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Traumatic brain injury (TBI) is a growing public health problem in the world and the
leading cause of death in Chinese adults aged ,40 years.1 Oxygen supply to the brain
is often insufficient after TBI, and then results in decreased energy production, which
leads to neuronal apoptosis.2 Therefore, maintaining brain-oxygenation status is the
main goal of treatment for TBI.3 As a nondrug and noninvasive treatment, hyperbaric
oxygen (HBO) therapy has been used as a treatment for TBI since 1960s.4 However,
the efficiency of HBO therapy remains extremely controversial.5–7 Several studies
have reported that HBO therapy improved the neurological deficits and cognitive
impairments of patients in the acute phase of severe TBI.8,9 In contrast, other studies
have demonstrated that HBO therapy had no effect on patients with mild and chronic
TBI.10 The therapeutic effect of HBO on multiple types of TBI is still widely debated.
Therefore, it is necessary to clarify the mechanisms underlying the effect of HBO
on TBI. Furthermore, the neuronal mechanism underlying the effect of HBO therapy
on TBI is still obscure. A weight-drop model of closed-head injury has been proven to
simulate acute TBI and has been widely adopted to investigate the mechanism involved
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Background: Given that the therapeutic effect of hyperbaric oxygen (HBO) therapy on traumatic
brain injury (TBI) has been debated for a long time, it is necessary to clarify the mechanism
underlying the effect of HBO on acute TBI.
Methods: This study investigated the effect of HBO therapy on neuronal apoptosis induced
by acute TBI using the mouse model of TBI. The number of apoptotic cells and expression of
apoptosis-associated factors (including caspase 3, pAkt/Akt, pGSK3β/GSK3β, and β-catenin) in
pericontusional cortices of mice exposed to sham, TBI, and TBI + HBO treatment were measured
and analyzed using TUNEL assay, quantitative reverse-transcription PCR, and Western blot.
Results: Results showed that acute TBI increased the number of apoptotic neurons and mRNA
expression and activated caspase 3 protein. With regard to proteins, acute TBI also resulted
in decreased levels of pAkt/Akt, pGSK3β/GSK3β, and β-catenin, which facilitates neuronal
apoptosis. This study shows that HBO therapy reversed these changes of pAkt/Akt, pGSK3β/
GSK3β, and β-catenin induced by acute TBI and attenuated the apoptotic process in the pericontusional cortex.
Conclusion: This study demonstrates the beneficial effect of HBO therapy on neuronal apoptosis caused by acute TBI. Furthermore, the mechanism underlying the therapeutic effect of
HBO on acute TBI partly involves the Akt/GSK3β/β-catenin pathway.
Keywords: hyperbaric oxygen, TBI, apoptosis, Akt, GSK3β, β-catenin
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in acute TBI.11 This study was conducted to verify the effect
and mechanism of HBO therapy on acute TBI.
Facilitating an apoptotic cascade is one of the primary
pathogenic mechanisms of acute TBI. It has been demonstrated that the number of apoptotic neurons and the levels
of proapoptotic factors increase significantly after TBI.12
In the present study, the effect of HBO therapy on neuronal
apoptosis after acute TBI was investigated by measuring the
number of apoptotic neurons and the levels of apoptosisrelated factors. Activated caspase 3 protein (C-caspase 3) is
the most commonly used biomarker for apoptosis.13,14 The
G-protein-independent Akt/GSK3β/β-catenin pathway is
an intracellular signaling pathway and plays a critical role
in cell apoptosis.15,16 For instance, β-catenin prevents apoptosis, whereas the downregulation of β-catenin is caused
by the phosphorylation of GSK3β (pGSK3β), which is
induced by activated/phosphorylated Akt (pAkt).17 Therefore, this study investigated the effect of HBO therapy on
the neuronal apoptosis induced by acute TBI and the role
played by the Akt/GSK3β/β-catenin pathway in the effect
of HBO therapy.

sagittal incision. For the simulated TBI operation, the injury
was caused by a free-falling steel weight (200 g, with a
blunt tip radius of 4 mm) from a height of 4 cm, producing
focal trauma centered at 2 mm posterior to the bregma and
2 mm right of the midline of the skull. For the sham operation, no injury operation was conducted. Then, the scalp
incision was sutured. After all procedures, the mice were
returned to their cages. Their heart rate and blood pressure
were monitored, and their body temperature maintained
using a heating pad.

