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Abstract: In this study, we investigated the protective effect of hyperbaric oxygen (HBO) on PC12 and H9C2 cell damage

caused by oxygen-glucose deprivation/reperfusion and its possible mechanism. PC12 and H9C2 cell oxygen-glucose

deprivation/reperfusion model were established. Cells were divided into a control group, model group, hyperbaric air

(HBA) group and HBO group. The cell viability was detected by the CCK8 assay. Hoechst 33342 and PI staining assays

and mitochondrial membrane potential (MMP) assays were used to detect cell apoptosis. The ultrastructure of cells,

including autophagosomes, lysosomes, and apoptosis, were examined using a transmission electron microscope. The

expression of autophagy-related proteins was detected by cellular immunofluorescence and immunocytochemistry. Our

results showed that HBO can significantly improve the vitality of damaged PC12 and H9C2 cells caused by oxygen–

glucose deprivation/reperfusion. HBO can significantly inhibit apoptosis of PC12 and H9C2 cells caused by oxygen-

glucose deprivation/reperfusion. Importantly, we found that the protective mechanism of PC12 and H9C2 cell damage

caused by oxygen-glucose deprivation/reperfusion may be related to the inhibition of the autophagy pathway. In this

study, the results of cellular immunofluorescence and immunocytochemistry experiments showed that the 4E-BP1,

p-AKt and mTOR levels of PC12 and H9C2 cells in the model group decreased, while the levels of LC3B, Atg5 and p53

increased. However, after HBO treatment, these autophagy-related indexes were reversed. In addition, observation of the

cell ultrastructure with transmission electron microscopy found that in the model group, a significant increase in the

number of autophagic vesicles was observed. In the HBO group, a decrease in autophagic vesicles was observed. The

study demonstrated that hyperbaric oxygen protects against PC12 and H9C2 cell damage caused by oxygen-glucose

deprivation/reperfusion via the inhibition of cell apoptosis and autophagy.

Introduction

Vascular dementia (VD) is a common dementia disease
worldwide (Harper et al., 2014; Kivimäki et al., 2015). In
Asia and many developing countries, the incidence of VD

even surpasses that of Alzheimer’s disease, causing intense
concern among clinical and scientific researchers. Research
on VD has found that arteriosclerosis and hypertension,
among others, cause vascular damage or carotid artery
stenosis or occlusion, which makes the important parts of
the brain involved in cognitive function in a state of
ischemia and hypoxia for a long time; important brain areas
such as the hippocampus and prefrontal cortex neurons are
damaged, and cognitive dysfunction gradually appears
(Ferro et al., 2019). Coronary ischemic disease is widespread
worldwide and affects more than 15 million adults in the
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United States (Nabel and Braunwald, 2012; Mozaffarian et al.,
2016). Insufficient blood supply to the coronary arteries
caused by thrombosis or acute changes in coronary
atherosclerotic plaques can lead to myocardial ischemia
(MI) (Buja, 2005). How to restore the blood supply to the
ischemic area as soon as possible and to save dying neurons,
glial cells, and vascular endothelial cells, is the key to the
treatment of ischemic cardiovascular and cerebrovascular
diseases. Currently, early restoration of blood flow is a
common treatment strategy for cerebral ischemia and
myocardial ischemia (Levisman and Price, 2015). However,
disappointingly, reperfusion can easily cause further serious
brain and heart damage, called cerebral ischemia reperfusion
injury (CIRI) and myocardial ischemia reperfusion injury
(MIRI), respectively (Yellon and Hausenloy, 2007; Ibáñez et
al., 2007). Therefore, finding ways to limit or to improve
ischemia-reperfusion injury (IRI) is urgent and has
important clinical significance.

