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This study explored the protective effect and mechanism of hydrogen-rich saline (HRS) on the neurological function of mice with
cerebral ischemia. Effects of HRS on neurological function in mice with cerebral ischemia were evaluated by neurological function
scores. Infarct volume and histological damage were evaluated by 2,3,5-triphenyl tetrazolium chloride staining (TTC staining). Golgi-Cox
staining was conducted to measure the morphological changes of neuronal dendrites and dendritic spines. The expression of neuronal
markers was detected by immunofluorescence. Western blot was used to detect protein expression. The infarct volume of mice in the
HRS-H group decreased significantly compared to that of the distal middle cerebral artery occlusion (dMCAO) group. Mice in the HRS-H
group had a lower neurological deficit score than that in the dMCAO group. Compared to the dMCAO group, the activity of superoxide
dismutase (SOD) and the level of glutathione (GSH) significantly increased in the HRS-H group. Compared with the dMCAO group, the
number of apoptotic cells in the HRS-H group decreased. Administration of HRS was shown to be able to decrease cavitation of the brain
cortex after ischemia. The spine density in the HRS-H group increased compared to that of the dMCAO group. In the in vitro experiment,
compared with the oxygen-glucose deprivation (OGD) group, the active oxygen content in the 75% HRM group decreased, and the
mitochondrial membrane potential and adenosine triphosphate (ATP) content increased. Compared with the OGD group, the ratio of
P-AMPK and the levels of LC3II/LC3I in the hydrogen-rich medium (HRM) group was upregulated, and P-mTOR levels and P62 levels in
the HRM group were down-regulated. HRS can enhance neuroplasticity after ischemia and promote neurological recovery in mice with
cerebral ischemia, which may involve the autophagy pathway mediated by the AMPK/mTOR signaling pathway.
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INTRODUCTION

Stroke is the leading cause of lifelong disability, of
which ischemia accounts for the majority, with a ris-
ing incidence worldwide (Sennfilt et al., 2021). Neu-
ronal cell damage during cerebral ischemia or stroke
is a serious neurological complication that limits sur-
vival and/or functional recovery (Fu et al., 2022). The
brain immediately initiates self-defense, including an-
ti-oxidative stress, anti-inflammation and anti-apop-
tosis, and self-repair mechanisms, including vascular
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plasticity and neuroplasticity after the onset of cere-
bral ischemia (Williamson et al., 2020; Joy and Carmi-
chael, 2021), to mitigate neurologic impairment. How-
ever, neurological damage to the adult central nervous
system of mammals commonly produces persistent
deficits with limited recovery of function. At present,
common treatments for stroke include intravenous
thrombolytics, tissue plasminogen activator (tPA), and
endovascular treatment (Yousefifard et al., 2020). In ad-
dition, only aminority of patients with acute ischemic
stroke are eligible for revascularization therapies (van
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der Worp et al., 2019). Neurological recovery therapy
based on neuroplasticity plays a critical role in func-
tional recovery after cerebral ischemia (Zhang et al.,
2019). Since most patients with cerebral ischemia are
left with neurological dysfunction, it is urgently nec-
essary to explore effective drugs for the treatment of
cerebral ischemia.

Neuronal necrosis or apoptosis is the leading cause
of loss of neuronal function since neurons are the ex-
ecutors of neural activity (Moujalled and Liddell, 2021).
Rescue neurons in ischemic penumbra and rehabilita-
tion neural circuitry are helpful in the recovery of neu-
rological function. Accumulated studies indicate that
scavenging oxidative stress contributes to reducing
neuronal apoptosis in ischemic penumbra, and synap-
tic remodeling contributes to long-term neurological
recovery (Xu et al., 2020; Yan et al., 2020). In addition,
autophagy inhibited by the AMPK-mTOR signaling
pathway also has a protective effect on oxygen-glucose
deprivation/re-oxygenation (OGD/R)-induced neuro-
nal damage (Gong et al., 2021).

Hydrogen, as a novel medical gas, has been demon-
strated to exert a therapeutic effect in preclinical and
clinical studies. Ono et al. (2011, 2017) confirmed that
hydrogen inhalation could improve magnetic reso-
nance imaging (MRI) and neurological function in pa-
tients with acute cerebral infarction in clinical stud-
ies, which suggests the important role of hydrogen in
neuronal recovery; however, the detailed underlying
mechanisms remain to be studied. Hydrogen alleviates
neurological deficits in neonatal hypoxic-ischemic en-
cephalopathy by reducing phagocytosis in microglia
and modulating apoptosis in neurons (Ke et al., 2020;
Wang et al., 2020). Hydrogen exerts protective effects
in cerebral ischemia/reperfusion animals via anti-ox-
idative stress and anti-inflammatory and anti-apopto-
sis mechanisms (Ohsawa et al., 2007; Huang et al., 2019;
Mo et al., 2019). A study by Bai et al. (2016) found that
HRS exerts neuroprotection against hypoxia-ischemia
in neonatal mice by mediating endoplasmic reticulum
stress and autophagic machinery. However, relatively
little is known regarding the potential for HRS to re-
store cerebral ischemia-induced behavioral deficits
and whether such effects might involve antioxidant ac-
tion and mediation of synapse remodeling.

