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Hydrogen saline suppresses neuronal cell apoptosis and inhibits
the p38 mitogen-activated protein kinase-caspase-3 signaling
pathway following cerebral ischemia-reperfusion injury
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Abstract. Cerebral ischemia-reperfusion injury (CIRI) is a
serious pathological disease that is associated with a high rate
death and disability. Saturated hydrogen (H,) saline exhibits
brain protective functions through anti-inflammatory, antioxi-
dant and antiapoptotic effects. The present study investigated
the potential treatment effects of H, on CIRI. In addition,
the potential protective mechanisms of H, in the prevention
of CIRI were investigated. Adult, male Sprague-Dawley
rats (n=60) were randomly divided into the following three
groups: Sham-operated group; IR group; and IR + H, group
(0.6 mmol/l, 0.5 ml/kg/day). Hematoxylin and eosin, and
TUNEL staining were performed for histopathological anal-
ysis and investigation of apoptosis, respectively. In addition,
the protein expression of caspase-3, p38 mitogen-activated
protein kinase (MAPK) and phosphorylated-p38 MAPK in
the cortex were measured by western blotting analysis. These
results demonstrated that H, significantly reduced the number
of apoptotic cells, and the protein expression of p38 MAPK
and caspase-3, compared with the IR group. These effects may
be associated with the p38MAPK signaling pathway.

Introduction

Cerebral ischemia-reperfusion injury (CIRI) causes serious
complications and permanent disability. The rapid recovery of
blood flow and supply of oxygen causes the release of inflam-
matory cytokines, which subsequently causes brain injury (1).
The mechanisms associated with CIRI include inflammation,
oxidative stress and apoptosis. Although multiple mechanisms
contribute to the pathology, the importance of apoptosis in the
pathology of CIRI has been previously reported (2).

A previous study demonstrated that H, selectively reduces
the number of inflammatory cells and levels of reactive oxygen
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species (ROS), which reduces apoptosis (3). Saturated H, saline
has been demonstrated to exhibit various biological proper-
ties, including anti-inflammatory and antioxidant effects (4).
Previous reports have demonstrated that H, saline exerts
neuroprotective effects in IRI models (5,6). The neuroprotective
effects of H, may be associated with its antioxidant and anti-
apoptotic properties. In addition, it was previously demonstrated
that the neuroprotective effects of H, during ischemia injury
were primarily via antiapoptosis effects (7). Nevertheless, the
mechanisms underlying the antiapoptotic effect of H, saline
remain unclear.

P38 mitogen-activated protein kinase (MAPK) is one of the
MAPK subfamilies that regulate cell growth, differentiation
and stress responses (8). The activation of p38 MAPK leads to
the stimulation of apoptosis, which is supported by a report that
administration of SB203580, a p38 MAPK inhibitor, decreased
neuronal apoptosis by inactivating ROS (9). Activated p38
MAPK leads to neuronal death primarily through alterations
in the expression of proteins involved in apoptosis, including
caspase-9, caspase-3 and the apoptosis regulator Bcl-2/apop-
tosis regulator BAX. A previous report confirmed that the p38
MAPK signaling pathway activates the proapoptotic protein
caspase-3 (10) to induce apoptosis in ischemic disease (11).

Therefore, the present study employed saturated H, saline
in a CIRI model, and aimed to investigate whether saturated
H, attenuates neuronal apoptosis via the p38 MAPK-caspase-3
signaling pathway.

Materials and methods

Reagents. Saturated H, saline was provided by the Department
of Diving Medicine, Faculty of Navy Medicine, Second
Military Medical University (Shanghai, China). Rabbit poly-
clonal antibodies against caspase-3 (1:600, ab52293) were
purchased from Abcam (Cambridge, UK), p38 (BM2044) was
provided by BIOSS (Beijing, China). The immunohistochem-
istry diaminobenzidine reagent (AR1024) was purchased from
Wuhan Boster Biological Technology Ltd. (Wuhan, China)
and the TUNEL kit (KGA7026-52) was purchased from
Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China).