In recent years, the role of autophagy and autophagy–
lysosomal pathways, in cardiovascular and cerebrovascular
diseases, has attracted increasing attention. Studies have
confirmed that the mammalian target of rapamycin
(mTOR)-mediated autophagy signaling pathway participates
in and regulates cell biological processes such as apoptosis
and proliferation and plays an important role in the
occurrence and development of CIRI and MIRI (Hu et al.,
2017; Jia et al., 2015; Hao et al., 2017; Xuan and Jian, 2016;
Wang et al., 2015). Autophagy is an evolutionarily
conserved lysosome-dependent degradation process and an
intracellular self-protection mechanism that can degrade
aged misfolded proteins and damaged organelles. The
factors that induce autophagy after cerebral ischemia and
myocardial ischemia–reperfusion include (1) oxidative stress
caused by the release of a large amount of oxygen free
radicals that can induce autophagy by upregulating the
expression of autophagy-related proteins LC3 and Beclin1
(Qin et al., 2010); (2) endoplasmic reticulum stress, i.e., after
endoplasmic reticulum homeostasis is unbalanced, unfolded
or misfolded proteins accumulate in the endoplasmic
reticulum and induce autophagy in cells by inhibiting the
activation of mTOR protein, a key factor in the autophagy
pathway (Sheng et al., 2012); and (3) decreased levels of
apoptosis-related genes such as Bcl-2 protein can cause
autophagy activation (Luo and Rubinsztein, 2010). Among
them, the autophagy pathway mediated by mTOR is a
common pathway for cerebral ischemia and myocardial
ischemia-reperfusion to induce autophagy, and it is at the
center of CIRI and MIRI molecular mechanisms.

A large amount of evidence indicates that neuronal death
caused by excessive autophagy occurs during cerebral ischemia
reperfusion injury (IR) (Zhang et al., 2019; Yin et al., 2013).
Current research reports that autophagy plays a dual role in
MIRI, including being slightly induced during ischemia to
promote cell survival and increasing sharply during
reperfusion, thereby triggering cardiomyocyte death
(Hariharan et al., 2011; Wei et al., 2012). Mammalian target
of rapamycin (mTOR) kinase is an important regulator of the
classic autophagy pathway (Kang et al., 2011; Yu et al., 2010).
The coupling system of autophagy-related small molecule 5
(Atg5) and microtubule-associated protein 1A/1B light chain

3 (LC3) is necessary for the formation of autophagic vesicles
(Han et al., 2018). Eukaryotic initiation factor 4E binding
protein 1 (4E-BP1) binds to eukaryotic initiation factor 4E
(eIF4E) (Pópulo et al., 2012). Phosphorylation of 4E-BP1
disrupts the assembly of the eIF4E/4E-BP1 complex, which
initiates eIF4E-dependent translation, thereby activating cap-
dependent mRNA translation (Bramham et al., 2016). In
addition to regulating cell cycle checkpoints and apoptosis
(Foster et al., 2012), p53 has also been shown to mediate the
transactivation of autophagy inducers (Tasdemir et al., 2008;
Crighton et al., 2006). Serine/threonine protein kinase (Akt),
also known as protein kinase B, is a multifunctional adaptor
protein that can be used in a variety of signaling pathways,
including mTOR-mediated autophagy, nuclear factor-κB
(NF-κB) and apoptosis (Yao and Han, 2014). The study of
the mTOR-mediated autophagy pathway not only helps to
understand the molecular mechanism of CIRI and MIRI
pathogenesis but also provides new intervention targets for
the prevention and treatment of CIRI and MIRI.