In this study, the protective effect of and mechanism
of HRS in the neurological function of mice with cere-
bral ischemia were studied in vivo and in vitro using the
distal dMCAO mouse model, and the effect of HRS on ce-
rebral ischemia in mice was evaluated. It provides theo-
retical support for the clinical development of drugs for
the treatment of cerebral ischemia and stroke.
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METHODS
Animals

Male C57BL/6 mice (8-12 weeks, 22-25 g) and preg-
nant mice (gestation 15-18 days) were used and ob-
tained from Vital River Corporation (Beijing, China).
All mice were group-housed under specific conditions
with a controlled temperature (20-25°C), controlled
humidity (55-65%) and a fixed 12/12 hour light/dark
cycle. They were allowed to access food and water ad
libitum. All experiments were approved by the Institu-
tional Animal Care and Management Committee of the
Second Hospital of Hebei Medical University and con-
ducted in compliance with the Guide for the Care and
Use of Laboratory Animals. All efforts were made to
maximally relieve animal suffering. See the additional
flowchart.

Establishment of the distal middle cerebral artery
occlusion (dMCAO) mouse model

The cerebral ischemia injury animal model was es-
tablished by dMCAO surgery, as previously reported
(Llovera et al., 2014). In short, animals were anesthe-
tized with isoflurane (5% for induction and 1.5%-0.5%
for maintenance). Then, a median incision was made
in the neck; the right common carotid artery (CCA), in-
ternal carotid artery (ICA), and external carotid artery
(ECA) were gently isolated. CCA was completely ex-
posed and ligated with a suture permanently. The MCA
located between the right eye and the right ear was
coagulated carefully without brain tissue damage. The
incisions were sutured after determining the absence
of blood flow in the distal MCA. The body temperature
of the mouse was maintained at 37.0 £ 0.5°C during sur-
gery by a thermostatic pad. Mice in the sham group
had the same surgery except for ligation and electro-
coagulation.

HRS and HRM preparation

HRS and HRM were prepared according to previ-
ously described methods (Song et al., 2015). Briefly,
hydrogen gas was dissolved in saline or normal medi-
um for two h under 0.4 MPa until reaching saturation
using a hydrogen-rich-solution-producing apparatus.
The final concentration of hydrogen was maintained at
1.2 ppm - 1.4 ppm, measured by a dissolved hydrogen
indicator (MiZ Cor. Japan).



Acta Neurobiol Exp 2023, 83: 317-330

Groups and drug treatment

260 mice (including 24 pregnant mice) were ran-
domly divided into five groups using a completely ran-
domized design. Briefly, the mice were first numbered
and then randomly assigned into the sham group: mice
received an equal volume of vehicle (0.9% saline solu-
tion), the dMCAO group: mice received an equal vol-
ume of vehicle, the HRS-L group: dMCAO mice received
5 ml/kg HRS, the HRS-M group: dMCAO mice received
10 ml/kg HRS, and the HRS-H group: dMCAO mice re-
ceived 20 ml/kg HRS. Mice in the sham group were
subjected to sham surgery, and mice in other groups
underwent dMCAO surgery.

Neurobehavioral tests

To determine whether HRS has a therapeutic effect
on mice with cerebral ischemia, a series of neurobehav-
ioral tests were performed, including a modified neu-
rological severity score test (mNSS test), rotarod test,
corner test, and adhesive removal test, which were
conducted by an investigator blinded to the treatment
groups.

mNSS test

The mNSS is a composite of motor, sensory, reflex,
and balance tests, grading on a scale ranging from 0 to
18 (normal score, 0; maximal deficit score, 18). The sub-
ject would get one score when it lacked a tested reflex
and was incapable of accomplishing the test. Higher
scores indicated more severe neurological deficits.

Rotarod test

The rotarod test was conducted to evaluate motor
function (Zhang et al., 2021). Mice were selected for in-
clusion if they were able to remain on the rod (4 rpm)
for more than 100s after being trained three times
a day, at 15-minute intervals, for three days. For the
test, mice were placed on an accelerating rotating rod
(from 4 to 40 rpm in 4 min) 3 times a day, with a 15-min-
ute interval. The time until the mouse fell off the rod,
a maximum of 240 s, was recorded, and a low average
indicated severe locomotion impairment.

