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Abstract
As a reductive gas, hydrogen plays an antioxidant role by selectively scavenging oxygen free radicals. It has been reported that 
hydrogen has protective effects against nerve damage caused by ischemia–reperfusion in stroke, but the specific mechanism is 
still unclear. Therefore, this study aims to investigate the protective effects of hydrogen on stroke-induced ischemia–reperfu-
sion injury and its detailed mechanism. Two weeks after the inhalation of high concentrations (66.7%) of hydrogen, middle 
cerebral artery occlusion (MCAO) was induced in mice using the thread occlusion technique to establish an animal model of 
the focal cerebral ischemia–reperfusion. Then, a metabolomics analysis of mouse cerebral cortex tissues was first performed 
by ultra-performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-QTOF/MS) to study the 
metabolic changes and protective mechanisms of hydrogen on stroke ischemia–reperfusion injury. According to the metabo-
lomic profiling of cortex tissues, 29 different endogenous metabolites were screened, including palmitoyl-l-carnitine, citric 
acid, glutathione, taurine, acetyl-l-carnitine, N-acetylaspartylglutamic acid (NAAG), l-aspartic acid, lysophosphatidylcholine 
(LysoPC) and lysophosphatidylethanolamine (LysoPE). Through pathway analysis, the metabolic pathways were concentrate 
on the glutathione pathway and the taurine pathway, mitochondrial energy metabolism and phospholipid metabolism that 
related to the oxidative stress process. This result reveals that hydrogen may protect against ischemic stroke by reducing 
oxidative stress during ischemia–reperfusion, thereby protecting nerve cells from reactive oxygen species(ROS).
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TTC​	� 2,3,5-triphenyltetrazolium chloride
TCA​	� Citric acid cycle
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Introduction

Stroke is a cerebrovascular accident due to a circulation dis-
order of the blood in the brain, which results in neurologi-
cal deficit syndrome [1]. As a common refractory disease 
that seriously endangers human health and life safety, stroke 
often leads to death. The survivors of stroke may suffer from 
long-term disability, including paralysis and the loss of 
advanced cognitive functions, which gives the patient a great 
deal of pain and becomes a heavy burden on society and on 
the family [2]. According to different pathogeneses, strokes 
can be divided into two types: ischemic stroke and hemor-
rhagic stroke. Approximately 87% of strokes are caused by 
ischemia [3]. In treating ischemic stroke, there is no effective 
way to truly reverse the damage done to nerve cells by the 
pathophysiological mechanism [4]. Excessive production of 
ROS after ischemic stroke results in DNA fragmentation, 
lipid peroxidation, inactivation of proteins, and cell death 
[5]. Therefore, scavenging oxygen free radicals may be an 
effective treatment for ischemic stroke. Hydrogen is a color-
less and odorless reductive gas that can selectively reduce 
the hydroxyl radical, which is the most cytotoxic of the reac-
tive oxygen species, to effectively protect nerve cells. Japa-
nese scientist Ohsawa proved that hydrogen can selectively 
reduce hydroxyl radicals and peroxynitrite in vitro and create 
an antioxidant effect [6]. Furthermore, hydrogen has been 
demonstrated to provide protection against the neuropro-
tection of oxidative stress-induced damage in neurological 
diseases, such as Parkinson’s disease, Alzheimer’s disease, 
transient and permanent cerebral ischemia and spinal cord 
injury [7, 8].Therefore, as a novel and effective antioxidant, 
hydrogen is a potential treatment for ischemic stroke.

In most studies, the concentration of hydrogen is usually 
no more 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 concen-
tration. Some research groups employed high concentration 
hydrogen (HCH) (67% hydrogen and 33% oxygen) in the 
treatment of several diseases in animal models, and its pro-
tective effects were confirmed. [9–12] At present, the focus 
of hydrogen research is as a means of treating acute stroke. 
Besides, the protective effect of hydrogen pretreatment 
against disease have also been reported by some scientists 
[13–15]. We hypothesized that taken pretreatment strategy 
also can play a positive protective role in ischemic stroke. In 
our experiment, it was observed that the inhalation of high 

concentrations of hydrogen (66%) as a pretreatment strategy 
has protective effects against ischemic stroke and improve 
neurological outcomes. It indicated that for some high-risk 
groups of stroke, hydrogen pretreatment may even improve 
the prognosis. However, the specific mechanism of hydrogen 
intervention remains unclear. The severe oxidative stress to 
nerve damage during ischemic stroke is achieved by interfer-
ing with a series of metabolic activities in the body. Under 
the attack of oxygen free radicals, many abnormal meta-
bolic activities are bound to occur in cells. After hydrogen 
scavenges oxygen free radicals, the metabolic abnormalities 
in cells are alleviated or even corrected. Therefore, analyz-
ing the changes of metabolic pathways in this process has 
become a feasible way to study the intervention mechanism 
of hydrogen. With the development of “omics” technolo-
gies, the advantages of metabolomics as a top-down system 
biological approach in analyzing the changes of metabolite 
profiles have been increasingly realized, offering an oppor-
tunity to capture changes in the metabolic pathways in vivo, 
during bodily illness or other causes [16]. Metabolomics, as 
a downstream of proteomics, can reflect the changes more 
rapidly and more directly in phenotypes of individuals [17]. 
Cortical tissue as the target organ could be directly dam-
aged by the mouse MCAO model, the changes in its meta-
bolic profile can more directly reveal the abnormalities of 
metabolic regulation in ischemic stroke and hydrogen inter-
vention. Therefore, we decided to analyze the mechanism 
of hydrogen intervention by using the UPLC-QTOF/MS 
platform to explore endogenous metabolites and metabolic 
pathway changes in stroke mice. According to changes in 
endogenous metabolites in the cortical tissue after hydrogen 
intervention, the protective mechanism of hydrogen inter-
vention to ischemic stroke was revealed, and the relationship 
between metabolic pathway changes and oxidative stress in 
the process of hydrogen intervention was further studied.