Hyperbaric oxygen therapy (HBO) refers to the clinical
treatment of breathing 100% O2 in a room at a higher
pressure (usually 2–3 times the atmospheric pressure).
Clinically, HBO has a therapeutic effect on a variety of
ischemic diseases, especially diseases such as cerebral
infarction and myocardial infarction (Dekleva et al., 2004;
Bennett et al., 2015; Rusyniak et al., 2003; Liu et al., 2016).
Our previous studies have proven (Chen et al., 2017; Chen
et al., 2016b; Pan et al., 2015) that HBO treatment has a
strong effect of reducing oxidative stress and a strong anti-
inflammatory effect, protecting cholinergic nerves, and
delaying nerve cell apoptosis. In an experiment of HBO
treatment of myocardial ischemia-reperfusion injury (Chen
et al., 2016a), it was found that HBO treatment can improve
the heart function of MIRI rats and reduce the area of
myocardial infarction. Further studies have demonstrated the
increase of p-mTOR protein and the reduction of LC3-II
protein in the myocardial cells of MIRI rats after treatment
with HBO. This finding suggests that HBO’s anti-IRI
protection of nerve cells and cardiomyocytes may be related
to the regulation of the mTOR-mediated autophagy signaling
pathway. PC12 cells are rat adrenal pheochromocytoma cells
derived from Rattus norvegicus adrenal pheochromocytoma
(Meiri et al., 1998; Greene and Tischler, 1976). PC12 cells do
not synthesize epinephrine, and after cell differentiation is
induced by nerve growth factor, PC12 cells can have neural
cell characteristics and are a commonly used as a cell line for
studying neural development and function. H9C2 is a rat
cardiomyocyte, a subclonal cell line derived from embryonic
BD1X rat heart tissue and is often used in the study of
cardiomyopathy (Vaudry et al., 2002). The method of nerve
cell or cardiomyocyte damage caused by oxygen–glucose
deprivation/reperfusion is often used to simulate ischemia–
reperfusion injury of nerve cells or cardiomyocytes in vitro
experiments. This method is ideal for studying central nerve
cell and cardiomyocyte ischemia-reperfusion injury in an in
vitro model (Globus et al., 1988).

Therefore, this project intends to use PC12 cells and
H9C2 hypoxia–reoxygenation injury models to explore the
regulatory mechanism of HBO on the mTOR-mediated
autophagy signaling pathway.
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Materials and Methods

Reagents
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were purchased from Gibco (Grand Island, NY,
USA). Rapamycin, an inhibitor of autophagy, was provided
by Meilunbio (Meilunbio, Dalian, China). A Cell Counting
Kit (CCK-8) was obtained from Dojindo (Dojindo, Shanghai,
China). Hoechst 33342, propidium iodide (PI), and a
mitochondrial membrane potential (MMP) assay kit were
supplied by Nanjing Jiancheng Bioengineering Institute
(Nanjing Jiancheng, Nanjing, China). Glutaraldehyde (2.5%)
and DAPI solution were purchased from Solarbio Life
Sciences (Solarbio, Beijing, China). Antibodies against 4E-
BP1, Atg5, LC3B, m-TOR, p53, p-Akt and Caspase-3 were
purchased from Abcam Inc. (Cambridge, UK).

Cell culture and treatment
Rat pheochromocytoma PC12 cells and rat cardiomyocyte
H9C2 cells were purchased from American Type Culture
Collection (ATCC, Maryland, USA). PC12 cells and H9C2
cells were cultured in medium consisting of DMEM, 10% fetal
bovine serum (FBS) and 1% penicillin–streptomycin. The
conditions of the cell incubator were 37°C with 5% CO2. Cells
were divided into a control group, model group, hyperbaric air
(HBA) group and HBO group. Cells in the control group were
untreated. Cells in the model group were cultured in medium
without sugar and serum and put into a 37°C incubator with a
mixture of 95% N2 and 5% CO2 gas for 0.5 h for oxygen
sugar deprivation. Then, the cells were taken out from the
incubator. Sugar-free and serum-free medium was removed.
Cells were cultured in complete medium and placed in a 37°C
incubator with a mixture of 95% O2 and 5% CO2 for 24 h.
Cells in the HBO group were placed in a hyperbaric chamber
(Yantai Hongyuan Co., Ltd., China) sterilized by ultraviolet
rays and purged with pure oxygen. Then, the pressure was
increased to 0.25 MPa at a rate of 100 kPa/min and received
treatment with pure oxygen for 90 min/day. After treatment
for 3 days, cells were collected for assays. Cells in the
rapamycin (Rap) group were treated with rapamycin
(300 nM). Cells in the Rap + HBO group were simultaneously
treated with rapamycin (300 nM) and pure oxygen. The
conditions of cells in the HBA group were the same as those
in the HBO group in addition to hyperbaric air. The cells of
HBO, HBA, Rap, Rap + HBO groups have the same treatment
as model group before treating with HBO, HBA and Rap.

