxidation marker) in a rat MCAO model 
[2]. To date, no study has assessed the effects of hydrogen 
gas therapy in the animal model of ICH. In this study, we 
examined whether hydrogen inhalation provides neuropro-
tective effects by decreasing brain water content and amelio-
rating neurological deficits.

Methods

Experimental animals: All procedures and methods for these 
studies were approved by the Animal Care and Use 
Committee at Loma Linda University and complied with the 
Guide for the Care and Use of Laboratory Animals (http://
research.llu.edu/forms/appendixb.doc). A total of 30 male 
CD-1 mice were assigned into the acute (24  h) or delayed 
(72 h) study. The animals in the acute experiment were divided 
into sham, ICH treated with vehicle (room air), ICH treated 
with hydrogen for 1 h, and ICH treated with hydrogen for 2 h. 
At 24 h after ICH, the animals were tested for neurological 
deficits and euthanized for brain edema measurements. The 
animals assigned to the delayed group were partitioned into 
ICH treated with vehicle and ICH treated with hydrogen for 
1  h (since 1-h treatment was effective in the 24-h study). 
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Animals were checked for neurological deficits and eutha-
nized for brain water content measurements at 72  h post-
ICH. Since no increase in brain water content was observed 
after sham surgery, the same group of sham-operated ani-
mals was used for the 72-h time point.

Intracerebral hemorrhage induction: We adopted the col-
lagenase-induced intracerebral hemorrhage model in mice, 
as we described before [3]. Briefly, mice were anesthetized 
intrapertioneally with a ketamine (100  mg/kg)/xylazine 
(10  mg/kg) cocktail and positioned prone in a stereotaxic 
head frame (Stoelting, Wood Dale, IL). An electronic ther-
mostat-controlled warming blanket was used to maintain the 
core temperature at 37°C. The calvarium was exposed by a 
midline scalp incision from the nose to the superior nuchal 
line, and the skin was retracted laterally. With a variable 
speed drill (Fine Scientific Tools, Foster City, CA), a 1.0-mm 
burr hole was made 0.9  mm posterior to the bregma and 
1.45  mm right-lateral to the midline. A 26-G needle on a 
Hamilton syringe was inserted with stereotaxic guidance 
4.0  mm into the right deep cortex/basal ganglia at a rate 
1 mm/min. Collagenase (0.075 units in 0.5 mL saline; Sigma, 
St Louis, MO) was then infused into the brain at a rate of 
0.25 mL/min over 2 min using an automatic infusion pump 
(Stoelting, Wood Dale, IL). The needle was left in place for 
an additional 10 min after injection to prevent the possible 
leakage of collagenase solution. After removal of the needle, 
the incision was sutured closed, and mice were allowed to 
recover. Sham operation was performed with needle inser-
tion only.

Brain water content: Mice were euthanized under deep 
anesthesia. Brains were removed immediately and divided 
into five parts: ipsilateral and contralateral basal ganglia, 
ipsilateral and contralateral cortex, and cerebellum. Tissue 
samples were weighed on an electronic analytical balance. 
The tissue was then dried at 100°C for 24 h to determine the 
dry weight. Brain water content (%) was calculated as [(wet 
weight – dry weight)/wet weight] × 100.

Neurological deficits: Neurological scores were assessed 
by an independent researcher blinded to the procedure  
24 and 72  h after ICH. Three tests were implemented for 
evaluation of neurological deficits: (1) Modified Garcia test 
[4]. The Modified Garcia Score is a 21-point sensorimotor 
assessment system consisting of seven tests with scores of 
0–3 for each test (maximum score = 21). These seven tests 
included: (1) spontaneous activity, (2) side stroking, (3) 
vibris touch, (4) limb symmetry, (5) climbing, (6) lateral 
turning, and (7) forelimb walking. Additionally, beam bal-
ance and wire hang testing were performed as described 
before [3]. Both the beam (590  cm in length by 51  cm in 
width) and wire (550 cm in length by 51 mm in width) were 
constructed and held in place by two platforms on each side. 

Mice were put on the center of the beam or wire and allowed 
to reach the platform. Mice were observed for both their time 
and behavior until they reached one platform, and scored 
according to six grades. The test was repeated three times, 
and an average score was taken [minimum score 0; maximum 
score (healthy mouse)].

Statistical analysis: Quantitative data are expressed as the 
mean ± SEM. Statistical significance was verified by analysis 
of variance (ANOVA) (Dunn’s method) for analysis of acute 
effect (24-h) and by ANOVA (Tukey test) for analysis of 
delayed effect (72-h). P < 0.05 was considered statistically 
significant.