Corner test

The corner test was used to estimate sensorimotor
ability, as described previously (Xue et al., 2019). Before
the dMCAO operation, mice were exposed to 10 trials
a day, excluding those with 80-100% asymmetric turns.
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For the test, all mice underwent ten trials, each for
30 s, and the number of right turns was recorded. The
more times the mouse turned to the right, the more
severe the sensorimotor disability was.

Adhesive removal test

The adhesive removal test was conducted to exam-
ine motor and sensory functions. Mice were pre-trained
once a day for five days in a prepared clear white cage,
and the mice that could remove the tape within 20 s
were selected. For the test, the contact time (the pe-
riod that the mouse detects the adhesive strips) and
removal time (the period that the mouse removes the
adhesive strips, maximum of 120 s) were recorded, re-
spectively, three times a day, and the average was taken
as the test data.

TTC staining

TTC staining was performed to define the infarct
volume. Mice were sacrificed at a scheduled time, and
coronal sections at 1 mm intervals were completely im-
mersed into 2% TTC solution and incubated for 20 min
at 37 . After fixation with 4% paraformaldehyde (PFA)
for 24 h, the images of the brain slices were captured
by a digital camera. The infarct volume was measured
by Image] and calculated with the corrected equation:
(infarct volumes)% = [total infarct volume - (ipsilateral
hemisphere volume - contralateral hemisphere
volume)] / contralateral hemisphere volume x 100%.

Cortical width index (CWI)

The CWI was applied to determine histological dam-
age in the long-term ischemic brain. After being per-
fused with 4% PFA, the whole brain was dissected and
captured with a digital camera. The contralateral width
(the length from the midpoint of the forebrain midline
to the lateral edge) and the ipsilateral width the length
from the midpoint of the forebrain midline to the edge
of cortical cavitation were evaluated with ImageJ soft-
ware (NIH, USA). CWI = the ipsilateral width / the con-
tralateral width.

Golgi-Cox staining

Golgi-Cox staining was conducted to measure mor-
phological changes in neuronal dendrites and dendrit-
ic spines. The experimental procedure was carried out
following the manufacturer’s instructions (Hito-Cox
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OptimStain Kit). It is worth pointing out that the thick-
ness of the brain slices was 150 um as it has been shown
that the effects of ischemia are limited to neurons close
to the infarct border (<200 um). Fully-impregnated neu-
rons located in the ischemic penumbra were selected as
long as they had little intersection with other compo-
nents. The selected dendrites were not truncated in the
plane of the slice. Images were captured using a light
microscope under 10X and o0il-100X and were quanti-
fied using Image].

Primary cortical neuron culture

Culturing of primary cortical neurons (PCNs) was
carried out, as mentioned previously (Xu et al., 2012).
Briefly, a sample of the cerebral cortex was taken from
a C57BL/6 fetus at embryonic day 16-18, and the men-
ingeal tissue was isolated carefully. The minced cor-
tex was digested sequentially with solutions of papain
(2 mg/ml) for 30 min and DNase I (200 ul, 2.5 mg/ml)
for 2 min at 37°C, and then terminated with planting
medium (DMEM/F12 containing 10% fetal bovine se-
rum and 1% penicillin/streptomycin) for 2 min twice.
The supernatant was collected, and the brain fractions
were triturated gently about ten times with a Pas-
teur pipette to dissociate into single neurons in 3 ml
of planting medium three times and filtered through
40 um-diameter sieves. After counting the population,
neurons were seeded on plates covered with poly-D-ly-
sine (0.1 mg/ml) at 5x10° cells/ml or 1x10° cells/cm?,
4-6 h after plating, culturing medium (Neurobasal me-
dium containing 2% B27, 1% L-Glutamine and 1% peni-
cillin/streptomycin) was replaced and renewed in half
every 2-3 d to 7 days.

OGD

PCNs were submitted to oxygen-glucose depriva-
tion (OGD) to mimic cerebra ischemia in vitro. PCNs
were rinsed with DMEM/F12 once and incubated with
glucose-free medium in a hypoxic incubator (94% N2,
5% C0O2, 1% 02) for a scheduled time. Thereafter, the
medium of the OGD group was renewed with culturing
medium or treated with a different HRM medium. The
control group was incubated in culturing medium in
a normal incubator (21% 02, 5% C02).

Cell viability assay

The cell viability rate was assayed using the Cell
Counting Kit-8 (CCK-8, Dojindo, Japan). The cells were
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seeded in 96-well plates at a density of 2 x 10°/ml and
cultured for seven days. After treatment with OGD, 10 pl
of CCK-8 was added to the 96-well plates and then incu-
bated at 37°C for 2 h. The absorbance value at 450 nm
was measured using a microplate reader (TECAN). Cell
viability of the treatment groups was expressed as the
percentage of viable cells normalized to that of the
control group. Five replicated wells were set up in each
group. The results shown were representative of three
independent experiments.