Materials and Methods

Chemicals and Reagents

HPLC-grade acetonitrile (ACN) and methanol were pur-
chased from Merck (Darmstadt, Germany). Formic acid 
and the internal standard 4-chloro-3-phenyl-l-alanine 
were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Ultrapure water was prepared using a Milli-Q water purifi-
cation system (Millipore, Bedford, MA, USA). The mixed 
gas consisting of 67% H2 and 33% O2 was produced by the 
AMS-H-01 hydrogen oxygen nebulizer (Asclepius, Shang-
hai, China), which was specifically designed to extract the 
hydrogen and oxygen from water [11].
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Experimental Procedure

All animal studies were performed in accordance with the 
National Institutes of Health (NIH) guide for the Care and 
Use of Laboratory Animals. All of the experimental pro-
cedures were approved by the animal experimental eth-
ics committee of the Second Military Medical University 
(Shanghai, China). Forty-two male mice (20–25 g) were 
purchased from Shanghai Laboratory Animal Co. Ltd. 
(Shanghai, China) and were maintained in a humidity- 
and temperature-controlled animal room which was kept 
at approximately 50% humidity and 22 ± 2 °C under a 
12 h light cycle. After conditional housing for one week, 
the mice were randomly divided into three groups: the 
control group (sham group, n = 14), the focal cerebral 
ischemia group (model group, n = 14) and the hydrogen 
intervention group (H2 group, n = 14). To establish the 
model of ischemic stroke, we used the middle cerebral 
artery occlusion (MCAO) method proposed by Zea Lona 
et al. [18]. To establish a hydrogen intervention model, we 
kept the mice in a 66.7% hydrogen atmosphere for 30 min 
in per day; and after 14 days of the cycle, the mice were 
handled with the thread embolization method. In model 
group, the right internal carotid artery was occluded for 
2 h, then the monofilament suture was removed followed 
by reperfusion. In the sham group, the main procedures 
were the same, except there was no thread insertion.

After the operation, the ambient temperature was main-
tained at 25–30 °C, and the mice were put into cages 
for the further observation of the neurological functional 
deficiency scores. Neurological scoring at 24-h after 
reperfusion, neurological function was scored in a blind 
manner. The higher the score, the more serious the animal 
behavior disorder was [18].

Sample Collection

At 24 h after reperfusion, mice were sacrificed and the 
brain was collected. Mice were anesthetized by an intra-
peritoneal injection of 3% chloral hydrate (10 ml/kg), and 
the brains were quickly extracted. After stripping away 
the cortical tissue and placing it on ice, the eight fresh 
mouse brain cortices were immediately frozen in liquid 
nitrogen and stored at − 80 °C for biochemical and metab-
olomic analysis. Three brain tissue samples from each 
group were placed in 4% paraformaldehyde, and these 
were used for the preparation of pathological HE stained 
sections. In addition, three fresh brain tissue samples per 
group were used for 2,3,5-triphenyltetrazolium chloride 
(TTC) staining after freezing at − 20 °C for 20 min.

Brain Tissue TTC Staining and Biochemical Analysis

After removing the olfactory bulb, cerebellum and lower 
brainstem, the frozen brain tissue was sliced from the ante-
rior to posterior coronal plane into six even slices, and each 
slice was approximately 2 mm. Brain tissue slices were 
placed in glass containing a 1% TTC solution. The brain 
tissue slices were immersed in TTC solution and stained in 
a constant temperature incubator at 37 °C. Each side was 
stained for 15 min. The stained brain slices were placed in 
a 4% polyformaldehyde solution for 4 h. The fixed sections 
of brain tissue were arranged from front to back and were 
scanned with a scanner. The area of cerebral infarction was 
calculated using ImageJ 1.41 (Wayne Rasband, National 
Institutes of Health, USA).

After 24-h reperfusion period, eight tissue samples of 
right cerebral cortex were collected from each group for bio-
chemical detection. The levels of malondialdehyde (MDA) 
was tested by the method of thiobarbituric acid colorimetry, 
the enzymatic activities of superoxide dismutase (SOD) by 
the method of xanthine oxidase and glutathione peroxidase 
(GSH-Px) by the method of chemical colorimetry. The col-
orimetric kit was purchased from Nanjing Jiancheng Bio. 
Ins. (Nanjing, China) and an absorbance test was performed 
using an EPOCH enzyme labelling instrument.