Cell viability assay
Cell viability was measured by using the CCK8 assay. After
cells in each group received treatment accordingly, 10 μL of
CCK-8 solution was added to each well followed by 2 h of
incubation in a 37°C incubator. The absorbance of the plate
was then measured at 450 nm by using a microplate reader.
Cell viability was expressed as the percentage of control
(nontreated) cells.

Hoechst 33342 and PI staining assay
Hoechst 33342 is a nuclear dye that can penetrate cell
membranes and insert nuclear DNA. It can enter normal
cells in a small amount, making normal cells appear light

blue under a fluorescence microscope and can enter
apoptotic cells in a large amount, making apoptotic cells
appear bright blue. PI can only stain the nucleus through
cells with damaged cell membranes. Cells were cultured in
6-well plates (5 × 104 cells per well) for treatment
accordingly. Then, the cells were washed twice with PBS,
and 1 mL of Hoechst 33342 staining solution was added to
each well and incubated in a 37°C incubator for 25 min.
Next, the cells were washed twice with PBS, and PI
(50 μg/mL) was added to each well and incubated in the
dark for 15 min at room temperature. After washing twice
with PBS, the cells were observed, and pictures were taken
under an inverted fluorescence microscope.

Mitochondrial membrane potential (MMP) assay
The decrease in mitochondrial membrane potential is a
landmark event in the early stage of cell apoptosis. The
decrease in cell membrane potential can be easily detected
by the transition from red fluorescence to green fluorescence
of JC-1. At the same time, the transition from red
fluorescence to green fluorescence of JC-1 can also be used
as an indicator of early cell apoptosis. Cells were cultured in
a 6-well plate for treatment accordingly. After washing once
with PBS, 1 ml cell culture solution and 1 mL JC-1 staining
working solution were added to each well. After incubating
for 20 min at 37°C in a cell culture incubator, the
supernatant was aspirated, and the cells were washed twice
with JC-1 staining buffer (1×). Two milliliters of cell culture
medium were added to each well, and the cells were
observed under an inverted fluorescence microscope.

Observation of the ultrastructure by transmission electron
microscopy (TEM)
Treated accordingly, cells were fixed in cold 3% glutaraldehyde for
2 h and then washed with phosphate-buffered saline (pH = 7.2).
Next, the cells were postfixed in 1% osmium tetroxide for 2 h
and then dehydrated step by step with ethanol and acetone.
Subsequently, they were soaked with acetone and embedding
agent overnight. Finally, they were stained with uranium acetate
and lead citrate. The ultrastructure of cells, including
autophagosomes, lysosomes, and apoptosis, were examined
using a transmission electronmicroscope (Hitachi H-7650, Japan).

Cellular immunofluorescence
The expression of autophagy-related proteins was detected by
cellular immunofluorescence. Then, the cells were washed
three times with PBS, and goat serum was used for blocking
for 30 min. Next, the cell slides were incubated with eIF4E-
binding protein 1 (4E-BP1, 1:400), Atg5 (1:400), LC3B
(1:400), and p53 (1:400) primary antibodies overnight at 4°C
in a humid chamber. After washing three times with PBS, the
cell slides were incubated with fluorescent secondary
antibodies for 30 min at 37°C. Finally, the cell slides were
washed three times with PBS and then stained with DAPI.
Fluorescent films were photographed using a fluorescence
microscope (Olympus, Germany).

