
EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  836,  2021

Abstract. Neuronal pyroptosis serves an important role in the 
progress of neurologic dysfunction following subarachnoid 
hemorrhage (SAH), which is predominantly caused by 
a ruptured aneurysm. Hydrogen gas has been previously 
reported to be an effective anti‑inflammatory agent against 
ischemia‑associated diseases by regulating mitochondrial 
function. The objective of the present study was to investigate 
the potential neuroprotective effects of hydrogen gas 
post‑conditioning against neuronal pyroptosis after SAH, 
with specific focus on the mitochondrial ATP‑sensitive 
K+ (mitoKATP) channels. Following SAH induction by 
endovascular perforation, rats were treated with inhalation of 
2.9% hydrogen gas for 2 h post‑perforation. Neurologic deficits, 
brain water content, reactive oxygen species (ROS) levels, 
neuronal pyroptosis, phosphorylation of ERK1/2, p38 MAPK 
and pyroptosis‑associated proteins IL‑1β and IL‑18 were 
evaluated 24 h after perforation by a modified Garcia method, 
ratio of wet/dry weight, 2',7'‑dichlorofluorescin diacetate, 
immunofluorescence and western blot assays, respectively. 
An inhibitor of the mitoKATP channel, 5‑hydroxydecanoate 
sodium (5‑HD), was used to assess the potential role of the 
mitoKATP‑ERK1/2‑p38 MAPK signal pathway. Hydrogen 
gas post‑conditioning significantly alleviated brain edema 
and improved neurologic function, reduced ROS production 
and neuronal pyroptosis, suppressed the expression of IL‑1β 
and IL‑18 whilst upregulating ERK1/2 phosphorylation, 
but downregulated p38 MAPK activation 24 h post‑SAH. 
These aforementioned effects neuroprotective were partially 

reversed by 5‑HD treatment. Therefore, these observations 
suggest that post‑conditioning with hydrogen gas ameliorated 
SAH‑induced neuronal pyroptosis at least in part through the 
mitoKATP/ERK1/2/p38 MAPK signaling pathway.

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a common 
cause of stroke that usually results in undesirable outcomes 
and is associated with a high mortality rate around the 
world of 50% (1,2). Neuronal pyroptosis has been suggested 
to be a key factor in the process of early brain injury (3). 
Upregulation of the melanoma 2 (AIM2) inflammasome, 
which is activated by double‑stranded DNA from mitochon‑
dria and nuclei, leads to neuronal pyroptosis in a mouse 
model of SAH (4). In addition, calcium overload has also 
been suggested to be involved in neuronal pyroptosis after 
SAH (5). Previous studies have reported that early brain 
injury, which is characterized by an inflammatory response 
prior to cerebral vasospasm, leads to disability or even 
mortality post‑SAH  (6,7). Therefore, investigations into 
the potential effective anti‑pyroptotic strategies have been 
gathering attention as therapy for patients with SAH.

A number of studies have reported that inhalation of 
hydrogen gas significantly attenuates oxidative stress, 
exhibits anti‑pyroptosis and anti‑inflammatory activities 
and reduces cerebral ischemia/reperfusion injury in rodent 
models (8‑10). Zhan et al (2) demonstrated that hydrogen 
gas exerts protective effects against early brain injury 
post‑SAH, which was mediated by inhibiting oxidative 
stress. It has also been reported that hydrogen gas attenuates 
inflammatory responses in the heart and liver after organ 
transplantation (11,12). Mitochondrial regulation, including 
those of mitochondrial ATP‑sensitive K+ (mitoKATP) 
channels, serves a role in the neuroprotective effects of 
hydrogen gas (13,14). In addition, hydrogen gas has been 
suggested to activate both proliferating and pro‑apoptotic 
signaling cascades, including the ERK1/2 or p38 
MAPK (15‑17). However, the exact mechanism by which 
hydrogen gas protects against SAH‑induced neurologic 
dysfunction remains poorly understood.
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Opening of mitoKATP channels, in addition to the 
activation of ERK1/2 and p38 MAPK have all been reported 
to underlie the neuroprotective effects of hydrogen gas as 
aforementioned. Therefore, in the present study, the potential 
therapeutic effects of hydrogen gas post‑conditioning on 
a SAH‑induced rat model of neuronal pyroptosis and the 
mitoKATP/ERK1/2/p38 MAPK signal pathway induced by 
intravascular perforation was investigated.