Sample Preparation

After 24-h reperfusion period, eight tissue samples of right 
cerebral cortex from each group were weighed precisely and 
a 300 µL internal standard of 5 µg/mL methanol solution was 
added to each sample. The samples were homogenized at 
60 Hz for 90 s. After 5 min at room temperature, the result-
ing solution mixture was spun at 13,000 rpm for 15 min at 
4 °C. The clear supernatant was transferred to a sampling 
vial for UPLC-QTOF/MS analysis. Meanwhile, 30 µL ali-
quot of each cortical sample was mixed as a quality control 
(QC) to monitor the stability of the system and the method.

Chromatography‑Mass Spectrometry Analysis

UPLC-QTOF/MS analysis was performed with an Agilent 
1290 Infinity ultra-high-performance liquid chromatogra-
phy equipped with an Agilent 6538 Accurate Mass Quad-
rupole Time-of-Flight mass spectrometer (Agilent, USA). 
ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 2.5 
micron, Waters, Milford, MA) that was used for chroma-
tographic separation. The mobile phase consisted of 0.1% 
formic acid (A) and ACN containing 0.1% formic acid 
(B). The gradient eluted conditions were: 0–2 min, 5% B; 
2–13 min, 5–95% B; 13–15 min, 95% B, and the post time 
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was 5 min for column equilibration. The column temperature 
was 40 °C, the flow rate was 400 μL/min, and the injection 
volume was 4 μL.

Positive and negative ion mode acquisition was per-
formed using electrospray ionization mass spectrometry. 
The mass spectrometric parameters are as follows: the cap-
illary voltage is 4 kV in positive mode and 3.5 kV in the 
negative mode; dry gas nitrogen flow rate was 11 L/min; 
capillary temperature was 350 °C; the spray pressure was 
45 psig; the fragment voltage and skimmer voltage were set 
at 120 and 60 V. The acquisition range was set at 100–1100 
m/z. The 121.0509 and 922.0098 m/z in positive mode and 
112.985587 and 1033.988109 m/z in negative mode were 
selected as the internal standard ion for real-time mass 
correction.

Data Processing and Statistical Analysis

Agilent MassHunter workstation software version B.01.04 
(Agilent, MA, USA) was operated to acquire and process 
all data. First, the UPLC-MS raw data (.d) were converted 
into a common data format (.mzdata) files. The threshold 
of the absolute peak height was set to 500. Then, XCMS 
and R software were used to extract and match the peaks to 
generate a visual data matrix. Finally, principal component 
analysis (PCA) and supervised partial least squares discrimi-
nant analysis (PLS-DA) were performed with the SIMCA-P 
software after 80% principle screening and internal standard 
normalization.

SPSS 21.0 software was used to analyze the data of the 
sham group, model group and hydrogen intervention group. 
The difference is considered significant when the ANOVA 
value is less than 0.05, and the P is less than 0.05. Metabo-
Analyst (http://www.metab​oanal​yst.ca) and KEGG (https​
://www.kegg.jp) were used for the enrichment analysis of 
metabolic pathways.

Results

Behavioral and Biochemical Analysis

The neurological functional deficiency score was mainly 
used to assess the neurological status of mice. The higher 
the score, the more serious the neurological impairment 
and the worse the dysfunction. By observing the behavior 
of three groups of mice, the neurobehavioral score was 
evaluated. The neurobehavioral score results of each group 
are shown in Table 1. The specific behavioral score of each 
mouse is shown in Supplemental Table 1. The score of the 
sham group was 0, which indicated that the nerve function 
was intact, and there was no disturbance of activity. The 
score of the H2 group was significantly lower than that of 

model group (P < 0.001), which indicated that the nerve 
function of H2 group was recovered to a certain extent, and 
the brain injury was reduced.

As shown in Fig. 1, the brain cells in the sham group 
were arranged in order, stained uniformly without bleed-
ing, swelling and injury, inflammatory cell infiltration or 
vasodilation (Fig. 1a). In contrast, the model group showed 
hemorrhage in the brain tissue and vasodilation around the 
hemorrhagic focus, showing inflammatory cell infiltration 
(Fig. 1b). After intervention with hydrogen, the astrocyte 
edema and inflammatory cell infiltration in the brain tissue 
of mice were significantly reduced, the area of haemor-
rhagic focus was decreased (Fig. 1c), suggesting that the 
degree of cerebral ischemia in the H2 group was lower than 
that in the model group, hydrogen reduced the ischemic 
injury and the hemorrhagic transformation after MCAO.

After staining with 1% TTC solution, the normal 
brain tissue was red, while the infarct focus was pale. 
The brain tissue of the normal group was dark red after 
TTC staining, and no white staining (Fig. 1d) was found. 
In the model group, large white areas were found in the 
brain tissues, which were ischemic stroke necrosis tissues 
(Fig. 1e). After hydrogen intervention, the white area of 
brain tissue was significantly smaller than that in model 
group (Fig. 1f), which indicated that the cerebral infarction 
injury in the H2 group was significantly lower than that in 
model group. The area of cerebral infarction in the three 
groups was significantly different (Fig. 1 g), which sug-
gested that hydrogen has a protective effect on ischemic 
stroke.