Methods
Animals

TUNEL assay

Adolescent male C57BL/6 mice (6 weeks postnatal, weight
90±5 g) were used in this study. Mice were group-housed
(four per cage) in a controlled environment (23°C±2°C,
55%±10% humidity, 12/12-hour light/dark cycle) with food
and water ad libitum for 7 days before the experiment. These
mice were randomly assigned into three groups: sham group
(n=18), TBI (n=18), and HBO (n=18). Mice in the sham
group received a sham operation. Mice in the TBI group were
treated by simulated TBI operation. Mice in the HBO group
were treated by simulated TBI operation and HBO therapy
1 hour after receiving simulated TBI operation. Mice were
killed 1 day after receiving the sham or simulated TBI operation. For the six mice in each group, brains were collected for
quantitative real-time (qRT) PCR, Western blot, or TUNEL
staining. The study was approved by Zhuji People’s Hospital
of Zhejiang Province. All procedures were performed in
accordance with the National Institutes of Health’s Guide
for the Use and Care of Laboratory Animals.

Mouse TBI model
The mouse model of TBI was created as described previously.11 After being anesthetized by 10% sodium pentobarbital (50 mg/kg, intraperitoneal injection), the mice were
fixed in the TBI apparatus. The skull was exposed via a
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Hyperbaric oxygen treatment
Mice in the HBO group were placed in a research hyperbaric chamber (Hongyuan Oxygen Industry, Yantai, China),
in which atmospheric air was flushed with 100% O2. The
mice were placed inside for 90 minutes’ exposure to HBO
(100% O2) at 2.8 atmospheres absolute (ATA) according
to protocols previously reported.18 Chamber pressure was
increased to 2.8 ATA in 10 minutes and gradually decreased
to normal pressure (100% O2) in 15 minutes at the end of
the session.

A thoracic cavity was opened for each mouse. A gage catheter for venous drainage was inserted in the left ventricle
until the tip of the catheter had been placed inside the aorta.
Then, the right auricle was rifted and perused with 0.01 M
PBS (4°C). As the supernatant liquid had effused from the
right auricle, the mice were killed by decapitation. The brain
tissue including the pericontusional cortex (coronal section,
0–4 mm posterior to bregma and 0–4 mm right of midline of
the brain) was collected, immersed in 4% paraformaldehyde
for 24 hours at 4°C, and then sectioned (5 µm) by cryostat.
Brain sections were analyzed using a DeadEnd colorimetric
TUNEL system (Promega, Madison, WI, USA) according
to the manufacturer’s instructions. After that, apoptotic
nuclei were identified by brown staining. The five regions
(magnification 10×) were selected randomly from the pericontusional cortex of the three continuous sections for each
animal, and then the total neurons and TUNEL-positive
neurons were counted. Apoptosis levels are expressed by
apoptosis index (AI), which is the ratio of the percentage of
the number of TUNEL-positive nuclei to the total number
of neurons counted.

Quantitative real-time PCR
Pericontusional cortices of the mice were obtained within
3 minutes after death and frozen on dry ice. RNA was
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Sequences
CASP3
AKT
GSK3B
CTNNB
GAPDH

Forward primers (5′ to 3′)

Reverse primers (5′ to 3′)

GACTAGCTTCTTCAGAGGCGA
GAACGACGTAGCCATTGTGA
CAAAGCAGCTGGTCCGAGG
GTGCTATCTGTCTGCTCTAGTA
AATGTGTCCGTCGTGGATCTGA

ATTCCGTTGCCACCTTCCTG
GCCGTTCCTTGTAGCCAATA
TCCACCAACTGATCCACACCAC
CTTCCTGTTTAGTTGCAGCATC
AGTGTAGCCCAAGATGCCCTTC

extracted with Trizol reagent (TaKaRa Biotechnology,
Dalian, China) as per the manufacturer’s recommendations.
cDNA was synthesized and RT-PCR carried out in 25 µL
reaction volume containing 1 ng total RNA using an SYBR
green one-step qRT-PCR kit (Thermo Fisher Scientific,
Waltham, MA, USA) in a 7,500 sequence-detection system
(Thermo Fisher Scientific) according to the manufacturer’s
guidelines. Primers of the autism-associated genes are presented in Table 1. Relative mRNA expression levels of genes
were normalized to GAPDH and calculated by the ΔΔCt analytical method. All experiments were performed in triplicate.