Materials and methods

Animals. In total, 137 male Sprague‑Dawley rats (Liaoning 
Changsheng Biotechnology Co., Ltd.) weighing 324±13 g 
(age, 9‑10 weeks) were utilized in the present study. Under 
controlled conditions, the rats were exposed to a regular 
12 h light/dark cycle (lights on at 7:00 a.m. and lights off 
at 7:00 p.m.). The room temperature was maintained at 25±1˚C 
and the humidity was kept at 50±10%. Rats were allowed free 
access to standard diet and water.

According to a random number table, rats were divided into the 
following five groups: i) Sham (n=24); ii) SAH (n=30); iii) SAH 
plus treatment with 2.9% hydrogen post‑conditioning for 2 h 
(SAH + H2; n=25); iv) SAH treatment with an intraperitoneal 
injection (i.p.) pre‑injection of 5‑hydroxydecanoate sodium 
(5‑HD; 40 mg/kg; cat. no. ab141672; Abcam) followed by 2.9% 
hydrogen post‑conditioning for 2 h (SAH + H2 + 5‑HD; n=31); 
and v) SAH treatment with pre‑injection of saline containing 
an equivalent concentration of DMSO and 2.9% hydrogen 
post‑conditioning for 2 h (SAH + H2 + saline; n=27).

SAH was initiated by intravascular perforation on 
the bifurcation of the anterior cerebral artery and the 
middle cerebral artery. Rats in the H2 groups inhaled 2.9% 
hydrogen mixed with 20% oxygen and balanced nitrogen 
(flow rate, 1 l/min) immediately after SAH for 2 h. Rats in the 
5‑HD groups were administered 5‑HD (40 mg/kg i.p.) at 30 min 
before SAH. Rats in the saline groups were administered with 
saline containing an equivalent concentration of DMSO i.p. 
The animal protocols included in the present study were 
ratified by the Institutional Animal Care and Use Committee 
at The Cangzhou Central Hospital (Cangzhou, China).

SAH model and hydrogen administration. Intravascular 
perforation was performed to simulate SAH in a rat model (18). 
Compared with two injections of arterial blood solvates into 
the cisterna magna, the rat endovascular perforation model 
was considered to be the more representative model of human 
SAH (19). Briefly, under sevoflurane anesthesia [induction 
(7‑8%) and maintenance (3‑4%)], rats were intubated and 
then ventilated at a tidal volume of 4 ml/100 g (fraction of 
inspired oxygen, 40%) using ventilators (Shanghai Alcott 
Biological Technology Inc.). The rectal temperature was 
maintained at 36.0±0.5˚C using a heating pad. The left external 
carotid artery was then ligated, following which a sharpened 
5‑0 suture line was placed from the stump of the external 
carotid artery. The vessel wall located on the bifurcation of 
the anterior and middle cerebral arteries was perforated. The 
sham‑operated rats also underwent the same procedure but 
the arteries were not perforated. The rats in the H2 groups 
inhaled 2.9% hydrogen mixed with 20% oxygen and balanced 
nitrogen (Gilmore Liquid Air Company) at a flow rate of 

1 l/min immediately after SAH for 2 h under anesthesia. The 
hydrogen concentration was discontinuously monitored using 
a handheld hydrogen detector (H2scan Corporation) every 
10 min. After post‑conditioning of hydrogen gas, the rats were 
freely allowed access to water and food in separate animal 
facilities. The health and behavior including respiratory 
function of rats were monitored every hour within 24 h. If any 
of the rats were unable to eat food or drink water, or breathed 
slowly and weakly, euthanasia was performed via cervical 
dislocation under sevoflurane anesthesia within 24 h after 
SAH. According to a previous study (18), the severity of SAH 
was assessed by a SAH grading scale. Following decapitating 
under anesthesia (8% sevoflurane) and the removal of brains 
24 h post‑SAH, the bases of the brains were pictured. Six 
segments of the basal cistern base were allocated a grade 
from 0 to 3 (0, no SAH; 1, minimal subarachnoid blood; 
2, mediocre blood with visible arteries; 3, blood clots covering 
all arteries). The SAH grade was calculated using the sum of 
the six scores from the six segments.