Immunocytochemistry
The expression of autophagy-related proteins was detected by
immunocytometry. The paraformaldehyde-fixed cell slides
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were washed three times with PBS for 5 min and then
immersed in the permeabilization solution on ice for 2 min.
Goat serum was added dropwise after rinsing three times
with PBS, and the cell slides were incubated at room
temperature in a humidified box for 35 min. Then, the cell
slides were incubated with eIF4E-binding protein 1 (4E-BP1,
1:400), Atg5 (1:400), LC3B (1:400), p-Akt (1:400), p53
(1:400), m-TOR (1:400), and Caspase-3 (1:400) primary
antibodies overnight at 4°C in a humid chamber. After
washing three times with PBS (0.1 mol/L), the cell slides
were incubated with secondary antibodies for 30 min at
37°C and then incubated with DAB. Finally, the cell slides
were dehydrated, cleared, and fixed. Positive cells were
stained brown and counted in five different fields of view
for each slide by a pathological image analyzer system (Leica
DM6000, Germany).

Statistical analysis
SPSS 19.0 software was used for statistical analysis. The data
are expressed as the mean ± SEM. One-way analysis of
variance (ANOVA) was performed for differences between
groups. The significant level was set at P < 0.05.

Results

Effects of HBO on PC12 and H9C2 cell viability
As shown in Fig. 1, compared with the control group, the
PC12 and H9C2 cell viability of the model groups was
significantly reduced (both P < 0.01). The PC12 and H9C2
cell activities of the HBO groups were significantly higher
than those of the model groups (both P < 0.01). As shown

in Figs. 1B and 1D, like the HBO group, the PC12 and
H9C2 cell activities of the rapamycin (Rap) groups were
significantly higher than those of the model groups (both
P < 0.01). Particularly, PC12 and H9C2 cell activities were
higher than those of the HBO groups or the rapamycin
groups after being treated with rapamycin and HBO at the
same time. These results indicated that HBO protect cells
from damage by inhibiting autophagy.

Effect of HBO on oxygen-glucose deprivation/reperfusion-
induced apoptosis in PC12 and H9C2 cells
The PC12 and H9C2 cells in the model group showed typical
characteristics of apoptosis using Hoechst 33342 staining and
PI staining. Under a fluorescence microscope, apoptotic cells
stained with Hoechst 33342 showed bright blue fluorescence.
As shown in Fig. 2, the apoptotic cells of PC12 and H9C2 in
the model groups increased significantly compared with the
control group and the apoptotic cells of PC12 and H9C2 in
HBO groups reduced significantly. These results suggested
HBO effectively inhibited oxygen-glucose deprivation/
reperfusion-induced apoptosis in PC12 and H9C2 cells.

Effect of HBO on oxygen-glucose deprivation/reperfusion-
induced MMP in PC12 and H9C2 cells
In normal cells, the mitochondrial membrane potential is
higher, and JC-1 aggregates in the matrix of the
mitochondria to form J-aggregates, which can produce
orange-red fluorescence. However, in apoptotic cells, the
mitochondrial membrane potential is lower, and JC-1
cannot accumulate in the matrix of the mitochondria. At
this time, JC-1 is a monomer and can produce green

FIGURE 1. Effects of HBO on PC12
(A, B) and H9C2 (C, D) cell
viability. The results are presented as
the mean ± SEM (N = 5). ##P < 0.01
compared with the control group,
*P < 0.05, **P < 0.01 compared with
the model group.
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fluorescence. As shown in Figs. 3A and 3B, PC12 and H9C2 cells
in the model groups exhibited a marked decrease in the
red/green fluorescence ratio compared with the control group.
In contrast, PC12 and H9C2 cells in the HBO groups showed
an increase in the red/green fluorescence ratio compared with
the model groups. This showed HBO can inhibit ischemia-
reperfusion injury-induced apoptosis in PC12 and H9C2 cells.