SOD and GSH-Px are the most important antioxidant 
enzymes in organisms, and their enzymatic activities 
changes represent the antioxidant state of organisms. Com-
pared to the sham group, the activities of SOD and GSH-
Px decreased significantly (P < 0.001) in the model group, 
the activities of SOD and GSH-Px increased significantly 
(P < 0.01) in H2 group (Fig. 2a, b). As a decomposition 
product of lipid peroxidation, the content of MDA indi-
rectly reflects the level of free radical metabolism in

organisms and the severity of free radical attack on 
cells. In the H2 group, a significant reduction of MDA lev-
els comparing to the model group (P < 0.05) was observed 
(Fig. 2c).

Table 1   Neurobehavioral scores of mice in three groups (Mean ± SD)

P < 0.001
a Compared with the model group

Group Numbers (n) Behavioral scores

Sham group 14 0
Model group 14 3.29 ± 0.61
H2 group 14 2.00 ± 0.65a

http://www.metaboanalyst.ca
https://www.kegg.jp
https://www.kegg.jp
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Cortical Metabolomics Analysis

Data acquisition based on UPLC-QTOF/MS in positive and 
negative ion modes showed that the QC samples had good 
overlap (Fig. 3), thereby indicating that the instrument was 
stable during the operation of the sequence, and the repre-
sentative total ion chromatograms (Supplemental Fig. 1) of 
each group showed that the peaks were in good shape and 

dispersed from each other. It shows that the experimental 
method is suitable for the cortical sample test.

Through multivariate statistical analysis, unsupervised 
PCA analysis was used to assess the correlation of samples 
and to select outliers. Samples from the sham group have 
a distinct trend of dispersion with samples from the model 
group and the hydrogen intervention group, and the degree 
of aggregation of the QC samples was well (Supplemental 

Fig. 1   Staining results of the brain tissue sections. a A normal sec-
tion of brain from the sham group; b A pathological section of brain 
from the model group, with obvious hemorrhagic foci; c A pathologi-
cal section of brain from the hydrogen intervention group, in which 
the hemorrhagic foci were significantly smaller than those in model 
group; d TCC-stained brain section from the sham group, which is 
shown by a normal red color; e TCC-stained section from the model 
group, with large white hemorrhagic foci; f TCC-stained section from 

the H2 group, in which the white necrotic tissue was significantly 
reduced; g Cerebral infarction area in the sham operation group, the 
model group and the hydrogen intervention group. The area of white 
necrotic tissue was zero in the sham group; and compared to the 
model group; the area of white necrotic tissue decreased significantly 
in the H2 group. *P < 0.05, H2 group compared to the model group; 
the statistical results are expressed by the mean ± SD

Fig. 2   Detection of the oxidative index in the cerebral cortex. a The 
enzymatic activities of SOD in the sham group, the model group and 
the H2 group. Compared to the model group, enzymatic activities of 
SOD in the H2 group was increased; b The enzymatic activities of 
GSH-Px in the sham group, the model group and the H2 group. Com-

pared to the model group, the enzymatic activities of GSF-Px in the 
H2 group showed a significant rebound; c The level of MDA in sham 
group, the model group and the H2 group. Compared to the model 
group, the level of MDA in the H2 group decreased significantly. 
*P < 0.05, **P < 0.01, ***P < 0.001, compared to the model group
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Fig. 2a, b). The difference between the three groups was 
significant, which indicated that the cerebral cortex of the 
model and the H2 groups had significant changes in metabo-
lite level compared to the sham group.

PLS-DA analysis was used to analyze the metabolic pro-
files of the three groups of samples.

The PLS-DA score plots of both positive and negative 
modes showed significant dispersion of the three groups of 
samples, and the hydrogen intervention group showed a sig-
nificant regression trend (Supplemental Fig. 2c, d) compared 
to the model group. To screen out the different metabolites 
in the three groups, PLS-DA analysis was performed sepa-
rately between the sham group and the model group. From 
the PLS-DA score plots in positive and negative mode, it can 
be seen that there is a significant separation trend between 
the two groups (Fig. 4a, b), and the scatter plots (Fig. 4c, 
d) showed that the distance of the variable from the origin 
contributes to the difference between the sample groups, 
with a larger variable importance (VIP) value, the farther 
the variable. In addition, the PLS-DA model was tested for 
fit using the permutation test, and the results showed that the 
model did not show any overfitting phenomenon (Fig. 4e, f) 
under either positive or negative modes. In this experiment, 
the variable VIP > 1.0 was regarded as a possible differential 
metabolite, and all data of the sham group, model group 
and hydrogen intervention group were analyzed by one-way 
ANOVA and the Tukey test. Finally, VIP > 1 and P < 0.05 
were determined to be the screening criteria for differential 
metabolites.