Neurobehavioral test. A modified method of Garcia et al (20) 
was used 24 h post‑SAH to evaluate neurologic behavior in 
the rats (n=6 per group) (20). The modified Garcia method 
ranged from 0 to 18 points, including spontaneous activity 
(0‑3 points), symmetry in forelimb movement (0‑3 points), 
forepaw outstretching (0‑3  points), climbing (0‑3  points), 
body proprioception (0‑3 points) and response to vibrissae 
touch (0‑3  points). The conductors (ZWS and HYJ), who 
were blinded to the group information of the rats, assessed the 
aforementioned neurologic parameters of the rats.

Brain water content. The rats were decapitated under 
anesthesia (8% sevoflurane) 24 h post‑SAH before the brain 
tissues were immediately isolated from the skull and dissected 
into right and left hemispheres, cerebellum and brain stem 
(n=6 per group). After weighing (wet weight), all tissues were 
dehydrated for 72 h in a 105˚C oven and weighed again (dry 
weight). The following formula was used to assess brain water 
content: [(Wet weight‑dry weight)/wet weight] x100%.

Reactive oxygen species (ROS) production. Rats were perfused 
through the left ventricle‑ascending aorta with cold saline under 
anesthesia (8% sevoflurane) 24 h post‑SAH (n=6 per group). 
Compared with right hemisphere, left hemisphere is associated 
with more significant changes in oxidative stress and 
inflammatory parameters (21). The cortical tissue from the 
left hemisphere was lysed in RIPA buffer (cat. no. P0013C; 
Beyotime Institute of Biotechnology) and quantified using the 
BCA protein assay. The mixture containing cortical tissues 
(0.1 ml containing 1 mg), ROS assay medium (2.9 ml; D‑PBS, 
cat. no. C0221D; Beyotime Institute of Biotechnology) and 
2',7'‑dichlorofluorescin diacetate (5 nmol/µl; cat. no. S0033S; 
Beyotime Institute of Biotechnology) was incubated at 37˚C 
for 15 min. The fluorescence intensity was used to assess 
ROS production through a microplate reader (485  nm 
excitation wavelength; 525 nm emission wavelength; Bio‑Rad 
Laboratories, Inc.).

Immunofluorescence. Rats were perfused via the left 
ventricle‑ascending aorta with cold saline under anesthesia 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  836,  2021 3

(8% sevoflurane) 24 h post‑SAH and then re‑infused with 
10% neutral‑buffered formalin (n=6 per group). After 
fixation with 10% neutral‑buffered formalin for 48 h at room 
temperature, the brain tissues were embedded in paraffin. 
Brain tissues were then sectioned (4 µm thick), dewaxed by 
xylene and gradient‑hydrated by ethanol at room temperature. 
After boiling with 3% sodium citrate at 100˚C for 20 min, 
the slices were blocked with QuickBlock™ Blocking 
Buffer for Immunol Staining (cat.  no.  P0260; Beyotime 
Institute of Biotechnology) for 1 h at room temperature and 
subsequently incubated with primary monoclonal rabbit 
antibodies against cleaved caspase‑1 (1:500; cat. no. 4199; 
Cell Signaling Technology, Inc.) and polyclonal mouse 
anti‑rat‑neuronal nuclei (NeuN; 1:500; cat. no. ab104224; 
Abcam) at  4˚C overnight. After rinsing with PBS three 
times, the sections were incubated with the secondary 
antibodies (FITC‑conjugated goat anti‑rabbit IgG; 1:500; 
cat. no. A0562; and Cy3‑conjugated goat anti‑mouse IgG, 
1:500; cat. no. A0521; Beyotime Institute of Biotechnology) 
for 1 h at room temperature. Finally, the cell nuclei were 
stained with DAPI (5 µg/ml per section; Beyotime Institute 
of Biotechnology) for 5  min at room temperature. A 
fluorescence microscope (MF43; Guangzhou Micro‑shot 
Technology Co., Ltd.) was used to observe six fields of 
view at magnifications of x200 and x1,000 in three sections 
randomly selected from each group. In each field, the average 
density of the fluorescence signals were measured using the 
Image‑pro plus 6.0 software (Media Cybernetics, Inc.). Cells 
labeled with cleaved caspase‑1 and NeuN were defined as 
pyroptotic before being counted.