Animals. Male Sprague-Dawley rats (n=60; age, 80-100 days;
body weight, 220-250 g) were provided by the Experimental
Animal Center of the First Affiliated Hospital of Zhengzhou
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University (Zhengzhou, China). Rats were housed in indi-
vidual cages at 22-24°C with controlled humidity and a 12-h
light/dark cycle. The rats had free access to food and water.
Rats were randomly assigned into the following three treat-
ment groups: Control group (n=20); IR group (n=20); and
IR + H, (IRH) group (n=20). Briefly, mice were anesthetized
by facemask with 3% enflurane. A nylon filament with a
rounded silicone 0.19-mm diameter tip was inserted into the
right common carotid artery to induce ischaemia and removed
60 min later. Local cerebral blood flow was observed by tran-
scranial laser Doppler (PeriFlux System 5000; Perimed AB,
Jarfdlla, Sweden) to confirm the occlusion. Body temperature
was monitored during surgery with a rectal probe and main-
tained at 37.0+0.5°C using a heating lamp.

Rats in the IRH group were given 0.5 ml/kg/day saturated
H, saline (0.6 mmol/l) intraperitoneally three days prior to
CIRI and immediately following 24 h of reperfusion, for a
total of two injections. Rats in the IR group received the same
dose of normal saline instead. After 24 h of reperfusion, all
animals were sacrificed and tissue samples were obtained for
examination. All efforts were made to minimize the experi-
mental error and the number of animals used. All animal
experiments were approved by the Animal Ethics Committee
of Zhengzhou University.

Hematoxylin and eosin (H&E) staining. After 24 h of
reperfusion, the rats were anaesthetized with 3% enflurane
and perfused intracardially with 0.9% saline, followed by
4% paraformaldehyde in PBS. Brains were removed quickly
and transferred to 4% buffered paraformaldehyde at 4°C for
24 h. The brain slices were subsequently paraffin embedded
and cut into 4 ym thick serial sections. The sections were
then incubated overnight at 4°C in a moist chamber. Tissues
were stained with H&E for histopathological analysis, and
the staining was visualized by light microscopy with x40
objectives (Olympus Corporation, Tokyo, Japan). Slides were
subsequently assessed in a blind manner by a pathologist for
the following: Neutrophilic infiltrate; hemorrhage; lymphohis-
tiocytic infiltrate; and cerebral cell apoptosis.

Evaluation of neurological deficit. Berderson's neurological
examination scoring system (12) was used to evaluate animal
behavior. Rats scored 0 if they had no obvious deficit (normal),
1 if they failed to fully extend the left forepaw (mild deficit),
2 if they circled towards the contralateral side (moderate
deficit) and 3 if they lost righting reflexes and the ability to
walk (severe deficit). The neurological deficit scores of each rat
was evaluated carefully 6, 12 and 24 h following reperfusion
by an observer who was blinded to the study.

In situ apoptosis assay. Cell apoptosis was investigated using a
TUNEL Kkit. Sections (4 ym) were deparaffinized with xylene
and rehydrated at 60°C with graded ethanol (100, 95, 90, 80,
70%). Sections were incubated with 20 ug/ml proteinase K
working solution for 15 min at room temperature. Sections
were washed three times with PBS and incubated with TUNEL
reagent for 1 h at 37°C. Sections were incubated with alkaline
phosphatase for 1 h at 37°C. Following washing with PBS
three times, sections were stained with nitro blue tetrazolium
chloride and 5-bromo-4-chloro-3-indolyl phosphate. A total
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of four fields were randomly examined at magnification x20.
A total of 100 cells were counted in each field and the data
are presented as the percentage of TUNEL-positive cells/total
cells in each field.

