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INTRODUCTION
Stroke is caused by a poor blood flow to the brain and isch-
emic stroke is a major type of stroke in clinical practice.1 

Stroke has been the second most common cause of death 
following ischemic heart disease, and accounts for 9% of 
all deaths worldwide.2 Moreover, it has high disability and 
recurrence rate, increasing the economic burdens to the fam-
ily and the society. However, the thrombolytic therapy as the 
only approved treatment for ischemic stroke is limited due to 
the short time window and the efficacy of other therapies has 
not been confirmed in clinical trials so far, which is partially 
ascribed to the incomplete understanding of pathogenesis 
of stroke. 

It has been confirmed that the pathogenesis of stroke is 
closely related to the activation excitotoxic glutamatergic 
signaling, ionic imbalance, and excess production of reactive 
oxygen species (ROS).3-6 In recent years, increasing studies 
focus on the role of programmed cell death (PCD) in the 
pathogenesis of stroke. It has been confirmed that apoptosis 
and autophagy are the major modes of PCD, and traditionally 
necrosis is regarded as a deranged or accidental cell demise 
that is a passive process caused by overwhelming stress.7 In 
recent years, it has been revealed that necrotic cell death, at 
least in part, can be a well regulated and orchestrated event 
as apoptosis, which is termed “necroptosis”.8 Currently, stud-
ies have indicated that necroptosis play an important role in 
the pathogenesis of ischemic stroke, hemorrhagic stroke, and 

cerebral hypoxia/ischemia injury.9-11 

Hydrogen has been used as a physiologically inert gas in 
deep diving for the prevention of nitrogen narcosis.12 However, 
numerous studies have confirmed the anti-oxidative, anti-
inflammatory and anti-apoptotic capabilities of hydrogen in 
a variety of animal models and clinical trials since Ohsawa 
et al.13 reported that hydrogen inhalation could protect the 
brain against cerebral ischemia/reperfusion (I/R) injury by 
selectively neutralizing hydroxyl radicals and peroxynitrite.In 
most studies, the concentration of hydrogen is usually no more 
than 4% due to safety concerns. Recently, our group employed 
high concentration hydrogen (HCH) (67% hydrogen and 33% 
oxygen) in the treatment of several diseases in animal models, 
and its protective effects were confirmed.14-17 This mixed gas 
is produced using an AMS-H-01 hydrogen/oxygen nebulizer 
(Asclepius, Shanghai, China), which can produce hydrogen 
and oxygen by electrolyzing water. 

This study was undertaken to investigate whether HCH 
protected the brain against I/R injury via anti-necroptosis in 
a mouse model. 

Materials and Methods
Animals and grouping
The whole study was approved by the Animal Care and Use 
Committee of Shanghai Jiao Tong University School of 
Medicine, Shanghai, China (No. A2015-011). Male C57BL/6 
mice weighing 20–25 g (n = 130) were purchased from the  
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Experimental Animal Center of Shanghai Jiao Tong Univer-
sity School of Medicine. One hundred of them were randomly 
divided into four groups: sham operation group, middle ce-
rebral artery occlusion (MCAO)/reperfusion (I/R) group, I/R 
+ nitrogen/oxygen (NO) group and I/R + hydrogen/oxygen 
(HO) group (n = 25 per group). The rest of them were used 
to evaluate protein expression at different time points after 
reperfusion. 

MCAO model establishment
Mice were anesthetized by intraperitoneal injection of ket-
amine (80 mg/kg) and xylazine (10 mg/kg). A middle line 
incision was made at the neck, and the carotid artery was 
separated carefully. Then, a monofilament suture (Doccol, 
Sharon, MA, USA) was inserted into the internal carotid artery 
(ICA). Rectal temperature was maintained at 37.0°C during 
and after surgery with a temperature controlled heating pad. 
The regional cerebral blood flow (rCBF) was monitored using 
laser Doppler flowmetry (moor VMS-LDF2, Moor Instru-
ments, Axminster, UK). Animals whose blood flow did not 
reduce to 20% were excluded. The monofilament suture was 
removed 1 hour for reperfusion. 