Western blotting. Following ice‑saline perfusion via the left 
ventricle‑ascending aorta under anesthesia (8% sevoflurane), 
the cortical tissue from the left hemisphere was lysed in RIPA 
buffer (cat. no. P0013C; Beyotime Institute of Biotechnology) 
and assembled to extract total protein (n=6 per group) 24 h 
post‑SAH. Each sample contained 40 µg protein and was 
separated by 10% SDS‑PAGE. The separated protein was 
then transferred onto PVDF membranes (Beyotime Institute 
of Biotechnology). After blocking with buffer (cat. no. P0252, 
QuickBlock™ Western Blocking Buffer; Beyotime Institute 
of Biotechnology) at  25˚C for 10  min, polyclonal rabbit 
anti‑rat IL‑1β antibody (1:1,000; cat. no. K107559P; Beijing 
Solarbio Science & Technology Co., Ltd.), polyclonal rabbit 
anti‑rat IL‑18 antibody (1:1,000, cat. no. K002143P; Beijing 
Solarbio Science & Technology Co., Ltd.), monoclonal rabbit 
anti‑rat phosphorylated (p‑)‑ERK1/2 antibody (1:1,000, 
cat.  no.  AF1891; Beyotime Institute of Biotechnology), 
monoclonal rabbit anti‑rat ERK1/2 antibody (1:1,000, 
cat.  no.  AF1051; Beyotime Institute of Biotechnology) 
antibodies, polyclonal rabbit anti‑rat p‑p38 antibody (1:1,000, 
cat.  no.  AF5887; Beyotime Institute of Biotechnology), 
and polyclonal rabbit anti‑rat p38 antibody (1:1,000, 
cat.  no.  AF7668; Beyotime Institute of Biotechnology) 
were applied overnight at 4˚C. HRP‑labeled goat anti‑rabbit 
secondary antibodies (1:1,000, cat.  no. A0208; Beyotime 
Institute of Biotechnology) were used to incubate the 
membranes at room temperature for 1 h. After rinsing with 
Western Wash Buffer (cat. no. P0023C; Beyotime Institute 
of Biotechnology), the PVDF membranes were incubated 

with BeyoECL Moon reagent (cat. no. P0018FM; Beyotime 
Institute of Biotechnology) for 5 min. A western blotting 
detection system (Gel Doc XRS, Bio‑Rad Laboratories, 
Inc.) was used to visualize the density of protein bands on 
the PVDF membranes. GAPDH (1:1,000; cat. no. K106389P; 
Beijing Solarbio Science & Technology Co., Ltd.) was used 
as an internal reference and membranes were incubated with 
this overnight at 4˚C (22). All western blotting bands were 
semi‑quantified using Image Lab software 6.0.1 (Bio‑Rad 
Laboratories, Inc.).

Statistical analysis. Fisher's exact test with Bonferroni's 
correction was used to assess the difference in mortality 
between groups (sham vs. SAH, SAH vs. SAH  +  H2, 
SAH + H2 vs. SAH + H2 + 5‑HD, SAH + H2 + 5‑HD vs. 
SAH + H2 + saline and SAH + H2 vs. SAH + H2 + saline). 
The data of neurobehavioral tests are presented as the 
median  +  interquartile range and further analyzed by 
Kruskal‑Wallis followed by Dunn's post hoc test. The 
remaining data are expressed as the mean ± SD. Statistical 
differences between the various groups were evaluated by 
one‑way analysis of variance and Tukey's test. The statistical 
analysis was assessed by the SPSS 11.0  software (SPSS, 
Inc.) and the level of statistically significant difference was 
considered at P<0.05.

Results

Mortality. Prior to scheduled euthanasia, 17 rats died due to 
cerebral hernia. A total of 5 rats were euthanized due to reaching 
humane endpoints such as slow and weak breath, and the 
remaining 12 rats had died prior to post‑operative monitoring. 
The mortality rate within 24 h post‑SAH was 0% (0 of 24 rats) in 
the sham group, 20% (6 of 30 rats) in the SAH group, 4% (1 of 25 
rats) in the SAH + H2 group, 22.6% (7 of 31 rats) in the SAH + H2  

+ 5‑HD group and 11.1% (3 of 27 rats) in the SAH + H2  + saline 
group, and there was no significant difference between sham and 
SAH, SAH and SAH + H2, SAH + H2 and SAH + H2 + 5‑HD, 
SAH + H2 5‑HD and SAH + H2 + saline, SAH + H2 and SAH + 
H2 + saline groups (Fig. 1A). A total of 16 rats died within 6 h 
after SAH and 1 rat died at 18 h after SAH. Compared with rats 
in the sham group, the average SAH grades were significantly 
increased in rats with SAH exposure in the other four groups 
(Fig. 1B). There was no significant statistical difference in the 
average SAH grades among the remaining four groups based on 
the SAH grade (18) (Fig. 1B). This finding indicated a similar 
degree of bleeding among the groups.