Effects of HBO on the ultrastructure of PC12 and H9C2 cells
The purpose of observing the ultrastructure of cells by
transmission electron microscopy was to explore the effect
of HBO on cell apoptosis and autophagy. As shown in Figs.
4 and 5, in the control group, the cell membrane was intact,
and a normal number and structure of organelles, including
lysosomes, mitochondria, and endoplasmic reticulum, were
observed. In the model group, typical characteristics of
apoptosis were observed, including cell membrane rupture
and cell necrosis and vacuolization. In addition, the number
of mitochondria, lysosomes, and autophagic vesicles
increased significantly. Moreover, in the HBO group, fewer
autophagic vacuoles, restoration of organelle rupture and
reduction of apoptosis were observed. These results
suggested HBO effectively inhibited oxygen-glucose
deprivation/reperfusion-induced apoptosis and autophagy in
PC12 and H9C2 cells.

Effects of HBO on the expression of autophagy-related proteins
by cellular immunofluorescence
The 4E-BP1, Atg5, LC3B and p53 proteins were stained green
via cellular immunofluorescence, and the intensity of
fluorescence was used to indicate the expression of protein.
As shown in Figs. 6A and 6B, compared with the control
group, the fluorescence intensity of 4E-BP1 significantly
decreased and the fluorescence intensity of Atg5, LC3B and
p53 significantly increased in the model group. In contrast,
the fluorescence intensity of 4E-BP1 significantly increased,
and the fluorescence intensity of Atg5, LC3B and p53
significantly decreased in the HBO group compared with
the model group. These results indicated that HBO can
reversely regulate the changes in key autophagy factors
caused by oxygen-glucose deprivation/reperfusion in PC12
and H9C2 cells.

Effects of HBO on the expression of autophagy- related proteins
by immunocytochemistry
The 4E-BP1, Atg5, LC3B, m-TOR, p53, p-Akt and Caspase-3
proteins were mainly present in the cytoplasm and stained
brown or yellow via immunohistochemical staining. As
shown in Figs. 7 and 8, compared with the control group,
the expressions of 4E-BP1, p-Akt and m-TOR were
significantly downregulated (P < 0.01 or P < 0.05), and the

FIGURE 2. Effect of HBO on ischemia-reperfusion injury-induced apoptosis in PC12 (A, B) and H9C2 (C, D) cells by Hoechst 33342 and PI
staining (×200). The results are presented as the mean ± SEM (N = 5). ##P < 0.01 compared with the control group, **P < 0.01 compared with
the model group.
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expressions of Atg5, LC3B, p53 and Caspase-3 were
significantly upregulated (P < 0.01 or P < 0.05) in the model
group. In contrast, the expressions of 4E-BP1, p-Akt and
m-TOR were significantly upregulated (P < 0.01 or

P < 0.05), and the expression of Atg5, LC3B, p53 and
Caspase-3 (P < 0.01 or P < 0.05) were significantly
downregulated in the HBO group compared with the model
group. These results suggested HBO protected PC12 and

FIGURE 3. Effect of HBO
on ischemia-reperfusion
injury-induced MMP in
PC12 (A) and H9C2 (B)
cells by JC-1 (×200).

FIGURE 4. Effects of HBO on the ultrastructure of PC12 cells by transmission electron microscopy. (A) Cell membrane was normal. (B, C, D,
and E) Mitochondria, lysosomes, endoplasmic reticulum, and other organelles were normal. (F) Cells were necrotic and vacuolated. (G)
Mitochondria were increased. (H) Endoplasmic reticulum was reduced. (I) Cells were apoptotic. (J) Autophagic vesicles were massively
increased. (K) The cell membrane was basically normal. (L and M) The cells were roughly normal. (N) The nucleus is slightly
degenerated. (O) Autophagic vesicles were gradually reduced.
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H9C2 cells from damage and apoptosis by regulating the
mTOR-mediated autophagy signaling pathway.