In this study, 29 metabolites (Table 2), such as palmitoyl-
carnitine, citric acid, glutathione, taurine, acetyl-levo-carni-
tine, N-acetylaspartate glutamic acid, N-acetylasparagine, 
N-acetylaspartate, aspartate, lysophosphatidylcholines [such 
as LysoPC (18:0), LysoPC (0:0/20:4)] and lysophosphati-
dylethanolamines [such as LysoPE (0:0/20:4) and LysoPE 
(0:0/18:2)] were identified by searching Metlin (http://
metli​n.scrip​ps.edu/) and HMDB (http://www.hmdb.ca/) 

online databases based on the mass–charge ratio (m/z) and 
retention time. Cluster analysis of differential metabolites 
revealed their relative changes in the three groups in the 
form of heat maps (Fig. 5).

Discussion

Protective Mechanisms of Hydrogen on Mice 
with Ischemic Stroke

In this study, we investigated the protective effects of 
hydrogen in mice model of ischemic stroke. MetaboAna-
lyst (http://www.metab​oanal​yst.ca) and KEGG (http://www.
genom​e.jp/kegg) were used to analyze the metabolic path-
ways of these differential metabolites. The results showed 
that these metabolic pathways mainly focused on glutathione 
metabolism, taurine metabolism, mitochondrial energy 
metabolism, and phospholipid metabolism (Fig. 6), which 
were closely related to oxidative stress [19–22] and sug-
gested that these metabolic pathways may be the protective 
mechanisms of hydrogen on ischemic stroke. These results 
were also consistent with brain sensitivity to oxidative stress 
because of characteristics such as high oxygen consumption 
rate, rich transition metal and unsaturated lipids with strong 
redox ability, and low availability of antioxidant enzymes. 
Therefore, we analyzed the oxidative stress of the brain from 
the level of the metabolic pathway to reveal the possible pro-
tective mechanism of hydrogen on the MCAO stroke mice.

Glutathione Metabolism and Oxidative Stress

Glutathione is a core substance in glutathione metabolism. 
It is rich in sulfhydryl (–SH) and is widely distributed in 
various organs of the body. It plays an important role in 
maintaining cell biological function, and this is no exception 
in nerve cells [23]. Under oxidative stress conditions, GSH is 

Fig. 3   The total ion chromatograms of the QC sample. a The total ion chromatograms superposition diagram of the QC sample in positive 
mode; b The total ion chromatograms superposition diagram of the QC sample in negative mode

http://metlin.scripps.edu/
http://metlin.scripps.edu/
http://www.hmdb.ca/
http://www.metaboanalyst.ca
http://www.genome.jp/kegg
http://www.genome.jp/kegg
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oxidized to GSSG, and the ratio of GSH/GSSG is decreased. 
GSH is an important antioxidant in the body. Its main physi-
ological function is to scavenge free radicals in the human 
body and protect sulfhydryl groups in many proteins and 
enzymes [24, 25]. In addition, a common limiting factor for 
reduced glutathione synthesis is the bioavailability of intra-
cellular cysteine. Because extracellular cysteine is easily 
oxidized to cystine, maintaining the reduction state of extra-
cellular cysteine is beneficial to the synthesis of reduced glu-
tathione [26]. Iyer et al. found that inducing the extracellular 

oxidation of cysteines to cystine leads to decreased GSH 
content [27]. While intracellular H2S reduces cystine to 
cysteine, cysteine can be easily introduced into cells and 
used for GSH production [28]. Like hydrogen sulfide (H2S), 
hydrogen is also a small molecule strong reductive gas that 
can enter and exit cells freely and has a similar effect to 
hydrogen sulfide. Therefore, the MCAO model in this study 
caused a decrease in glutathione content due to oxidative 
stress, and the GSH content was recovered after inhaling 
a higher concentration of hydrogen. We considered that 

Fig. 4   PLS-DA analysis of the sham group and the model group. a 
The PLS-DA score plot of the sham group and the model group in 
positive mode, showing a good separation trend; b The PLS-DA 
score plot of the sham group and the model group in negative mode, 
showing a good separation trend; c The scatter plot in the positive 

mode; d The scatter plot of in the negative mode; e The permuta-
tion test of the sham group and the model group in the positive mode, 
showing that the model was a good fit; f The permutation test of the 
sham group and the model group under negative mode
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hydrogen can selectively scavenge hydroxyl radicals to 
reduce GSH consumption [29]; and hydrogen increases the 
availability of cysteine to increases the production of GSH. 
Armstrong et al. found that the decrease in the GSH content 
is a potential early activation signal of apoptosis, and the 
subsequent generation of oxygen free radicals promote cell 
apoptosis [30]. In summary, the increase in GSH content 
after the inhalation of hydrogen is of great significance for 
the treatment of stroke.