Neurobehavioral test. Compared with that in rats in the sham 
group, neurologic function of the rats in the SAH group 
was significantly impaired 24  h after the SAH‑operation 
(P<0.05; Fig. 2). Hydrogen gas post‑conditioning after SAH 
induction significantly improved the neurobehavioral score in 
rats compared with that in rats treated with SAH alone 24 h 
post‑SAH (P<0.05; Fig. 2). By contrast, whilst 5‑HD partially 
but significantly reversed the changes mediated by hydrogen 
gas in the neurobehavioral score in rats (P<0.05; Fig. 2). There 
was no statistically significant difference in the neurological 
scores of rats between the SAH + H2 and SAH + H2 + saline 
groups (Fig. 2).
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Brain water content. SAH exposure significantly increased 
the water content in the bilateral hemispheres, including the 
right hemisphere (P<0.001), left hemisphere (P<0.001; Fig. 3), 
cerebellum (P<0.001; Fig. 3) and the brain stem (P<0.001; 
Fig. 3) of rats compared with that in the rats in the sham 
group 24 h post‑perforation. Hydrogen gas post‑conditioning 
significantly improved brain edema in the right hemisphere 
(P<0.001; Fig. 3), left hemisphere (P<0.001; Fig. 3), cerebellum 
(P<0.05; Fig. 3) and the brain stem (P<0.05; Fig. 3) compared 
with that in the SAH group. It was shown that these attenuations 

induced by hydrogen gas post‑conditioning were partially 
but significantly reversed by 5‑HD administration (left 
hemisphere, P<0.05; right hemisphere, P<0.05; cerebellum, 
P<0.05; brain stem, P<0.05; Fig. 3). Additionally, as a control 
for 5‑HD, saline administration after SAH + H2 treatment 
failed to show a significant reversion compared with that after 
SAH + H2 treatment alone (Fig. 3).

ROS production. The level of ROS production in the cortex was 
significantly upregulated 24 h post‑perforation in the SAH group 
compared with that in the Sham group (P<0.05; Fig. 4). ROS 
production in cortex, however, was significantly lower in rats 
exposed to hydrogen gas post‑conditioning after SAH induction 
compared with that after SAH alone (P<0.05; Fig. 4). 5‑HD 
significantly elevated ROS production in the cortex compared 
with that in the SAH + H2 group (P<0.05; Fig. 4). However, there 
was no significant difference in cortex ROS production between 
the SAH + H2 and SAH + H2 + saline groups (Fig. 4).

Measurement of pyroptosis. Neuronal pyroptosis in the 
ipsilateral cortex was assessed by immunofluorescence after 
labeling with cleaved caspase‑1‑ and NeuN‑specific antibodies. 
The levels of cleaved caspase‑1 and NeuN co‑staining were 
significantly elevated 24  h post‑perforation in the SAH 
group compared with those in the Sham group (P<0.05; 
Fig. 5B). Compared with that in the SAH group, hydrogen 
gas post‑conditioning significantly attenuated neuronal 
pyroptosis, as indicated by the reduced number of dual 
cleaved caspase‑1 and NeuN‑positive cells in the SAH + H2 
group (P<0.05; Fig.  5B). Inhibition of mitoKATP opening 
using 5‑HD significantly increased neuronal pyroptosis in the 
SAH + H2 + 5‑HD group compared with that in the SAH + H2 
group (P<0.05; Fig. 5B). In addition, there was no significant 
difference in neuronal pyroptosis between the SAH + H2 and 
SAH + H2 + saline groups (Fig. 5).