The detection of cell ROS, JC-1 and ATP

PCNs were planted in a 96-well plate (1x10%/cm?),
a 24-well plate (1x10°/cm?), and a 6-well plate (2x10%/
cm?), cultured for seven days and then underwent
5 hours of OGD. Six hours after OGD, intracellular ROS
levels, mitochondrial membrane potential and ATP were
quantified by a reactive oxygen species assay kit (Nan-
jing Jiancheng, China), JC-1 assay kit (Beyotime, China)
and ATP assay kit (Beyotime, China), respectively.

SOD, GSH and MDA (malondialdehyde) detection

After treating dMCAO for 24 h, a portion of the
brain tissue was homogenized in physiological saline
(0.1 mL/100 g) and then centrifuged at 15,000 g for
15 minutes. The clear upper supernatants were col-
lected for analyzing oxidative stress (MDA, SOD and
GSH). According to the manufacturer’s instructions
(Jiancheng, Nanjing, China), the MDA, SOD and GSH
concentrations were measured by MDA, SOD and GSH
ELISA kits, respectively.

Immunofluorescence staining

Anesthetized mice were fixed by transcardial per-
fusion with cold 0.9% saline and 4% PFA continuously.
Coronal slices of frozen brain (15-um thick) were sec-
tioned using a cryostat microtome cryotome (Thermo
Scientific, USA). At the start, the slices were washed
with 0.01M PBS three times for 5min each time and
then permeabilized with 0.3% Triton X-100 for 15 min,
After being blocked with 10% donkey serum for 60 min
at 37°C, the slices were incubated with primary anti-
bodies overnight at 4°C (at least 16 hour-incubation).
On the second day, the slices were washed with 0.01 M
PBS three times for 5 min each time and incubated with
corresponding specific second antibodies (Alexa Fluor
488, Jackson Immuno Research Labs) for 60 min at room
temperature. Finally, the slices were washed again as
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above and sealed with DAPI Fluoromount-G (Southern
Biotech, USA), which counterstained the cell nuclei.
Immunofluorescence images were recorded using a la-
ser scanning confocal microscope (Zeiss LSM880, Ger-
man) and measured using Image] software.

Western blotting

Total protein was extracted from the brain cortex
with a total protein extraction solution (Applygen, Chi-
na) and PCNs using a radioimmunoprecipitation assay
(RIPA) lysis buffer (Solarbio, China) containing 1% pro-
tease inhibitor cocktail (Sigma, USA) and 1% phospha-
tase inhibitor (Applygen, China); the concentration was
evaluated with a BCA protein assay kit (Thermo Scien-
tific, USA). Then, total protein of equivalent amounts
(50 ug) was divided by SDS-PAGE and fully transferred
to a PVDF (polyvinylidene fluoride) membrane. After
being blocked with 5% BAS (Woosen, China) for 60 min
at temperature, the membranes were incubated with
primary antibodies overnight at 4°C, including PSD
95, SYP, AMPK, P-AMPK, mTOR, P-mTOR, P62, LC3, and
GAPDH. After an at least 16 hour-incubation of the
membrane, the membrane was washed with 1 x TBST
three times for 5 min each time and incubated with
corresponding specific second antibodies (Goat An-
ti-Rabbit 1gG (H&L) Antibody DyLight 800 Conjugated,
1:10000, Rockland; Goat Anti-Mouse IgG, Dylight 680,
1:2000, Abbkine) for 60 min at room temperature. Fi-
nally, the membranes were washed again, as described
above, and the images were captured using an Odyssey
infrared scanner (LICOR Bioscience, Lincoln, NE, USA)
and analyzed by Image] software.
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Statistical analysis

The data are presented as mean + SEM and were
analyzed using SPSS 21.0 statistic software (SPSS for
Windows 21.0). The LSD-T test was used for intergroup
comparisons, and nonparametric test methods were
used for incomplete variance and in the case of not
meeting the normal distribution. p<0.05 was consid-
ered statistically significant.

RESULTS

HRS reduced infarct volume and improved
neurological function after MCAO

To determine whether HRS had neuroprotective
effects in acute ischemic stroke, TTC staining and the
mNSS and rotarod test were carried out 24 h after
dMCAO. Compared with the dMCAO group, the infarct
volume was smaller in the HRS-L group and HRS-M
group 24 h after surgery, but the difference was not
statistically significant (p>0.05). However, infarct
volume in the HRS-H group significantly decreased
compared to that of the dMCAO group (F(;,5=15.147,
p<0.001) (Fig. 1A and B). Additionally, mice in the
HRS-H group had a lower neurological deficit score
than those in the dMCAO group (H(;=14.028, p<0.01)
(Fig. 1C). In line with this, the HRS-H group displayed
better neurofunction in the motor and balance skills
than the dMCAO group (F; ;5=4.282, p<0.05) (Fig. 1D).
These data collectively served to assess the neuropro-
tective effects of HRS against acute ischemic brain
damage.