Treatments 
In sham group, mice were anesthetized, and a midline incision 
was made at the neck. The carotid artery was separated without 
occlusion. In I/R group, the left internal carotid artery was 
occluded, followed by reperfusion 1 hour later. In HO group, 
the I/R mice were exposed to HCH for 90 minutes since the 
beginning of reperfusion. In brief, mice were placed in a closed 
plastic box (28 cm × 18 cm × 14 cm), which was flushed with 
67% hydrogen and 33% oxygen at a rate of 3,000 mL/min. The 
AMS-H-01 hydrogen/oxygen nebulizer (Asclepius) was used, 
which was designed to electrolyze water to produce HCH. 
During the HCH exposure, the hydrogen concentration in the 
box was monitored with a hydrogen detector (MD2XP-3140; 
New Cosmos, Osaka, Japan). In NO group, the mice were 
exposed to 67% nitrogen and 33% oxygen. 

Detection of infarct volume by 2,3,5-triphenyltetrazolium 
hydrochloride (TTC) staining 
After 24-hour reperfusion, the brain was collected, sectioned 
coronally at 1-mm interval, and stained with TTC at 37°C for 
20 minutes. Then, brain sections were fixed in 4% parafor-
maldehyde and photographed with a digital camera (Canon 
IXUS175, Tokyo, Japan). The images were obtained for the 
measurement of infarct volume with Image-Pro software18 and 
Swanson’s method.19 The infarct percentage was used for the 
evaluation of infarction. 

Detection of brain water content
Mice were anesthetized intraperitoneally and the brain was 
quickly collected. The right hemisphere, left hemisphere, 
cerebellum, and brain stem were separated. The brain tissues 
were weighed immediately as wet weight, and then placed in 
an oven (WS70-1) at 65°C. Dry weight was obtained 48 hours 
later. The brain water content of each part was calculated as 
follow: wet to dry (W/D) ratio = [(wet weight − dry weight)/
wet weight] × 100%.20 

Neurological scoring
At 24-hour after reperfusion, neurological function was scored 
in a blind manner as previously described.21 The scores were 
divided into five grades with the minimum score of 0, and the 
maximum score of 4 (severest deficit). Menzies neurological 
score are as following: 0, No apparent deficits; 1, contralat-
eral forelimb flexion; 2, Decreased grip of the contralateral 
forelimb while tail pulled; 3, Spontaneous movement in all 
directions or contralateral circling only if pulled by tail; 4, 
Spontaneous contralateral circling.21 

Real-time PCR
After 24-hour reperfusion, the total RNA was extracted from 
the brain using TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA) according to manufacturer’s instructions and then pro-
cessed for reverse-transcription into cDNA in a 20-μL mixture 
containing 1 μg of total RNA using FastQuant RT Kit with 
gDNase (Tiangen, Beijing, China). The mRNA expression 
of mixed lineage kinase domain like protein (MLKL) was 
detected using Power SYBR Green PCR Master Mix (Thermo 
Fisher Scientific, Hemel Hempstead, UK), and GAPDH served 
as an internal reference. The primers used for PCR were as fol-
lows: MLKL, 5'-CTG AGG GAA CTG CTG GAT AGA G-3' 
(forward) and 5'-CGA GGA AAC TGG AGC TGC TGA T-3' 
(reverse); GAPDH, 5'-CCT CGT CCC GTA GAC AAA ATG 
GT-3' (forward) and 5'-TTG AGG TCA ATG AAG GGG TCG 
T-3' (reverse). The mRNA expression was analyzed using the 
2-ΔΔCT method. All experiments were carried out in triplicate. 