Pyroptosis‑associated proteins IL‑1β and IL‑18, was 
investigated further by western blotting. The expression levels 
of IL‑1β (P<0.05; Fig. 6B) and IL‑18 (P<0.05; Fig. 6C) in protein 
samples collected from the ipsilateral cortex was significantly 

Figure 2. Changes in neurological dysfunction as assessed by neurobehav‑
ioral tests at 24 h after SAH induction and various indicated treatments. Data 
are presented as the median + interquartile range (n=6 per group). *P<0.05 
vs. Sham; **P<0.05 vs. SAH; #P<0.05 vs. SAH + H2. SAH, subarachnoid 
hemorrhage; 5‑HD, 5‑hydroxydecanoate sodium. 

Figure 1. (A) Comparison of the number of rats that survived and those that died in each treatment group. Fisher's exact test followed by Bonferroni's correction 
was used. (B) Quantification of the severity of SAH. A summary of SAH scores for the six groups is presented (n=6). *P<0.05 vs. Sham. SAH, subarachnoid 
hemorrhage; 5‑HD, 5‑hydroxydecanoate sodium; ns, not significant. 
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upregulated in rats exposed to SAH compared with those in 
samples from the Sham group. Hydrogen gas post‑conditioning 
significantly attenuated the increases in IL‑1β (P<0.05; Fig. 6B) 
and IL‑18 (P<0.05; Fig. 6C) compared with those in the SAH alone 
group. Consistent with the results from immunofluorescence, 
5‑HD significantly reversed the alleviation of hydrogen gas 
post‑conditioning in the SAH + H2 + 5‑HD group (IL‑1β, 
P<0.05; IL‑18, P<0.05; Fig. 6B and C). No significant difference 
was reported in the expression of IL‑1β and IL‑18 between the 
SAH + H2 and SAH + H2 + saline groups (Fig. 6).

Phosphorylated ERK1/2 and p38 MAPK levels. Increased 
levels of p‑ERK1/2 (P<0.05; Fig.  7B) and p‑p38 MAPK 
(P<0.05; Fig. 7C) were observed in the SAH group compared 
with those in the Sham group. Hydrogen gas post‑conditioning 
potentiated the levels of ERK1/2 phosphorylation significantly 
further (P<0.05; Fig. 7B), whilst significantly reducing the 
phosphorylation of p38 MAPK (P<0.05; Fig. 7C) compared 
with those in the SAH only group. A significant reduction in 
p‑ERK1/2 (P<0.05; Fig. 7B) and increase in p‑p38 MAPK 
(P<0.05; Fig.  7C) were detected in rats exposed to 5‑HD 

Figure 3. Analysis of brain edema after SAH induction. Changes in water content in (A) the left hemisphere, (B) right hemisphere, (C) cerebellum and 
(D) brain stem following the indicated treatment at 24 h after SAH induction. Data are presented as the mean ± SD (n=6 per group). *P<0.001 vs. Sham; 
**P<0.001 vs. SAH in the left and right hemisphere; #P<0.05 vs. SAH in the cerebellum and brain stem; ##P<0.05 vs. SAH + H2. SAH, subarachnoid hemorrhage; 
5‑HD, 5‑hydroxydecanoate sodium.
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treatment compared with those in rats in the SAH + H2 group. 
Additionally, there was no significant difference in the levels 
of p‑ERK1/2 and p‑p38 MAPK between the SAH + H2 and 
SAH + H2 + saline groups (Fig. 7).

Discussion

The present study investigated the potential therapeutic 
effects of hydrogen gas post‑conditioning against neurological 
dysfunction, brain edema, ROS production and neuronal 
pyroptosis in a rat model of SAH. It was found that the 
neuroprotective effects mediated by hydrogen gas against 
SAH‑induced injury could be at least in part downstream of 
the mitoKATP channels (Fig. 8).

Cerebral vasospasm af ter SAH could lead to 
ischemia/reperfusion, which causes mitochondr ial 
dysfunction (23,24). Mitochondrial dysfunction after SAH 
leads to the release of damage‑associated molecular patterns 
(DAMPs), including ROS, mitochondrial DNA and calcium 
ions (25‑27). DAMPs can induce the activation of cytoplasmic 
inflammasome complexes, including caspase‑1, adaptor 
protein apoptosis‑associated speck‑like protein containing a 
CARD and NOD‑like receptor (28). Consequently, activated 
caspase‑1 is activated to drive the proteolytic cleavage and 
maturation of precursor cytokines, including pro‑IL‑1β and 
pro‑IL‑18  (29). Moreover, ROS is likely to serve a major 
role in activation of caspase‑1, which induces pyroptosis 
and leads to cellular edema  (30). A number of previous 
studies have demonstrated that SAH‑induced brain injury 
can be alleviated by modulating ROS and caspase‑dependent 

neuronal death (31‑33). In agreement with a previous study, 
brain edema and cortical neuronal pyroptosis was observed in 
a SAH model, where the pathologic changes may be attributed 
to deficits in neurologic function (34). In addition, it was also 
shown that brain edema occurred on bilateral hemisphere 
regardless of the perforation side (2).