Taurine Metabolism and Oxidative Stress

Taurine, a sulfur-containing nonprotein amino acid, which 
does not participate in the biosynthesis of proteins in vivo but 
is closely related to the metabolism of cystine and cysteine. 
Furthermore, it has been reported that taurine has an anti-
oxidant activity [31] that can inhibits oxidative stress by 
promoting GSH biosynthesis [32] and regulate the produc-
tion rate of ROS in mitochondria to combat oxidative stress 

Table 2   List of differential 
metabolites in cortical samples 
from H2 group

a VIP values of variables in sham group and model group
b P values of variables in sham group and model group
c FC value of variables in H2 group and the model group

No. m/z Ion Metabolites Formula VIPa Pb FCc

1 72.0810 [M + H]+ Pyrrolidine C4H9N 1.07 0.0000 1.03
2 124.0079 [M − H]− Taurine C2H7NO3S 1.11 0.0362 1.20
3 134.0446 [M + H]+ l-Aspartic acid C4H7NO4 1.10 0.0000 1.10
4 160.1328 [M + H]+ DL-2-Aminooctanoic acid C8H17NO2 1.68 0.0424 0.48
5 162.0582 [M + H]+ 2-Indolecarboxylic acid C9H7NO2 2.74 0.0000 1.03
6 174.0407 [M − H]− N-acetylaspartate C6H9NO5 5.67 0.0000 1.21

176.0551 [M + H]+ N-acetylaspartate C6H9NO5 1.67 0.0000 1.08
7 191.0198 [M − H]− Citric acid C6H8O7 2.04 0.0110 0.82
8 204.1228 [M + H]+ Acetylcarnitine C9H17NO4 1.71 0.0000 1.65
9 303.0828 [M − H]− N-Acetylaspartylglutamic acid C11H16N2O8 1.55 0.0340 1.11
10 306.0766 [M − H]− Glutathione C10H17N3O6S 2.20 0.0000 1.90

308.0910 [M + H]+ Glutathione C10H17N3O6S 3.20 0.0000 1.79
11 400.3416 [M + H]+ Palmitoyl-l-carnitine C23H45NO4 1.35 0.0006 0.86
12 427.0706 [M + H]+ Urolithin A-3-O-glucuronide C19H16O10 1.65 0.0431 2.49
13 436.2832 [M − H]− PE (P-16:0) C21H44NO6P 1.70 0.0000 1.18

438.2974 [M + H]+ PE (P-16:0) C21H44NO6P 1.40 0.0000 1.24
14 466.3285 [M + H]+ PE (P-18:0) C23H48NO6P 1.39 0.0000 1.50
15 471.0619 [M − H]− Fumarprotocetraric acid C22H16O12 2.73 0.0473 2.74
16 478.2941 [M − H]− LysoPE (0:0/18:1) C23H46NO7P 1.56 0.0092 0.99

480.3082 [M + H]+ LysoPE (0:0/18:1) C23H46NO7P 4.99 0.0000 0.85
17 480.3094 [M − H]− LysoPE (18:0) C23H48NO7P 2.59 0.0000 1.12

482.3237 [M + H]+ LysoPE (18:0) C23H48NO7P 2.99 0.0000 1.34
18 494.3237 [M + H]+ LysoPC (16:1) C24H48NO7P 1.32 0.0000 1.13
19 496.3394 [M + H]+ LysoPC (16:0) C24H50NO7P 1.54 0.0079 1.00

540.3308 [M + FA-H]− LysoPC (16:0) C24H50NO7P 2.51 0.0000 1.13
20 500.2785 [M − H]− LysoPE (0:0/20:4) C25H44NO7P 2.75 0.0000 1.13
21 522.2835 [M + FA-H]− LysoPE (0:0/18:2) C23H44NO7P 1.36 0.0000 1.04
22 524.2976 [M + H]+ LysoPS (18:1) C24H46NO9P 3.35 0.0000 2.12
23 524.3706 [M + H]+ LysoPC (18:0) C26H54NO7P 4.03 0.0000 1.20

546.3523 [M + Na]+ LysoPC (18:0) C26H54NO7P 1.01 0.0000 1.35
568.3617 [M + FA-H]− LysoPC (18:0) C26H54NO7P 1.96 0.0000 1.16

24 526.2934 [M − H]− LysoPE (0:0/22:5) C27H46NO7P 1.00 0.0304 1.79
25 528.3095 [M − H]− LysoPE (0:0/22:4) C27H48NO7P 2.98 0.0000 1.23
26 544.3397 [M + H]+ LysoPC (0:0/20:4) C28H50NO7P 2.55 0.0227 1.28
27 556.3392 [M + Na]+ LysoPE (0:0/22:2) C27H52NO7P 1.12 0.0000 1.64
28 558.3547 [M + Na]+ LysoPE (22:1) C27H54NO7P 1.18 0.0000 1.56
29 611.1445 [M − H]− Oxidized glutathione C20H32N6O12S2 1.12 0.0001 1.57
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[33, 34]. Therefore, the content of taurine was increased, and 
the area of cerebral infarction was reduced in the hydrogen 
intervention group on account of reducing the consumption 
of taurine after inhaling hydrogen, increasing the activity 
of GSH-Px, and promoting the production of GSH, so that 
a reduction in the production of ROS alleviated the damage 
of oxidative stress to nerve cells. It has been reported that 
taurine can prevent the brain from acrylonitrile-induced lipid 
peroxidation [35]. In addition, it can protect the brain against 
Huntington’s disease, Alzheimer’s disease and stroke [36]. 
Moreover, Gharibani et al. found that taurine can reduce 
neurological deficits, cerebral infarct volume and caspase-3 
activity in the ischemic penumbra 24 h after middle cerebral 
artery occlusion [36].