Western blot
Pericontusional cortices of the mice were obtained and protein was extracted. Protein concentrations were estimated
using a BCA protein assay kit (Thermo Fisher Scientific).
Proteins (20 µg) were loaded on each lane of SDS–polyacrylamide gels, subjected to electrophoresis for 80 minutes
at a constant voltage of 100 V, and then transferred to a
polyvinylidene difluoride membrane for 90 minutes at 350
mA. Membranes were blocked with 5% nonfat milk and then
incubated overnight at 4°C with primary antibodies against
1:1,000 cleaved/activated caspase 3 (Abcam), 1:1,000 Akt
(Cell Signaling Technology), 1:1,000 pAkt (Cell Signaling
Technology), 1:1,000 GSK3β (Cell Signaling Technology),
1:1,000 pGSK3β (Cell Signaling Technology), and 1:2,000
GAPDH (Abcam) proteins. Then, the membranes were incubated with secondary antibodies conjugated with horseradish
peroxidase at room temperature for 1 hour. Protein bands
were detected using an enhanced chemiluminescence system
and quantified by ImageJ software.

Statistical analyses
Data were analyzed using SPSS 19.0 (IBM, Armonk, NY,
USA). Data normality was assessed by the Kolmogorov–
Smirnov test. Data showing normal distribution are summarized by means ± SD, and data showing abnormal distribution
are summarized by medians. Means of two comparative
groups were compared with Student’s t-test.
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Results
Comparative analysis of apoptotic cells
Compared with the TBI group, apoptotic cells (AI) in the
pericontusional cortex were significantly higher than in
the sham group (sham vs TBI, 1.76±0.46 vs 23.37±5.59;
P,0.01) and was significantly lower in the HBO group (HBO
vs TBI, 9.81±1.33 vs 23.37±5.59; P,0.05; Figure 1).

Comparative analysis of relative mRNA
levels in affected brain hemisphere
Compared with TBI group, mRNA levels of caspase 3
were significantly lower in the sham group (sham vs TBI,
0.41±0.11 vs 1.24±0.20; P,0.05) and the HBO group (HBO
vs TBI, 0.72±0.11 vs 1.24±0.20; P,0.05; Figure 2). mRNA
levels of Akt, GSK3β, and β-catenin were not significantly
different between the sham and TBI groups or between the
TBI and HBO groups (P.0.05).

Comparative analysis of relative protein
levels in affected brain hemisphere
Compared with the sham group, C-caspase 3 levels were
also significantly higher in the TBI group (sham vs TBI,
1.03±0.2 vs 1.62±0.33; P,0.05); however, pAkt/Akt levels
(sham vs TBI, 1.01±0.09 vs 0.39±0.08; P,0.05), pGSK3β/
GSK3β (sham vs TBI, 1.02±0.08 vs 0.35±0.07, P,0.05), and
β-catenin (sham vs TBI, 1.17±0.38 vs 0.58±0.06; P,0.01)
were significantly lower in the TBI group (Figure 3). Compared with the TBI group, C-caspase 3 levels were significantly lower (HBO vs TBI, 1.20±0.26 vs 1.62±0.33; P,0.05)
in the HBO group, and pAkt/Akt levels (HBO vs TBI,
0.86±0.09 vs 0.39±0.08; P,0.05), pGSK3β/GSK3β (HBO vs
TBI, 0.83±0.09 vs 0.35±0.07; P,0.05) and β-catenin (HBO
vs TBI, 0.86±0.20 vs 0.58±0.06; P,0.05) were significantly
higher in the HBO group (Figure 3).