Results

Effect of Inhalation Hydrogen Therapy  
on Brain Edema

At 24 h after ICH, the water content significantly increased 
in the ipsilateral basal ganglia of all collagenase-injected ani-
mals (Fig. 1a). Hydrogen treatment resulted in a dose-depen-
dent effect where 1-h of inhalation significantly decreased 
brain water content in hydrogen vs. room-air treated animals, 
while 2-h of hydrogen inhalation showed no effect. Brain 
edema progressed to involve bilateral basal ganglia as well 
as the ipsilateral cortex at 72 h post-ICH (Fig. 1b). At this 
time point, 1-h of hydrogen inhalation showed only the ten-
dency towards reducing water content in these brain regions 
(Fig. 1b). Since there was no statistical difference between 
the brain water content of naïve (non-operated animals) and 
sham-operated animals at the 24-h time point, we did not 
expect the formation of brain edema at a later time-point and 
used the same group of sham-operated animals in both 
studies.

Effect of Inhalation Hydrogen Therapy  
on Neurological Outcomes

Neurological deficits were evident in all ICH-animals 24 and 
72-h after ICH as tested by the modified Garcia test, wire 
hanging and beam balance tests. One hour but not 2-h of 
hydrogen inhalation was able to attenuate these ICH-induced 
effects in 24-h study (Fig.  2). However, 72-h post-ICH, 
hydrogen therapy showed only a tendency towards an 
improvement of neurological deficit. This tendency did not 
reach statistical significance (Fig. 3).
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Sham (n = 5) 

ICH/vehicle (n = 5)

ICH/hydrogen 1 h (n = 5)

ICH/hydrogen 2 h (n = 5)

Fig. 1  All animals after 
collagenase injection had a 
significant increase of brain 
water content. One but not 2 h of 
hydrogen therapy reduced brain 
edema in the 24-h study group. 
(a) One hour of hydrogen therapy 
tended to decrease brain water 
content in (b) the 72-h group.  
* Significant difference vs. sham 
(p < 0.05). #Significant difference 
vs. sham (p < 0.05). (a) 24 h: 
sham = 5; (vehicle) = 5; 
(ICH + Hydrogen 1 h) = 5; 
(ICH + hydrogen 2 h) = 5.  
(b) 72 h: sham = 5; (vehicle) = 5; 
(ICH + hydrogen 1 h)
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Discussion

Several studies have shown that antioxidants confer a neuro-
protective effect in ICH [5]. Since previous work had dem-
onstrated the antioxidative effects of hydrogen inhalation 
therapy [2], we postulated that the hydrogen gas treatment 
will reduce oxidative stress and will protect against brain 
injury following ICH. In our study we tested the effects of 
inhalation with hydrogen in the mouse intracerebral hemor-
rhage model. We used 2.0% of hydrogen since it is known 

that (1) at such a concentration (less 4% in air), H
2
 is neither 

explosive nor harmful; (2) this concentration of hydrogen 
was most effective in the previous studies [2, 6]. We tested 
the acute effect (24-h after ICH induction) of hydrogen ther-
apy and compared it to the delayed effect (72-h after ICH).  
In the acute study, hydrogen inhalation significantly reduced 
the ICH-induced increase in brain water content and improved 
the neurological deficit in ICH animals. In the 72-h study, the 
hydrogen inhalation tended to decrease brain edema; how-
ever, the difference between groups did not reach statistical 
significance. There are several possible explanations for this 
result. The limited efficacy of hydrogen therapy at 72-h after 
ICH may relate to the increased severity of inflammatory cell 
infiltration in the delayed phase after ICH [7]. One of the 
ROS sources after ICH are peripheral immune cells, which 
start invading the brain shortly after the hemorrhage and 
participate in microglial activation. The activated microglia 
further increase the ROS formation. It has been reported that 
leukocyte infiltration and microglial activation reached a 
maximum at 3 days after ICH [8]. Concordantly, Liao et al. 
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Fig. 2  One hour hydrogen inhalation improved neurological deficit in 
the 24-h study according to performance on Garcia (a), beam balance 
(b) and wire hanging (c) tests. Significant difference vs. sham (p < 0.05); 
#significant difference vs. vehicle (p < 0.05)
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Fig. 3  One hour hydrogen inhalation tended to improve neurological 
deficit in 72 h. *Significant difference vs. sham (p < 0.05)
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observed maximal superoxide production in the peri-
hematomal region on day 3 after ICH induction [9]. Another 
possibility is that hydroxyl radicals, which are the most 
aggressive reactive oxygen species, overwhelmed the benefi-
cial effect of hydrogen in the delayed phase of hemorrhagic 
brain injury. Hydroxyl radicals can cause lipid peroxidation, 
protein oxidation, as well as DNA damage in the cell [10, 
12]. These radicals are produced by Fenton chemistry, which 
requires free iron for the formation of transition metal com-
plexes. Wu et al. demonstrated that ICH upregulated heme 
oxygenase-1 levels and resulted in iron overload in the brain 
[11]. The release of iron from the breakdown of hemoglobin 
occurred during intracerebral hematoma formation. The 
authors observed a time-depended increase in iron level in 
the ipsilateral versus contralateral basal ganglia. The differ-
ence was insignificant on the first day after ICH induction, 
however became significant 72 h later [11]. In conclusion, 
hydrogen therapy can protect the brain against acute injury 
following ICH. However, further studies are needed to estab-
lish the regimen of treatment that would provide lasting 
protection.
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