Fig. 1. HRS reduced infarct volume and improved neurologic function after dMCAO. (A) Representative TTC-stained sections in the Sham group, dMCAO
group and HRS group 24 h after stroke. (B) Effect of HRS on infarct volume 24 h after stroke. (C) The mNSS evaluation 24 h after dMCAO. (D) Rotarod test
evaluation in the dMCAO group, HRS-L group, HRS-M group and HRS -H group 24 h after dMCAO. *p<0.05, **p<0.01, ***p<0.001.
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HRS alleviated ischemia-induced oxidative stress
and neuronal apoptosis in penumbra during
acute cerebral ischemia

To assess the effect of HRS on oxidative stress in
dMCAO mice, MDA, GSH and the activity of SOD in the
cerebral penumbra were measured 24 h after ischemia.
Compared to the dMCAO group, the HRS-H group had
a significant increase in SOD activity (F,5=13.895,
p<0.05) and GSH level (F,,5=23.430, p<0.05), indicat-
ing its antioxidant ability, and a decrease in MDA con-
tent (F(,,5=25.642, p<0.05), indicating a reduction in
oxidative stress (Fig. 2E-G). To further investigate the
impact of HRS on the mice in acute ischemia, we eval-
uated the population of neurons at 24 h after dMCAO
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by immunofluorescence staining. The results showed
that the morphology of neurons in the dMCAO mouse
penumbra had shrunk, and the number was signifi-
cantly decreased compared to mice in the Sham group
and HRS-H group (F,,,»=39.235, p<0.01) (Fig. 2A and
2B). In addition, compared with the Sham group, the
number of apoptotic cells in the dMCAO group was
significantly higher (H=68.911, p<0.001) (Fig. 2D).
Compared with the dMCAO group, the number of
apoptotic cells in the HRS-H group decreased, and
the difference was statistically significant (p<0.001)
(Fig. 2C and 2D). Therefore, treatment with HRS-H
could have protected the neurons by reducing oxi-
dative stress and apoptosis, which is consistent with
previous behavioral tests.

Fig. 2. HRS alleviated ischemia-induced oxidative stress and neuronal apoptosis in penumbra during acute cerebral ischemia. (A) Immunofluorescence
images of NeuN (green) and DAPI (blue) staining. (B) The counts of NeuN + cells. (C) TUNEL fluorescence detection of apoptosis. (D) The counts of
TUNEL-positive cells. (E) Detection of MDA content. (F) Detection of SOD activity. (G) Detection of GSF content. *p<0.05, **p<0.01, ***p<0.001.
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HRS promoted long-term neurologic recovery
after ischemia

We investigated the effects of long-term HRS admin-
istration on infarct volume 14 days post-ischemia and
observed a significant reduction in infarct volume in the
HRS-H group compared to the dMCAO group (t,=2.662,
p<0.05) (Fig. 3A and 3C). CWI results revealed that the
administration of HRS could decrease cavitation of the
brain cortex compared to the administration of saline
at 14 days after ischemia (Z=-2.722, p<0.05) (Fig. 3B and
3D). Neurobehavioral tests, such as the rotarod, corner,
and adhesive removal tests, were performed from day 1
to day 14 days post-dMCAO to evaluate HRS treatment
efficacy during later stages of ischemia. In the rotarod
test, all mice displayed a decrease in staying time com-
pared to their scores pre-operation. Mice treated with
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HRS-H exhibited an increase in staying time compared
to the dMCAO mice at day 1 (t,=-3.215, p<0.01), day 7
(tus=-2.704, p<0.05), day 14 (t.5=-2.668, p<0.05), day 21
(tg=-3.012, p<0.01) and day 28 (t5=-2.628, p<0.05), re-
spectively (Fig. 3E). In the corner test, all mice showed
asymmetric behavior after ischemia. And there was
a significant decrease in number of right turns be-
tween the HRS-H group and the dMCAO group at day 1
(tus=2.377, p<0.05), day 7 (t5=2.331, p<0.05), and day 14
(tus=2.611, p<0.05) (Fig. 3F). In the adhesive removal
test, contact time and removal time of the paralyzed
forelimb were prolonged compared to their pre-oper-
ation test (Fig. 3G and H). HRS-H treatment markedly
reduced the contact time and removal time of the im-
paired limb 14 days after cerebral infarction (Fig. 3G
and 3H). Collectively, our results suggest that HRS can
enhance neurological recovery following ischemia.