It  was previously repor ted that hydrogen gas 
administration attenuated not only ischemic infarction in 
the brain, but also reduced hemorrhagic transformation 
induced by hyperglycemia in a model of middle cerebral 
artery occlusion (MCAO)  (35,36). In addition, hydrogen 
gas administration exerted significant anti‑inflammatory 
activity against ischemia/reperfusion injury in various 
organ transplantations, including the heart and liver (37,38). 
Hydrogen gas can be explosive at concentrations >5%, but it 
is neither explosive nor dangerous at low concentrations (39). 
In the present study, 2.9% hydrogen gas post‑conditioning 
for 2  h after SAH was used according to a previous 
study (2). In addition, 2.9% hydrogen gas inhalation for 2 h 
ameliorated neurologic dysfunction, alleviated brain edema 
and attenuated neuronal pyroptosis, whereby suggesting 
that hydrogen gas post‑conditioning can confer therapeutic 
effects in a SAH rat model.

Neuroprotective effects of exogenous hydrogen gas has 
been previously reported to be associated with mitochondrial 
regulation  (40). Watanabe  et  al  (41) reported that the 
opening/activation of mitoKATP channels are involved in 
delaying neuroprotection in a Mongolian gerbil model of 
MCAO. As a specific inhibitor, 5‑HD has been applied as an 
approach to study the involvement of mitoKATP channels (42). A 
previous study showed that the mitoKATP channels in heart and 
liver mitochondria are the targets for 5‑HD, by the inhibition of 
K+ flux (43). The present study therefore assessed the effects of 
mitoKATP opening on the neuroprotective effects of hydrogen 
gas using 5‑HD. 5‑HD was found to partially reverse the 
therapeutic effects of neurologic dysfunction, attenuation of 
brain edema and amelioration of neuronal pyroptosis induced 
by hydrogen gas post‑conditioning after SAH exposure. These 
results suggest that the neuroprotective effects of hydrogen gas 
post‑conditioning may be associated with mitoKATP channels 
opening.

The downstream mechanisms underlying mitoKATP 
channels in the central nervous system remained unclear. A 
previous study reported that the opening of mitoKATP channels 
is associated with the increased levels of phosphorylated 
ERK1/2 after cerebral ischemia/reperfusion injury (44). It has 
also been suggested that the downregulation of p38 MAPK 
phosphorylation contributes to the improvements in cerebral 
ischemia/reperfusion in mice  (45,46). Chen  et  al  (47) 
demonstrated that caspase‑1‑related pyroptosis is inhibited 
by downregulation of p38 phosphorylation MAPK and 
upregulation of ERK1/2 in mice. The MC4 receptor agonist 
RO27‑3225 inhibited NLRP1‑dependent neuronal pyroptosis 
via the ASK1/JNK/p38 MAPK pathway in a mouse model 
of intracerebral haemorrhage (47). The changes in cellular 
potassium and mitochondrial membrane potential induced 
by the opening of mitoKATP channels is likely to contribute to 
changes in p38 MAPK and ERK1/2 phosphorylation (48,49). 
Data from the present study showed that hydrogen gas 
significantly elevated levels of ERK1/2 phosphorylation but 

Figure 4. Changes in ROS levels following the indicated treatments 24 h 
after subarachnoid SAH. Data are presented as the mean ± SD (n=6 per 
group). *P<0.05 vs. Sham; **P<0.05 vs. SAH; #P<0.05 vs. SAH + H2. SAH, 
subarachnoid hemorrhage; 5‑HD, 5‑hydroxydecanoate sodium; ROS, 
reactive oxygen species.
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Figure 5. Changes in neuronal pyroptosis in the cortical tissue caused following the indicated treatment. (A) Representative photomicrographs of cleaved 
caspase‑1, NeuN and DAPI staining showing pyroptotic cells in the cortical tissue by the indicated treatment at 24 h after SAH. Corresponding magnified 
merged staining images are shown on the far right panel. Cleaved caspase‑1, green; NeuN, red; DAPI, blue. Scale bars, 50 or 12.5 µm. (B) Percentages of 
pyroptotic cells in the cortical tissue caused by the indicated treatment. Data are presented as the mean ± SD (n=6 per group). *P<0.05 vs. Sham; **P<0.05 
vs. SAH; #P<0.05 vs. SAH + H2. SAH, subarachnoid hemorrhage; 5‑HD, 5‑hydroxydecanoate sodium; NeuN, neuronal nuclei.