Immunohistochemical results. The brain tissue was harvested
after 24 h of reperfusion. Samples were fixed in 4% paraformal-
dehyde at 24°C, embedded in paraffin and cut into 4 ym slices.
Sections were deparaffinized with xylene and rehydrated at
60°C with graded ethanol (100, 95, 90, 80, 70%). Endogenous
peroxidase activity was blocked using 3% hydrogen peroxide
for 30 min at room temperature, followed by 5% normal
goat serum (AR0009; Wuhan Boster Biological Technology
Ltd.) for 1 h to block non-specific protein interactions. The
sections were subsequently incubated overnight at 4°C with an
anti-p38 MAPK antibody (1:100). The negative control group
was incubated with PBS instead of the primary antibody.
Following three washes with PBS, the slides were incubated
with a biotinylated goat anti-mouse horseradish peroxidase
conjugated secondary antibody (1:100, BA1051; Wuhan Boster
Biological Technology Ltd.) for 2 h at room temperature. The
sections were washed with PBS again, and incubated with
the kit-provided horseradish peroxidase (HRP)-streptavidin
for 30 min at room temperature. The peroxidase reaction was
visualized using 0.05% diaminobenzidine + 0.01% hydrogen
peroxide. Immunhistochemical procedures were performed
in accordance with the manufacturer's protocols. The positive
cells were visualized by a microscope at x400 magnification.
Fields (=10) were randomly selected for visualization. The
positive cell index (PCI = apoptotic cells/total cells) was
calculated and used to indicate p38MAPK expression levels.

Western blot analysis. Total protein was extracted from
brain tissues using whole cell lysis buffer (WD2072;
Beyotime Institute of Biotechnology, Shanghai, China).
Protein concentrations were determined using an enhanced
Bicinchoninic Acid Protein Assay kit (P10310; Beyotime
Institute of Biotechnology). Protein samples were mixed with
5X SDS-PAGE sample loading buffer, denatured at 95-97°C
for 5 min and stored at -80°C until further analysis. Total
proteins (20 ug) were separated by 10% SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes.
The PVDF membrane was blocked with 5% v/v nonfat milk
in Tris-buffered saline/0.1% Tween-20 buffer and probed
overnight at 4°C with the following primary antibodies:
p38MAPK (1:600), caspase-3 (1:600) or p-actin (1:600). The
membranes were subsequently incubated with goat anti-rabbit
HRP-conjugated secondary antibody (1:10,000; AB14387;
Abcam) for 1 h with gentle agitation at room temperature. The
membranes were incubated in enhanced chemiluminescence
substrate (AR0163-1; Wuhan Boster Biological Technology
Ltd.) reagent for 60 sec and exposed to autoradiography film
for visualization of the bands. Densitometric analysis of the
bands was performed using Image J version 1.6.0 (National
Institutes of Health, Bethesda, MD, USA). Relative optical
densities of protein bands were calibrated against -actin and
normalized to the levels in the sham-operated rats.

Statistical analysis. Data are presented as the mean + standard
error of the mean. Analysis was performed using SPSS 13.0
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software (SPSS, Inc., Chicago, IL, USA). One-way analysis
of variance was used to compare differences between experi-
mental groups, followed by Dunnetts post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Histopathological examination by H&E staining. As demon-
strated in Fig. 1,no neuronal damage or infiltrating inflammatory
cells were visible in the sham group. Neurons were eumorphic
with normal cellular architecture. The nuclei were in the cell
center and clearly stained. In the IR group, ischemic tissue was
characterized by a large number of degenerated and necrotic
cells (black arrow), and inflammatory cells infiltration (yellow
arrow). In the IRH group, there was moderate neuronal damage
in the ischemic area (Fig. 1). These data indicate that H, may
reduce CIRI.