Fig. 3. HRS promoted long-term neurological recovery after ischemia. (A) Representative TTC-stained sections in the Sham group, dMCAO group and HRS
group 14 d after stroke. (B) Effect of HRS on infarct volume 14 d after stroke. (C) Image of the cerebral cortex. (D) Cortical width index. (E) Rotarod test
evaluation in the dMCAO group and the HRS-H group before operation and 1 d, 7 d, 14 d, 21 d, and 28 d after dMCAO. (F) Corner test evaluation in the
dMCAO group and HRS-H group before operation and 1d, 7 d, 14 d, 21 d, and 28 d after dMCAO. (G-H) Adhesive removal test evaluation in the dMCAO
group and HRS-H group before operation and 1d, 7 d, 14 d, 21 d, and 28 d after dMCAO. *p<0.05, **p<0.01, ***p<0.001.
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HRS enhanced long-term neuronal plasticity
after ischemia

Golgi-Cox staining was conducted to evaluate spine
density and determine the sum of dendritic length and
branches on day 14 after ischemia. Morphological anal-
ysis was performed on the pyramidal neurons in layer
I1/111 of the motor cortex in the penumbra. Compared
to the sham group, spine density and dendritic branch-
es declined in the dMCAO group and HRS-H group
(Fig. 4A-D). In the HRS-H group, spine injury was miti-
gated as the spine density of the HRS-H group showed
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an increase compared to that of the dMCAO group at
day 14 (H=198.536, p<0.001) (Fig. 4A and C). Never-
theless, no differences between the dMCAO group and
HRS-H group were found in regard to dendritic branch-
es (p>0.05) (Fig. 4D). Furthermore, synapse-related pro-
teins such as PSD95 and SYP were measured by west-
ern blot. The results showed that PSD95 (F,,;=17.158,
p<0.05) and SYP (F(,5=5.005, p<0.01) protein were in-
creased in the HRS-H mice compared with the dMCAO
group (Fig. 4E-G). Taken together, HRS was able to ame-
liorate spine and branch injury in the chronic phase of
ischemia.

Fig. 4. HRS enhanced long-term neuronal plasticity after ischemia. (A) Image of Golgi-Cox staining in the Sham group, dMCAO group, and HRS-H group 14 d
after dMCAO. (B) Spine density of Golgi-Cox staining in the Sham group, dMCAO group and HRS-H group 14 d after dMCAO. (C) The sum of dendritic length
in the Sham group, dMCAO group and HRS-H group 14 d after dMCAO. (D) Dendritic branches in the Sham group, dMCAO group, and HRS -H group 14 d
after dMCAO. (E-G) The expression of PSD95 and SYP protein was detected by western blot. *p<0.05, **p<0.01, ***p<0.001.
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HRM mitigated OGD-induced injury in PCNs

To determine the optimal time for OGD, PCNs were
subjected to OGD for different periods, ranging from 1
hour to 6 hours, after being cultured for 7 days in vi-
tro. Following OGD treatment, cell viability was eval-
uated with a CCK8 kit. A duration of 5 hours of OGD
was confirmed to be the appropriate time at which cell
viability was induced to decrease by 50% compared to
the control group (H=39.091, p<0.001) (Fig. 5A). Addi-
tionally, the protective effects of HRM were evaluated
based on a dosage-curve in PCNs after 5 hours of OGD
treatment. Results indicated that applying 75% HRM
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significantly increased cell viability, and it was used in
subsequent experiments (H;=29.865, p<0.01) (Fig. 5B).
Further investigations were carried out to determine
the effects of HRM on reactive oxygen species, mito-
chondrial membrane potential, and ATP content in
vitro. It was found that relative to the control group,
OGD treatment significantly increased ROS content
(F215=159.821, p<0.001) and decreased mitochondri-
al membrane potential and ATP content (F,,;=66.192,
p<0.001) in PCNs (Fig. 5C-E). Compared with the OGD
group, the active oxygen content in the 75% HRM group
decreased (F,,5=159.821, p<0.001), and the mitochon-
drial membrane potential (F,,5=66.192, p<0.01) and ATP

Fig. 5. HRM mitigated OGD-induced injury in PCNs. (A) The effective concentration of HRS for cell viability assessment. (B) Cell viability was measured
after OGD treatment at different times. (C) Relative ROS content of mice in the control group, OGD group and 75% HRM group. (D) The mitochondrial
membrane potential of mice in the control group, OGD group and 75% HRM group. (E) ATP levels of mice in the control group, OGD group and 75% HRM
group. *p<0.05, **p<0.01, ***p<0.001.