Mitochondrial Energy Metabolism

In this study, the citric acid in the MCAO model increased, 
and the citric acid in the hydrogen intervention group 
decreased. It may be that the aconitase was inactivated by 

ROS attack during a stroke, which interfered with the meta-
bolic process of citric acid conversion to isocitrate. Selec-
tive removal of oxygen-free radicals after the inhalation of 
hydrogen inhibits the toxic effects of ROS on cis-aconitase, 
and the mitochondrial oxidation process of citric acid con-
version to isocitrate continues, thereby maintaining normal 
energy metabolism. Because the mitochondrial respiratory 
chain and the steady state of the citric acid cycle (TCA) are 
necessary for maintaining human brain function, dysfunc-
tion can lead to energy production disorders and damage to 
the brain.

In the TCA cycle, citric acid is converted to isocitrate 
catalyzed by aconitase. The aconitase is a TCA cycle 
enzyme with a 4Fe–4S protein center. The [4Fe–4S] clus-
ter has obvious sensitivity to oxidative stress, resulting in 
the enzyme being easily inactivated by the reactive oxygen 
species [37]. For example, the inactivation of mitochon-
drial aconitase by superoxide anion plays an important 
role in the pathogenesis of Parkinson’s disease (PD) [38]. 
In addition, inhibition of aconitase results in the low flux 

Fig. 5   Cluster analysis of 29 differential metabolites. The color depth of the heat map represents the relative intensity of the differential metabo-
lites in the samples from the sham, model and H2 groups
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of the TCA cycle and reduces ATP production, ultimately 
leading to increase neuronal death [39].

In this research, acetyl-l-carnitine was downregulated, 
and palmitoylcarnitine was upregulated during stroke in 
mice, but the opposite was true after inhaling hydrogen. 
Changes in the polar metabolite carnitines affect mitochon-
drial energy metabolism. Among them, acetyl-l-carnitine 
is a natural form of l-carnitine, which is a short-chain 
carnitine that is especially rich in the muscle and in the 
brain, and it is involved in a series of important metabolic 
process in vivo [40]. Acetyl-l-carnitine can traverse the 
blood–brain barrier and help provide enough energy for 
brain cells [41]. As studies have shown, carnitine and its 
acyl ester are powerful antioxidants, free radical scaven-
gers, and iron integrators [42]. Adding acetyl-l-carnitine 
to astrocytes prevents changes in the mitochondrial respir-
atory chain complex activity and antioxidant status [43]. 
Furthermore, the decrease of carnitine and acetylcarnitine 
in the process of rat I/R (ischemia/reperfusion) injury indi-
cates that the antioxidant defense system is defective [44]. 
Acetyl-l-carnitine can improve antioxidant capacity. Shar-
man et al. [45] found that as protein oxidation in the aged 
brain decreased, oxidative stress decreased, and antioxi-
dant levels increased under acetyl-l-carnitine treatment. 
Moreover, acetyl-l-carnitine can improve mitochondrial 

function and reduce membrane lipid peroxidation by regu-
lating oxidative stress [46, 47]

Palmitoylcarnitine, as a carrier of fatty acids into mito-
chondria, helps fatty acids transfer into the mitochondria and 
can mediate the beta-oxidation of fatty acids [48]. Studies 
have shown that palmitoylcarnitine and palmitoyl-CoA can 
affect mitochondrial membrane potentials and the production 
of ROS [49]. Excessive Pal-car may cause an inappropri-
ate increase in palmitoyl-CoA in the mitochondrial matrix, 
thereby accelerating ROS production and impairing mito-
chondrial function [50]. In this study, after the inhalation of 
hydrogen, the content of palmitoylcarnitine decreased, and 
the content of acetyl l-carnitine increased, thus reflecting the 
oxidation/antioxidative stress of carnitine.

Phospholipid Metabolism

Phospholipids, which are extremely important biological 
molecules in the brain, are the main components of the 
cell membrane and are important energy reservoirs that 
play a key role in cell signal transduction. Lysophospho-
lipids are intermediates in the metabolism of phospho-
lipids and are involved in cell membrane lysis, apoptosis, 
and inflammatory responses [51]. Lysophospholipids is 
reported to be closely related to oxidative stress [52]. In 

Fig. 6   The metabolic pathway networks resulting from the ischemic 
stroke under hydrogen intervention. Metabolites in the red arrow 
represent progressive elevation, or a declining trend from the model 