Neurological deficit scores. As presented in Table I, the
behavior of the sham group indicated no neurological deficit.
Rats in the IRH group exhibited increased neurological deficit
compared with the sham group after 12 h reperfusion; however,
after 24 h reperfusion the score in the IRH group was signifi-
cantly reduced compared with the IR group, although this
remained increased compared with the sham group. These data
demonstrate that pretreatment with H, saline may effectively
reduce neurological deficits following CIRI.

Apoptotic cell analysis. As demonstrated in Fig. 2, the number
of TUNEL-positive cells was significantly increased in the
IR group compared with the sham group, and treatment with
H, saline led to a reduction in the number of apoptotic cells
compared with the IR group.

Immunohistochemistry of p38 MAPK. In the sham group, few
cells stained positively for p38 MAPK, and p38 MAPK expres-
sion was significantly increased in the IR group compared with
the sham group. In the IRH group, the number of p38 MAPK
stained cells was reduced compared with the IR group (Fig. 3).

H,-rich saline reduces IR-induced p38 MAPK and caspase-3
overexpression. Western blot analysis demonstrated that the
protein expression of p38 MAPK was significantly increased
in the IR group compared with sham group (Fig. 4). However,
treatment with H, saline in the IRH group significantly
reduced the expression of p38 MAPK compared with the IR
group (Fig. 4). Similar effects were also observed for caspase-3
protein expression (Fig. 5).

Discussion

H, saline has been used in various organ ischemic models,
including myocardium, liver and cerebral models (13-15);
however, the mechanism by which H, saline protects against
CIRI remains to be established. The results of the present
study demonstrated that H, ameliorated apoptotic cell death
and inflammatory cell infiltration in the cerebral cortex of rats
with CIRL.

There has been increased focus on the importance of apop-
tosis in the progression of CIRI (16,17). In a normal physiological
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Table I. Results of neurological evaluation in rats following
90 min cerebral artery occlusion and 6, 12 or 24 h reperfusion.

Duration of reperfusion, h

Group 6 12 24
Sham 0.0+0.0 0.0+0.0 0.0+0.0
IR 2.18+0.59* 2.01+0.49 1.82+0.38"
IRH 2.01+043 1.86+0.38" 1.58+0.36*°

1P<0.05 vs. sham; "P<0.05 vs. IR. n=6. IR, ischemia-reperfusion;
IRH, IR with saturated hydrogen saline treatment.

Figure 1. Histopathological examination by hematoxylin and eosin staining.
Differences were observed in brain histology between the two experimental
groups. Brain hemorrhage, edema, influx of inflammatory cells and fibrin
deposition were observed in IR rats. By contrast, in the IRH group, the brain
damage was alleviated, indicating that hydrogen saline may protect against
cerebral IR injury. Bar, 50 ym. Black arrow, necrotic cells; yellow arrow,
inflammatory cells infiltration. IR, ischemia-reperfusion; IRH, IR with satu-
rated hydrogen saline treatment.

environment, a dynamic balance exists between apoptosis and
the natural antiapoptotic defense system. An antiapoptotic effect
of H,-rich saline was reported in a neonatal hypoxia-ischemic
rat model (18). In order to investigate whether H,-rich saline
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Figure 2. Effects of saturated hydrogen saline on cellular apoptosis. Rats
in the IR group exhibited a significantly increased number of apoptotic
(TUNEL-positive) cells compared with the sham group. Furthermore, the
number of apoptotic cells in the IRH group was significantly reduced compared
with the IR group. "P<0.05 vs. sham; “P<0.05 vs. IR. n=6. IR, ischemia-reperfu-
sion; IRH, IR with saturated hydrogen saline treatment.
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Figure 3. Immunohistochemical staining of p38 MAPK in sham, IR and IRH
groups. Compared with the sham group, increased immunohistochemical reac-
tivity for p38 MAPK was observed in the IR group. Treatment with hydrogen
saline led to a reduction in the staining for p38 MAPK compared with IR
group. "P<0.05 vs. sham; P<0.05 vs. IR. n=6. MAPK, mitogen-activated
protein kinase; IR, ischemia-reperfusion; IRH, IR with saturated hydrogen
saline treatment.