326 Wangetal.

content (F,,5=198.920, p<0.001) increased, and the dif-
ference was statistically significant (Fig. 5C-E). These
results demonstrated that HRM could alleviate OGD-in-
duced injury in PCNs.

HRM promoted AMPK phosphorylation
and autophagy in PCNs after OGD

We further explored the molecular mechanism un-
derlying the protective effects of HRM on PCNs sub-
jected to OGD by western blotting. Given the important
role of AMPK in the process of synaptic remodeling, we
examined AMPK and its downstream molecules (Gong
et al., 2021). The quantified results showed that OGD
induced a decrease in the ratio of p-AMPK (F(,,,=9.461,
p<0.01), meanwhile p-mTOR, which is downstream of
AMPK, increased (F(,,=10.704, p<0.01) (Fig. 6A-C).
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Compared with the OGD group, the ratio of p-AMPK in
the HRM group was upregulated (F,,,=9.461, p<0.01),
and p-mTOR levels in the HRM group were down-reg-
ulated (F(,,,=10.704, p<0.05) (Fig. 6A-C). Moreover,
autophagy-related molecules were investigated be-
cause they are regulated by AMPK/mTOR and are part
of crucial mechanisms involved in neuroprotection
and neuroplasticity (Gong et al., 2021). The results
showed that OGD decreased the ratio of LC3II/LC3I
(F,1,=10.532, p<0.01) and increased the expression
of P62 (F,=4.354, p<0.05) compared to the control
group (Fig. 6D-F). Compared with OGD group, the lev-
els of LC3II/LC3I in the HRM group were upregulat-
ed (F1,=10.532, p<0.01) and the levels of P62 in the
HRM group were downregulated (F,,,=4.354, p<0.05)
(Fig. 6D-F). Collectively, the results indicated that hy-
drogen protected neurons against OGD-induced injury
by promoting AMPK/mTOR/autophagy.

Fig. 6. HRM promoted AMPK phosphorylation and autophagy in PCNs after OGD. (A-C) The expression of p-AMPK, AMPK, p-mTOR and mTOR protein was
detected by western blot. (D-F) The expression of LC3 and P62 protein was detected by western blot. *p<0.05, **p<0.01, ***p<0.001.
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DISCUSSION

In the present study, we demonstrated that HRS im-
proved neurological function in acute and long-term
phases of ischemia. HRS alleviated oxidative stress
and neuronal apoptosis and promoted synaptogenesis
in dMCAO mice. Furthermore, we also found that HRM
increased cell viability in PCNs treated with OGD and
regulated AMPK/mTOR/autophagy signaling. These
results suggest that HRS has a neuroprotective effect
on cerebral ischemia by regulating AMPK/autophagy
in ischemia mice.

Although hydrogen can be administered in sever-
al ways, such as inhalation of hydrogen gas, injection
of HRS, oral hydrogen-rich water, and infiltration in
a hydrogen-rich solution, a previous study demon-
strated that the concentrations of hydrogen in the
blood and organs were dependent on the dose and
time, but not the method of administration by esti-
mating the concentration of molecular hydrogen in
pivotal organs (Song et al., 2015). Moreover, there is
ample evidence suggesting that long-term hydrogen
administration had no adverse effects on healthy
animals by testing the biochemical parameters of
organ-associated serum (Liu et al., 2014; Xun et al.,
2020). Due to the safety and maneuverability of intra-
peritoneal injection, we selected it for administration
and found that 20 ml/kg of HRS attenuated cerebral
injury and neurological deficits induced by perma-
nent ischemia in both acute- and chronic-term.

It was initially shown that hydrogen could protect
I/R ischemia against oxidative stress by selectively
scavenging detrimental reactive oxygen species, *OH
and ONOO- (Ohsawa et al., 2007). Hydrogen has also
been shown to be anti-inflammatory in neonatal hy-
poxic ischemia and adult ischemia by regulating the
polarization of microglia (Huang et al., 2019; Chu et al.,
2019). Moreover, hydrogen exerted an anti-apoptotic
effect in a PC12 cell model of ischemia/reperfusion by
stimulating Bcl-2. The evidence above suggests that
hydrogen has a therapeutic effect on ischemia-reper-
fusion in animals via multiple mechanisms. In our
study, we also found that HRS could induce a decrease
in infarct volume and improve neurological function.
Some preclinical studies and limited clinical trials
suggest that hydrogen water may have neuroprotec-
tive properties. It is thought that the antioxidant and
anti-inflammatory properties of hydrogen may help
reduce oxidative stress and inflammation in the brain,
which are commonly associated with neurodegenera-
tive diseases and neuronal damage.