Western blot assay 
At 3, 6, 12, 24 and 72 hours after reperfusion, mice were sacri-
ficed, and the brain was collected. The left cerebral hemisphere 
was processed for the detection of MLKL protein expression 
by western blot assay. In brief, brain tissues were homogenized 
in RIPA buffer (P1003B, Beyotime,wuhan, China) containing 
protease inhibitor cocktail (P8340, Sigma, St. Louis, MO, 
USA), and then sonicated on ice. After centrifugation, the 
supernatant was collected for western blot assay. An aliquot 
of 20 mg protein from each sample was separated by SDS-
PAGE and then transferred onto a nitrocellulose membrane. 
The membrane was blocked with 5% nonfat milk in PBST for 
2 hours (pH 7.4) and then incubated with primary antibod-
ies against MLKL (1:1,000; ab194699, Abcam, Shanghai, 
China) or β-actin (1:5,000; C16678, Anbo Biotechnology, 
San Francisco, CA, USA ) at 4°C overnight. After incubation 
with secondary antibody for 2 hours at room temperature, 
visualization was done with a chemiluminescence apparatus 
(ImageQuant LAS 4000mini, GE Healthcare, Lafayette, CO, 
USA). The optical density (OD) was measured with Image-
Pro software, and the OD of MLKL was normalized to that of 
β-actin as the relative protein expression of MLKL. 

Statistical analysis 
Data are expressed as the mean ± standard error (SEM), and 
statistical analysis was performed using GraphPad Prism soft-
ware (GraphPad Software, La Jolla, CA, USA). Comparisons 
were done among groups by using one-way analysis of vari-
ance (ANOVA) followed by Turkey test. A value of P < 0.05 
was considered statistically significant.
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RESULTS
Infarct ratio
To ensure success and stability of surgery, a laser Doppler 
flowmeter was used to monitor the CBF (Figure 1A). After 
1-hour ischemia and 24-hour reperfusion, TTC staining was 
performed and infarct volume was determined. Results showed 
the infarct ratio was 39.51 ± 5.30% in I/R group, 20.21 ± 4.43% 
in HO group and 34.83 ± 3.53% in NO group, and no infarction 
was observed in sham group (Figure 1B). The infarct ratio 
in HO group was significantly lower than in I/R group and 
NO group (P < 0.001; Figure 1B), but there was no marked 
difference between NO group and I/R group.

Brain edema
Cerebral I/R caused a significant increase in the brain water 
content in I/R group as compared to sham group (81.36 ± 
1.29% vs. 78.27 ± 0.38%, P < 0.001; Figure 2A). However, 
HCH treatment markedly reduced the brain water content 
after cerebral I/R injury (79.31 ± 0.69% vs. 81.36 ± 1.29%, 
P < 0.01; Figure 2A), but there was no significant difference 
between NO group and I/R group (81.36 ± 1.29% vs. 82.19 ± 
0.74%, P > 0.05; Figure 2A).

Neurological function
Cerebral I/R injury caused a significant neurological deficit in 
I/R group (2.77 ± 0.83). Importantly, the neurological deficit 
of cerebral I/R mice was markedly improved after HCH treat-
ment (2.11 ± 0.96 vs. 2.76 ± 0.83, P < 0.05; Figure 2B), but 
there was no significant difference between NO group and 
I/R group (3.06 ± 0.66 vs. 2.76 ± 0.83, P > 0.05; Figure 2B). 

Temporal change in MLKL protein expression
MLKL is a key molecule in the necrosis signaling pathway.22,23 
and thus the protein expression of MLKL was detected at 
different time points after reperfusion, aiming to assess its 
temporal change. Our study showed MLKL protein expression 
increased after 3-hour reperfusion and then peaked at 6-24 
hours, but decreased significantly after 72-hour reperfusion 
(Figure 3A). 