Discussion
Exploring potential treatments for TBI has been a research
focus for a long time. TBI damage is primarily directly
induced by physical damage and is secondarily due to
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Figure 1 Apoptotic cells in pericontusional cortices of mice.
Notes: (A) TUNEL staining neurons (brown-stained cells) in the pericontusional cortex of the mice in three groups (magnification 10×). Arrows point at the apoptotic cells.
(B) AI of apoptotic cells in sham, TBI, and HBO groups. **P,0.01 (sham vs TBI); #P,0.05 (TBI vs HBO).
Abbreviations: AI, apoptosis index; HBO, hyperbaric oxygen; TBI, traumatic brain injury.

hypoxia, overincreased oxidative stress, and inflammation,
which all lead to neuron apoptosis.19 Because of the influence
on oxidative stress, HBO therapy promotes restoration of
oxygen supply, expression of antioxidant genes, alleviation
of inflammation, inhibition of apoptosis, and promotion of
angiogenesis and neurogenesis.20–23
In the present study, mice were treated by HBO therapy
after simulated TBI operation. One day after TBI, the number of apoptotic neurons and mRNA and protein expression

levels of apoptosis-associated factors in the pericontusional
cortex were measured and analyzed. Neuronal apoptosis contributes to the overall pathology of TBI, and the percentage of
apoptotic neurons has been used as an index for evaluating the
severity of TBI.24,25 Caspase 3 plays a major role in the neuronal apoptosis pathway, and C-caspase 3 has been demonstrated to increase the number of neurons after TBI.26,27 This
study demonstrated an increase in the number of apoptotic
neurons after TBI. Furthermore, the mRNA level of caspase 3
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Figure 2 Relative mRNA levels in affected brain hemisphere of mice in the three groups.
Notes: *P,0.05 (sham vs TBI); #P,0.05 (TBI vs HBO).
Abbreviations: HBO, hyperbaric oxygen; TBI, traumatic brain injury.
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Figure 3 Relative protein levels in affected brain hemispheres of mice.
Notes: *P,0.05 (sham vs TBI); **P,0.01 (sham vs TBI); #P,0.05 (TBI vs HBO).
Abbreviations: HBO, hyperbaric oxygen; TBI, traumatic brain injury.

and protein level of C-caspase 3 increased after acute TBI.
However, the number of apoptotic neurons, mRNA level of
caspase 3 and protein level of C-caspase 3 were significantly
decreased in mice treated by HBO after acute TBI. This result
proved that HBO therapy suppressed caspase 3 activity and
attenuated the neuronal apoptosis induced by acute TBI. It
is consistent with previous studies.28,29
In order to explore the mechanism of HBO therapy
further, protein expression levels of components in the
Akt–GSK3–β-catenin pathway were analyzed. The results
suggested that pGSK3β/GSK3β and pAkt/Akt levels were
significantly decreased after acute TBI, and the level of
β-catenin was significantly decreased after acute TBI.
Studies have proven decreased levels of pAkt, pGSK3β,
and β-catenin after TBI.30–32 These data proved that the
Akt/GSK3β/β-catenin pathway plays an important role in
the pathological mechanisms of acute TBI. In addition, the
comparative analysis between the HBO and TBI groups
suggested that pGSK3β/GSK3β and pAkt/Akt levels were
significantly increased in mice treated by HBO therapy.
This result proved that HBO treatment can alleviate the
negative changes of the Akt/GSK3β/β-catenin pathway
after acute TBI. Considering the role played by the Akt/
GSK3β/β-catenin pathway in cell apoptosis, it is reasonable
to speculate that the effect of HBO therapy on inhibiting the
neuronal apoptosis induced by acute TBI partly involves the
Akt/GSK3β/β-catenin pathway.
It is notable that there was no significant difference in
mRNA levels of Akt, GSK3β, or β-catenin between the
Neuropsychiatric Disease and Treatment 2019:15

mice in the TBI and HBO groups. This implies that HBO
therapy has no direct effect on the RNA levels of Akt/GSK3β/
β-catenin. Therefore, further study is needed to investigate
in more depth the effect of HBO therapy on protein levels
of the Akt/GSK3β/β-catenin pathway.
In conclusion, this study supported the therapeutic effect
of HBO therapy on neuronal apoptosis after acute TBI. Moreover, this study primarily verified the role played by the Akt/
GSK3β/β-catenin pathway in the mechanism underlying the
effect of HBO therapy on neuronal damage induced by acute
TBI. These results suggest that HBO therapy is a potential
treatment for neural damage caused by TBI and should be
investigated further.
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