It is recognized that oxidative stress is involved
in the pathophysiological cascade of cerebral isch-
emia, which leads to lipid peroxidation, mitochondri-
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al and DNA damage, and antioxidant reserve deple-
tion. At present, neutralization of oxidative stresses
is a potential therapeutic target of pharmacological
intervention after ischemia (Chamorro et al., 2016).
Therefore, oxidative stress-related indicators, includ-
ing SOD, GSH (indicators of antioxidant capacity) and
MDA (indicators of oxidative damage), were detected
to further explore the mechanism of HRS’s therapeu-
tic effect in the acute phase. Our study found that HRS
administration increased SOD and GSH and decreased
MDA, which was consistent with previous studies (Li
et al., 2012; Zhao et al., 2015).

Previous studies have reported that isch-
emic-stroke-induced loss of dendritic spines in pen-
umbra in vivo and in situ destroyed the integrity of
neural connections and signal transmission path-
ways and led to sensorimotor deficits (Brown et al.,
2008; Sigler and Murphy, 2010). It has been confirmed
that endogenous repair of neural network remodel-
ing contributes to long-term recovery after cerebral
ischemia. We found that the HRS enhanced the spine
population during the later chronic phase of cerebral
ischemia in mice. PSD96 (a marker of postsynaptic
membrane) and SYP (a marker of presynaptic mem-
brane) can be representative of plasticity in den-
drites and synapses. In the present study, the admin-
istration of HRS continuously was able to enhance
the expression of PS95 and SYP. Moreover, the mor-
phological results were consistent with behavioral
findings; HRS promoted the recovery of neurological
function in the late stage of cerebral ischemia. The
experimental results indicated that long-term appli-
cation of HRS can promote the formation of neural
networks and improve the recovery of sensorimotor
functions.

AMPK is a serine/threonine protein kinase that
has been demonstrated to respond to energy metabo-
lism, cell survival, apoptosis, and autophagy (Gong et
al., 2021). Previous studies reported that AMPK exert-
ed protective effects against global cerebral ischemia
(Duan et al., 2019). The role of AMPK/mTOR signal-
ing-mediated autophagy in cerebral ischemia remains
controversial (Wang et al., 2019). Yang et al. (2021) re-
ported that Arctium lappa L. roots ameliorated cerebral
ischemia by suppressing AMPK/mTOR-mediated auto-
phagy. A study by Wang et al. (2022) showed that EGCG
inhibited autophagy through the AKT/AMPK/mTOR
phosphorylation pathway and protected the mouse
brain from cerebral ischemia/reperfusion injury. How-
ever, the study by L W et al. showed that eugenol atten-
uates cerebral ischemia-reperfusion injury by enhanc-
ing autophagy via the AMPK-mTOR-P70S6K pathway.
A recent study showed that schaftoside improved ce-
rebral ischemia-reperfusion injury by enhancing au-
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tophagy through the AMPK/mTOR pathway (Zhang et
al., 2022). Our results showed that HRS administration
upregulated AMPK phosphorylation and downregulat-
ed mTOR phosphorylation, which led to the induction
of autophagy. This finding was further verified by the
observation of increased LC3 expression and decreased
P62 expression. This conclusion was reached through
in vitro experiments, and in-depth research on genetic
material is needed in the future.

Our current study has some limitations. Multiple
mechanisms are involved in cerebral ischemic stroke,
and the impact of HRS on other signaling pathways
is not well studied. Cerebral ischemia-reperfusion in-
jury often occurs in stroke patients, and the impact
of HRS on cerebral ischemia-reperfusion injury is still
unclear. Whether HRS could promote the recovery of
stroke patients through other mechanisms is our fu-
ture focus. In addition to the above-mentioned AMPK/
mTOR/autophagy signaling pathway, HRS may also
regulate other signaling pathways to achieve its neu-
roprotective effect. For example, hydrogen has been
shown to activate the Nrf2/ARE signaling pathway (Liu
et al., 2019), which plays an important role in protect-
ing cells from oxidative stress and inflammation. HRS
may also regulate the JAK/STAT and PI3K/Akt/mTOR
signaling pathways, which are important in regulat-
ing cell survival and proliferation. Further research is
needed to explore the specific signaling pathways in-
volved in the neuroprotective effect of HRS.

CONCLUSION

This study found that HRS had a protective effect on
neurological function in mice with cerebral ischemia.
HRS was found to decrease infarct volume and histo-
logical damage, decrease the number of apoptotic cells,
enhance neuroplasticity, and promote neurological re-
covery. The mechanism of this protective effect may in-
volve the autophagy pathway mediated by the AMPK/
mTOR signaling pathway. These findings suggest that
HRS may be a potential therapeutic agent for the treat-
ment of cerebral ischemia.
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