exhibited an antiapoptotic effect in a rat model of CIRI, the
present study examined the number of TUNEL positive cells and
the protein expression of caspase-3, which is an important apop-
tosis protein. The number of apoptotic cells in the cortex was
significantly increased in the IR group compared with the sham
group. While in the IRH group, the number of apoptotic cells
was significantly reduced compared with the IR group. These
results demonstrated that H,-rich saline may have neuroprotec-
tive effects in CIRI, and this may primarily occur by inhibition
of apoptosis.

p38 MAPK is one of a number of MAPKSs in the MAPK
signal transduction pathway, and has a role in cell proliferation,
differentiation and cytokine synthesis (19,20). In the process of
CIRI, p38 MAPK is activated by the release of inflammatory
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Figure 4. Expression of p38 MAPK protein in sham, IR and IRH groups.
Representative western blots and quantified results for p38 MAPK protein
expression in the rat cortex of sham, IR and IRH groups. As demonstrated,
p38 MAPK protein expression was increased significantly in the IR group
compared with the sham group. However, p38 MAPK expression was signifi-
cantly reduced in the IRH treatment group compared with the IR group. Bars
represent the mean + standard error of the mean. n=6. "P<0.05 vs. sham;
"P<0.05 vs. IR. MAPK, mitogen-activated protein kinase; IR, ischemia-reper-
fusion; IRH, IR with saturated hydrogen saline treatment.
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Figure 5. Expression of caspase-3 protein in sham, IR and IRH groups.
Representative western blots and quantified results for caspase-3 protein
expression in the rat cortex of sham, IR and IRH groups. As demonstrated,
caspase-3 protein expression was significantly increased in the IR group
compared with the sham group. However, compared with the IR group,
caspase-3 expression was significantly reduced in the IRH group. Bars repre-
sent the mean + standard error of the mean. n=6. "P<0.05 vs. sham; “P<0.05
vs. IR. IR, ischemia-reperfusion; IRH, IR with saturated hydrogen saline
treatment.

cytokines or cell stress, and subsequently transferred into the
nucleus. In the present study, immunohistochemical results
indicated that there was a significant increase in the protein
expression of p38 MAPK in the IR group compared with the
sham group. In the IRH group, a significant decrease in the
protein expression of p38 MAPK was observed compared
with the IR group. Additionally, western blotting confirmed
that treatment with H,-rich saline reduced the level of p38
MAPK protein compared with the IR group. Therefore, it was
hypothesized that H,-rich saline may exhibit antiapoptotic
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neuroprotective effects via the p38 MAPK signaling pathway.
However, the present study did not investigate the effect of
a p38 MAPK signaling pathway inhibitor to confirm these
results.

Caspase-3 is a member of the caspase family that includes
caspases 1-12, and is an executor apoptotic protein in the
apoptosis process (21). To elucidate the mechanisms by which
H, saline exerts antiapoptotic effects in neurons, the present
study investigated the activation of caspase-3. The results
demonstrated that CIRI promoted the expression of caspase-3,
while in IRH group, levels of caspase-3 were reduced compared
with the IR group. The present study demonstrated that H,-rich
saline may protect against CIRI through antiapoptotic effects,
potentially via reduced expression of caspase-3, which is an
executor apoptotic protein.

In conclusion, H,-rich saline may reduce the expression
of p38MAPK and inhibit neuronal apoptosis during CIRI.
However, a limitation is that an inhibitor of p38MAPK was not
used. The apoptotic signaling pathway is complex, and these
results only demonstrate the role of caspase3 in CIRI. In further
studies we will attempt to investigate the role of caspase9, Bcl2
and Bax. Understanding the neuroprotective mechanisms
induced by hydrogen during CIRI may aid in the identification
of potential novel therapeutic targets.
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