group to the sham group; metabolites in the blue arrow represent 
progressive elevation, or a declining trend from the H2 group to the 
model group
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nerve cells, lysophosphatidylcholine may further aggravate 
ischemia–reperfusion injury by increasing intracellular 
calcium overload under ischemic conditions [53]. How-
ever, studies have shown that lysophosphatidylcholines and 
lysophosphatidylethanolamines have protective effects on 
ischemic neurons [54]. During oxidative stress, phospho-
lipase A2 will be overactivated, hydrolyzing phospholipids 
into lysophospholipids and various free fatty acids [55]. 
For example, phospholipase A2 can hydrolyze arachidonic 
acid at the phospholipids [such as phosphatidylcholine 
(16:0/20:4) and phosphatidylethanolamine (16:0/20:4)] sn-2 
bit to generate free arachidonic acid and LysoPC/LysoPE 
(16:0/0:0). However, the contents of LysoPC [(0:0/20:4) 
and LysoPE (0:0/20:4)] increased in the hydrogen interven-
tion group, which indicated that the sn-2 bond hydrolysis 
of phospholipids decreased, and oxidative stress was allevi-
ated. Furthermore, in the process of oxidative stress, the 
unsaturated double bonds in phospholipids were easily oxi-
dized, thus causing the peroxidation of cellular lipids [56, 
57]. In this study, the content of LysoPC (0:0/20:4), LysoPE 
(0:0/22:2), LysoPE (0:0/20:4), LysoPE (0:0/18:2), LysoPE 
(0:0/22:5), and LysoPE (0:0/22:4) in the hydrogen inter-
vention group increased, which indicated that the oxidation 
of unsaturated double bonds was reduced, which was also 
related to changes in oxidative stress-related indicators MDA 
and GSH-Px. Lysophosphatide can be further acylated to 
glycerophospholipids under the action of fatty acid coen-
zyme A to maintain the stability of nerve cell membranes 
[58]. Furthermore, lysophospholipids with different sub-
stituent groups also have different functions. In a study on 
the prehypertension group, elevated lysoPC (16:0) levels 
increased oxidative stress, thereby increasing pro-inflamma-
tory response and arterial stiffness [59]. LysoPE, especially 
lysoPE (18:0) linked to ether, can elevate Ca2+ concentration 
in nerve cells through the G protein-coupled receptor path-
way, thereby leading to calcium overload to induce the injury 
of nerve cells [60]. However, in the case of myocardial 
infarction induced by a high Isoprenaline (ISO) dose, the 
enhancement of oxidative stress observed in rat myocardium 
was related to the decrease of lysoPCs [LysoPC (18:0) and 
lysoPC (20:3)] level [61]. In addition, LysoPC, LysoPE and 
other phosphatidylipids can be metabolized into lysophos-
phatidic acid (LPA) through an autotaxin and lysoPLD; LPA 
are involved in a wide range of pathophysiological activities, 
and their metabolic changes are more significantly correlated 
with oxidative stress [62–64]. In summary, compared with 
model group, lysophosphocholines [LysoPC (16:1), LysoPC 
(16:0), LysoPC (18:0), LysoPC (0:0/20:4)] and lysophos-
phoethanolamines [LysoPE (0:0/22:2), LysoPE (22:1/0:0), 
LysoPE (0:0/18:0), LysoPE (0:0/20:4), LysoPE (0:0/18:2), 
LysoPE (0:0/22:5), and LysoPE (0:0/22:4)] increased in 
the hydrogen intervention group, only LysoPE(0:0/18:1) 
was reduced, which indicated that the process of hydrogen 

improved stroke has a relationship between the phospholip-
ids metabolism and reduced oxidative stress.

NAAG and Aspartic Acid Metabolism

In this experiment, NAAG was downregulated in MCAO 
mice, and the NAAG content was upregulated after inhala-
tion of hydrogen, suggesting that NAAG is associated with 
the protective effects of hydrogen on stroke intervention. 
studies have found that excessive release of glutamate after 
nerve injury is often accompanied by the release of another 
protective peptide neurotransmitter NAAG [65, 66]. High 
levels of glutamate release and increased Ca2+ flux can 
induce the production of reactive oxygen species and inhibit 
GSH synthesis [67]. NAAG is a potent agonist of the type 3 
metabotropic glutamate receptor (mGluR3) and can promote 
astrocyte uptake of glutamate and reduce the synaptic glu-
tamate freed [68, 69]. However, after it is released, NAAG 
is rapidly hydrolyzed by glutamate carboxypeptidase II on 
glial cells into N-acetylaspartate, thereby losing the above 
endogenous neuroprotective effects [70, 71]. Furthermore, 
studies have shown that the activation of mGluR3 helps to 
restore endogenous GSH levels, reduce ROS production, 
scavenge free radicals and stabilize the function of the mito-
chondria [72, 73]. Therefore, the inhalation of hydrogen may 
increase in NAAG content, activating mGluR3, reducing the 
production of reactive oxygen species and promoting GSH 
synthesis to reduce oxidative stress damage.

The literature reports that aspartic acid has a certain anti-
oxidative stress effect [74]. Therefore, the change of aspar-
tic acid content after the inhalation of hydrogen has certain 
significance for resisting oxidative stress damage caused by 
the generation of hydroxyl radicals.

Conclusions

In summary, a metabonomics approach based on UPLC/Q-
TOF MS was first applied to profile the metabolic alterations 
of the cerebral cortices of mice with ischemic stroke under 
hydrogen intervention. Hydrogen intervention significantly 
reduced brain damage and improved the metabolic aberra-
tions caused by stroke in mice. After analysis, the identifica-
tion of a total of 29 differential metabolites that are primarily 
involved in the glutathione pathway and taurine pathway, as 
well as in mitochondrial energy metabolism and phospho-
lipid metabolism, supported the idea that these metabolic 
pathways are closely related to the protective effect of hydro-
gen in ischemic stroke.
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