Figure 6. Changes in the expression of proteins associated with pyroptosis following the indicated treatment. (A) Representative western blotting images of 
IL‑1β and IL‑18 in the cortical tissue. Quantified expression of (B) IL‑1β and (C) IL‑18, normalized to that of GAPDH. Data are presented as the mean ± SD 
(n=6 per group). *P<0.05 vs. Sham; **P<0.05 vs. SAH; #P<0.05 vs. SAH + H2. SAH, H2, 5‑HD and saline are as described previously; SAH, subarachnoid 
hemorrhage; 5‑HD, 5‑hydroxydecanoate sodium.

https://www.spandidos-publications.com/10.3892/etm.2021.10268
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attenuated levels of p38 MAPK phosphorylation. However, 
5‑HD partially reversed this upregulation of p‑ERK1/2 and 
downregulation of p‑p38 MAPK induced by exogeneous 
hydrogen gas. Such a dichotomy of these two kinases, 
including p38 MAPK and ERK1/2, was suggested to be 
involved in neuronal death induced by cardiopulmonary 
resuscitation injury (50). In addition, hydrogen gas opened 
mitoKATP channels through direct interaction with Cys6 and 
Cys26, which regulate the cellular energy charge to activate 
the downstream MAPK pathways (51). Therefore, it could 
be hypothesized from these aforementioned observations 
that activation of the mitoKATP/ERK1/2/p38 MAPK pathway 
might be involved as a potential target of exogenous 
hydrogen gas.

One limitation of the present study was that the 
neuroprotective effects of hydrogen gas 24 h post‑SAH were 
only observed in this animal model. Long term changes in 
neurologic function, brain edema and neuronal pyroptosis, 
such as 72 h and 1 week after SAH, should be investigated. 
In addition, only a single application of hydrogen gas was 
achieved for 2 h after SAH exposure. The potential therapeutic 
effects of repeated applications of hydrogen gas post‑SAH 
should also be explored.

Figure 7. Changes in the phosphorylation levels of ERK1/2 and p38 MAPK following the indicated treatment. (A) Representative western blotting images of 
phosphorylated ERK1/2, total ERK1/2, phosphorylated p38 and total p38 MAPK in the cortical tissue. Expression of (B) phosphorylated ERK1/2 and total 
ERK1/2, (C) phosphorylated p38 and total p38 MAPK was quantified following normalization to that of GAPDH. Data are presented as the mean ± SD (n=6 
per group). *P<0.05 vs. Sham; **P<0.05 vs. SAH; #P<0.05 vs. SAH + H2. SAH, subarachnoid hemorrhage; 5‑HD, 5‑hydroxydecanoate sodium; NeuN, neuronal 
nuclei; p‑, phosphorylated; t‑, total. 

Figure 8. Proposed model from the present study. A proposed schematic 
summarizing the observations following hydrogen gas post‑conditioning 
and subsequent neuroprotection against SAH. SAH increased neuronal 
pyroptosis, which hydrogen gas post‑conditioning not only significantly 
attenuated, but also improved neurological dysfunction further downstream. 
This may be associated with increased ERK1/2 phosphorylation and 
phosphor‑decreased p38 MAPK activation by opening mitoKATP. 5‑HD, an 
inhibitor of mitoKATP, could partially reverse these neuroprotective effects. 
DAMP, damage associated molecular patterns; mitoKATP, mitochondrial 
ATP‑sensitive K+ channels. 
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In  conclusion,  the  present  study found that 
hydrogen gas post‑conditioning exhibited significant 
neuroprotective effects against in early‑stage SAH, possibly 
through an anti‑pyroptosis effect downstream of the 
mitoKATP/ERK1/2/p38 MAPK signal pathway. Therefore, 
exogenous hydrogen gas has the potential to improve early 
injury during the management of SAH.
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