Discussion

In this study, oxygen-glucose deprivation/reperfusion model
in PC12 cells and H9C2 cells were constructed and divided
into a control group, oxygen-glucose deprivation/
reperfusion injury model group, HBA group and HBO
group. In this experiment, obvious damage to PC12 cells
and H9C2 cells caused by oxygen glucose deprivation/
reperfusion was observed. Under the microscope, the cells
were swollen, some cells lost their original shape, and
adhesion was significantly reduced. Some cells were lysed,
and some cells gradually underwent apoptosis or even died.
Cell viability was detected by the CCK-8 assay, and the
results showed that the viability of PC12 cells and H9C2
cells in the model group was significantly decreased.
Compared with the model group, the cell viability of the
HBA group and HBO group was significantly increased,
especially the HBO group. Like the HBO group, the PC12
and H9C2 cell activities of the rapamycin (Rap) groups were
significantly higher than those of the model groups (both
P < 0.01). Particularly, PC12 and H9C2 cell activities were
higher than those of the HBO groups or the rapamycin
groups after being treated with rapamycin and HBO at the
same time. These results indicated that HBO may protect
cells from damage by inhibiting autophagy. The Hoechst
33324-PI and JC-1 experimental results showed that the
number of apoptotic PC12 and H9C2 cells in the model
group increased significantly, while the number of apoptotic
PC12 and H9C2 cells in the HBO group decreased
significantly. Observation of the cell ultrastructure with

transmission electron microscopy found that in the model
group, typical characteristics of cell apoptosis were observed,
including cell membrane ruptures, cell necrosis and
vacuolization. In addition, the number of mitochondria and
lysosomes increased significantly. In addition, in the HBO
group, restoration of organelle rupture and reduction of
apoptosis were observed. These results suggest that HBO
intervention can inhibit the apoptosis of PC12 cells and
H9C2 cells caused by oxygen-glucose deprivation/
reperfusion injury.

Apoptosis, also called programmed cell death, is
characterized by typical morphology, including chromatin
condensation, the formation of apoptotic bodies, and the
controlled degradation of chromosomal DNA. The
importance of caspases in the process of neuronal death has
been recognized. Caspase-3 and caspase-9 are the two main
types of caspases involved in apoptosis, and some caspases,
such as caspase-11 and caspase-12, are only activated under
pathological conditions (Baturcam et al., 2017; Kang et al.,
2000; Zhang et al., 2016). There is much evidence that nerve
ischemia can activate caspases. In animal models of focal
and global cerebral ischemia, caspase-3 activity can be
upregulated before neuronal death. Within a few hours of
stroke caused by atherosclerosis, caspase-3 precursor levels
can be seen to increase. In transient and permanent
neuroischemia, caspase-9 activates caspase-3, all of which
strongly suggest that after cerebral ischemia, the mechanism
of the mitochondrial-mediated apoptosis pathway involves
caspases. Caspase-3 is considered to be the key executor of
nuclear degradation, and it may be caused by DNA
fragmentation caused by DNase activated by caspases
(Sakurai et al., 2003). The immunohistochemistry results
showed that caspase-3 in the normal group was basically

FIGURE 5. Effects of HBO on the ultrastructure of H9C2 cells by transmission electron microscopy. (A) The cell membrane was intact. (B, C)
Mitochondria and lysosomes were normal. (D and E) The endoplasmic reticulum and lysosome were normal. (F) The cell membrane was
ruptured. (G) The nucleus was apoptotic. (H) Lysosomes were autophagy. (I and J) Autophagic vesicles were greatly increased. (K) The
cell membrane was basically normal. (L) Lysosomes were normal. (M) The endoplasmic reticulum and mitochondria were basically
normal. (N and O) Autophagic vesicles were gradually reduced.
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not expressed in the cells, and caspase-3 protein expression in
PC12 cells and H9C2 cells in the model group was
significantly increased. Compared with the model group, the
caspase-3 protein expression of PC12 cells and H9C2 cells
in the HBO group was significantly reduced. Autophagy
plays an important role in the regulation of cell survival and
cell death, especially in the apoptosis signaling pathway.
Evidence that autophagy regulates apoptosis includes
mitochondrial phagocytosis. Autophagy can selectively
degrade damaged mitochondria and maintain mitochondrial
homeostasis. It is well known that the mitochondrial-
dependent (endogenous) pathway is an important
mechanism of apoptotic cell death (Bursch, 2001; Shimizu et
al., 2004; Yu et al., 2004). p53 can co-regulate autophagy
and apoptosis (Luo and Rubinsztein, 2010). p53 regulates
the expression of apoptosis-related genes (Bcl-2 and Apaf1)
and autophagy-related pathways (AMPK/mTOR and Bmf/
Beclin-1) (Guo et al., 2014; Feng et al., 2005). In addition,
p53 targets the expression of DRAM and can stimulate the
interaction between apoptosis and autophagy (Crighton et
al., 2006), which is critical to cell fate, but is complicated by
their contradictory effects under certain conditions.
Autophagy and apoptosis both affect each other as partners.