MLKL protein and mRNA expression after cerebral I/R injury
As mentioned above, the MLKL protein expression in the 
injured hemisphere peaked at 6-24 hours after reperfusion. 
Thus, the MLKL protein and mRNA expression was further 
detected at 24 hours after reperfusion in different groups. 
Our results showed the protein and mRNA expression of 
MLKL increased significantly at 24 hours after reperfusion 
as compared to sham group, but HCH had no influence on the 
expression of MLKL at translational and transcriptional levels 
(P > 0.05; Figure 3B).

DISCUSSION
This study further confirmed that HCH could exert neuro-
protective effects on cerebral I/R injury, demonstrated by 
the reduction in infarct ratio, decrease in brain water content 
and improvement of neurological function after cerebral I/R 
injury. In addition, cerebral I/R increased the MLKL expres-
sion in a time dependent manner: it increased at 3 hours after 

reperfusion, peaked at 6-24 hours, but reduced after 72-hour 
reperfusion. However, HCH treatment failed to inhibit the 
necroptosis in the mouse brain after I/R injury. 

Stroke may trigger a variety of biochemical and molecular 
mechanisms leading to the neurological dysfunction including 
the activation excitotoxic glutamatergic signaling, ionic imbal-
ance, and excess production of ROS. In recent years, hydrogen 
was found to be a potent antioxidant and has been widely used 
in the treatment of diseases in animal models and clinical tri-
als.24 As compared to other available antioxidants, hydrogen 
has some advantages: it may not disturb metabolic redox 
reactions or affect ROS because it mainly reacts with highly 
toxic ROS hydroxyl radicals and peroxynitrite; it has favorable 
distribution characteristics and can penetrate biomembranes 
and diffuse through barriers into cellular components; its me-
tabolite (water) is not harmful to cells. Although the neuropro-
tective effects of hydrogen gas have been confirmed in some 
animal models and even in clinical trials, the concentration of 
hydrogen gas used is no higher than 4% due to safety concerns. 
In recent years, a new hydrogen generator which can produce 
66.7% hydrogen and 33.3% oxygen by electrolyzing water 
was developed by the Asclepius Company. With a specific 
technique, it may avoid the risk for explosion of hydrogen at 
this high concentration. The protective effects of HCH (66.7% 
hydrogen and 33.3% oxygen) were also revealed in our previ-
ous studies.15,16 However, the neuroprotective effects of HCH 
on stroke are still unclear. Our results showed HCH inhalation 
for 90 minutes since the beginning of reperfusion could also 
exert neuroprotection against cerebral I/R injury (reductions 
in infarct ratio and brain water content, and improvement of 
neurological function), which were consistent with findings 
from MCAO rats treated with HCH inhalation for 2 hours. 
However, the specific mechanism underlying the protective 
effects of HCH remains to be elucidated. 

It has been confirmed that PCD plays a crucial role in the 
pathogenesis of stroke, and regulation of PCD is promising 
for the treatment of stroke. Necroptosis is a new mode of PCD 
and also closely related to the pathogenesis of ischemic stroke, 
hemorrhagic stroke and cerebral hypoxia/ischemia, and inhibi-
tion of necroptosis has also been found to be neuroprotective 
in several animal models.10,25-27 Receptor-interacting protein 1 
(RIP1), RIP3 and MLKL are the key molecules in the necrop-
tosis signaling pathways and have been used as markers of 
necroptosis.28 Pseudokinase MLKL is a substrate of RIP3 
and may serve as a major executioner of necroptosis.22,23 In 
this study, MLKL was employed as a marker of necroptosis. 
Although the role of necroptosis in stroke has been widely 
investigated, the temporal change in necroptosis is poorly 
understood. Our results showed the necroptosis increased at 
3 hours after reperfusion, peaked at 6-24 hours, but decreased 
after 72-hour reperfusion. This indicates necroptosis is an early 
mechanism of cell death after ischemic stroke, and early treat-
ment targeting necroptosis might be neuroprotective. However, 
post-occlusion HCH treatment failed to inhibit necroptosis 
in MCAO mice. This suggests that the neuroprotection of 
HCH seems to be independent of anti-necroptosis. Our group 
showed HCH inhalation could attenuate I/R injury in a rat 
model via inhibiting apoptosis, oxidative stress and inflamma-
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β-Actin