In recent years, the role of autophagy and autophagy–
lysosomal pathways, in neurological diseases, has attracted
increasing attention. Studies have confirmed that in the
occurrence of VD, the mammalian target of rapamycin

(mTOR)-mediated autophagy signaling pathway is involved
in the pathological process of hippocampal neuronal
apoptosis and necrosis (Hu et al., 2017; Jia et al., 2015).
Previous studies have found that HBO has significant
preventive effects in improving cognitive function and
resisting myocardial ischemia reperfusion injury. Moreover,
4E-BP1 is regulated by the mTOR complex and participates
in stimulating ribosomal proteins and encoding elongation
factors (Tang et al., 2001). The ULK1 complex recruits
LC3B and ATG5 to the surface of phagocytic vesicles to
form autophagic vesicles (Tanida et al., 2004). Phosphate
acyl-3-inositol kinase- protein kinase B (PI3K-Akt) and
AMPK have been shown to be the main ways to initiate the
mTOR pathway (Chen et al., 2019). In addition, Akt plays a
role in regulating synaptic plasticity through its
phosphorylation at Ser473 (Horwood et al., 2006; Noshita
et al., 2003). In another AMPK pathway, nuclear p53
activates AMPK to accelerate mTOR-induced autophagy. In
this study, the results of cellular immunofluorescence and
immunocytochemistry experiments showed that the 4E-BP1,
p-AKt and mTOR levels of PC12 cells and H9C2 cells in the
model group decreased, while the levels of LC3B, Atg5 and
p53 increased. However, after HBO treatment, these
autophagy-related indexes were reversed. Similar results
were observed in the HBA group, but the efficiency was
lower than that of HBO treatment. In addition, observation
of the cell ultrastructure with transmission electron

FIGURE 6. Effects of HBO on the expression of autophagy-related proteins in PC12 (A) and H9C2 (B) cells by cellular immunofluorescence
(×400).
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microscopy found that in the model group, a significant
increase in the number of autophagic vesicles was observed.
In the HBO group, a decrease in autophagic vesicles was
observed. These results indicate that the protective
mechanism of PC12 and H9C2 cell damage caused by

oxygen-glucose deprivation/reperfusion may be related to
the inhibition of the autophagy pathway.

In summary, our findings indicate that hyperbaric
oxygen can protect PC12 cells and H9C2 cells from damage
caused by oxygen-glucose deprivation/reperfusion by

FIGURE 7. Effects of HBO on the expression of autophagy-related proteins in PC12 cells by immunocytochemistry. The results are presented
as the mean ± SEM (N = 5). ##P < 0.01 compared with the control group, *P < 0.05, **P < 0.01 compared with the model group.
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inhibiting apoptosis and autophagy. Our results provide
laboratory evidence to support that HBO may prevent
clinical IRI. There are still some limitations in this study.
Western blot results are easier to quantify than

immunofluorescence or immunocytochemistry. However,
because of a lack of time and funds, WB experiments cannot
be carried out in this study. In the future, we will continue
to conduct in-depth research and improve the experiment.

FIGURE 8. Effects of HBO on the expression of autophagy-related proteins in H9C2 cells by immunocytochemistry. The results are presented
as the mean ± SEM (N = 5). ##P < 0.01 compared with the control group, *P < 0.05, **P < 0.01 compared with the model group.
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