Figure 1: High concentration hydrogen (HCH) reduces infarct ratio in mice with cerebral ischemia/reperfusion (I/R) injury.
Note: (A) Monitoring of cerebral blood flow (CBF); (B) 2,3,5-triphenyltetrazolium hydrochloride (TTC) staining of brain sections and quantification of infarct ratio 
(n = 8 per group). After 1-hour ischemia and 24-hour reperfusion, TTC staining and determination of infarct ratio were done in mice. Results showed 90-minute 
HCH inhalation since the beginning of reperfusion significantly reduced infarct ratio in mice with I/R injury, but the neurological function and infarct ratio were 
comparable between I/R group and I/R + nitrogen/oxygen (NO) group. Data are expressed as the mean ± SEM, and analyzed by one-way analysis of variance 
followed by Turkey test. ###P < 0.001, vs. I/R group. HO: I/R + hydrogen/oxygen group; min: minute(s).

Figure 2: High concentration hydrogen (HCH) improves 
brain edema and neurological function in mice with 
cerebral ischemia/reperfusion (I/R) injury.
Note: (A) Brain water content as an indicator of brain edema 
(n = 5 per group); (B) Neurological score in different groups 
(n = 17-18 per group). After 1-hour ischemia and 24-hour 
reperfusion, the neurological function was assessed, and the 
brain was harvested for the quantification of water content of 
different brain structures. Data are expressed as the mean ± 
SEM, and analyzed by one-way analysis of variance followed 
by Turkey test. ***P < 0.001, vs. sham group; #P < 0.05, ##P < 
0.01, vs. I/R group. HO: I/R + hydrogen/oxygen group; NO: 
I/R + nitrogen/oxygen group.

Figure 3: Mixed lineage kinase domain like protein (MLKL) protein and mRNA expression in the brain of mice with cerebral ischemia/reperfusion 
(I/R) injury.
Note: (A) MLKL protein expression in the brain at 3, 6, 12, 24, and 72 h after reperfusion (n = 5 per group). (B) MLKL protein and mRNA expression in the brain 
at 24 h after reperfusion (n = 3-5 per group). MLKL protein expression increased at 3 h after reperfusion, peaked at 6-24 h and thereafter decreased at 72 h 
after reperfusion. In addition, the MLKL protein and mRNA expression was comparable between I/R + hydrogen/oxygen (HO) group and I/R + nitrogen/oxygen 
(NO) group. *P < 0.05, **P < 0.01, ***P < 0.001, vs. sham group; #P < 0.05, vs. 3 h group. h: Hour(s).
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tion,15 and anti-autophagy is also involved in the neuroprotec-
tion of hydrogen gas (1.3%) in C57BL/6J mice with global 
cerebral ischemia.29 In respect of PCD, whether anti-apoptosis 
(and anti-autophagy) plays a major role in the neuroprotective 
effects of HCH is needed to be further investigated. 

There were still limitations in this study. First, the MLKL 
expression immediately after ischemia was not detected; 
second, it is necessary to use Nec-1 to inhibit necroptosis and 
then investigate the role of necroptosis in the neuroprotection 
of HCH; third, whether HCH initiated during ischemia is 
also neuroprotective and its neuroprotection has involvement 
of anti-necroptosis are needed to be further investigated. It 
has been confirmed that cells may undergo necroptosis as 
an alternative means of cell death under conditions where 
caspases fail to be activated,30 and there is also interaction 
between necroptosis and autophagy.31 Thus, the specific roles 
of different PCD in the neuroprotection of HCH are warranted 
further investigation.
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