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Effects of hyperbaric oxygen on the Nrf2 
signaling pathway in secondary injury 
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ABSTRACT. We investigated the effects of hyperbaric oxygen treatment 
on the Nrf2 signaling pathway in secondary injury following traumatic brain 
injury, using a rat model. An improved Feeney freefall method was used 
to establish the rat traumatic brain injury model. Sixty rats were randomly 
divided into three groups: a sham surgery group, a traumatic brain injury 
group, and a group receiving hyperbaric oxygen treatment after traumatic 
brain injury. Neurological function scores were assessed at 12 and 24 h 
after injury. The expression levels of Nrf2, heme oxygenase 1 (HO-1), 
and quinine oxidoreductase 1 (NQO-1) in the cortex surrounding the brain 
lesion were detected by western blotting 24 h after the injury. Additionally, 
the TUNEL method was used to detect apoptosis of nerve cells 24 h 
after traumatic injury and Nissl staining was used to detect the number of 
whole neurons. Hyperbaric oxygen treatment significantly increased the 
expression of nuclear Nrf2 protein (P < 0.05), HO-1, and NQO-1 in the brain 
tissues surrounding the lesion after a traumatic brain injury (P < 0.05) and 
also significantly reduced the number of apoptotic and injured nerve cells. 
The neurological function scores also improved with hyperbaric oxygen 
treatment (P < 0.05). Therefore, hyperbaric oxygen has a neuroprotective 
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role in traumatic brain injury, which is mediated by up-regulation of the Nrf2 
signaling pathway.

Key words: Traumatic brain injury; Hyperbaric oxygen; Nrf2

INTRODUCTION

Traumatic brain injury produces high morbidity, mortality, and disability rates worldwide 
(Lannin et al., 2014), and it is a major threat to human life and health. However, effective therapeutic 
treatments for traumatic brain injury in clinical practice are limited. Many previous studies have 
shown that hyperbaric oxygen therapy effectively improves the prognosis in patients with traumatic 
brain injury; however, the specific protective mechanisms of hyperbaric oxygen have not been 
completely elucidated. The present study aimed to increase understanding of the mechanisms of 
hyperbaric oxygen treatment following traumatic brain injury by examining the effects of hyperbaric 
oxygen on the Nrf2 signaling pathway. Increased knowledge of signaling mechanisms will contribute 
to improved efficacy of hyperbaric oxygen therapy in clinical practice.

MATERIAL AND METHODS

Animals and group assignment

Sixty healthy adult male Sprague Dawley rats were randomly divided into three groups: 
a sham surgery group, a traumatic brain injury group, and group with traumatic brain injury 
receiving hyperbaric oxygen treatment. An improved Feeney method was used to establish the 
rat traumatic brain injury model. Chloral hydrate (4 mg/kg) was used to anaesthetize the rats 
before they were fixed on a stand. After skin preparation and disinfection, an orthopedic drill was 
used to make a 5-mm diameter bone fenestration at 3 mm to the right of the coronary suture 
midline and 3 mm behind the sagittal suture, while keeping the dura intact. A 40-g object was 
allowed to free-fall from a height of 15 cm and vertically strike the right dura mater, causing an 
injury with a depth of 3 mm and a diameter of 4 mm. The sham surgery group underwent only 
the fenestration treatment.

Hyperbaric oxygen therapy

Hyperbaric oxygen therapy was administered as described in previous reports (Wang et 
al., 2010). Hyperbaric oxygen treatment was initiated within 2 h of traumatic brain injury. Rats in 
the hyperbaric oxygen treatment group were placed in a chamber and the chamber was flushed 
with pure oxygen for 10 min, in order to achieve a final oxygen concentration of >95%. Then, the 
pressure was increased at a constant rate to 0.12 MPa (gauge pressure), which was maintained 
for 60 min. Next, the pressure was gradually decreased to atmospheric pressure at a constant 
rate, over a 20-min period. In total, two treatments were conducted within a 10-h period. The 
behavior of the rats was closely monitored while they were in the chamber. Animals in the sham 
surgery and traumatic brain injury groups were placed in the pressurized chambers, in order to 
simulate experimental processes and environmental conditions other than pressure and oxygen 
concentration.
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Western blot assay

Rats were anaesthetized 24 h after injury and perfused from the apex of the heart using 100 
mL saline. The brain tissue surrounding the lesion was removed and stored in a -80°C freezer until 
use. Extraction of nuclear and cytoplasmic proteins was performed according to the kit instructions 
and protein concentrations were determined using the Bradford method. Samples were mixed 
with 5X loading buffer at a 1:4 ratio and boiled for 10 min to denature the proteins. Protein (35 
µg) was loaded into each well for electrophoresis. After membrane transfer, the samples were 
blocked for one h. Diluted primary antibodies against Nrf2, heme oxygenase 1 (HO-1), NADPH, 
quinine oxidoreductase 1 (NQO1), β-actin, and H3 (1:1000 dilution, all purchased from Abcam Co., 
Cambridge, MA, USA) were added, and the membranes were incubated overnight on a shaker 
at 4°C. After incubation with the secondary antibody, membranes were washed. An enhanced 
chemiluminescent reagent was added to develop the film, followed by gray-scale analyses using 
the Image J software.

Nissl staining analysis

The Nissl staining procedure was performed according to procedures described previously 
(Zhuang et al., 2012).

Detection of apoptosis by the TUNEL method

Paraffin-embedded brain tissue was sectioned into 4-mm thick slices, using a microtome. 
A TUNEL assay was used to detect apoptosis, according to the manufacturer instructions 
(Roche, USA). TUNEL results for the areas surrounding the lesions were observed under a light 
microscope. Ten fields at 400X magnification were randomly selected and the apoptotic index 
was calculated based on the percentage of TUNEL positive cells compared to the total number 
of cells.

Post-traumatic neurological function scoring

Post-traumatic neurological function scores of rats were determined using the neurological 
severity scores method (Si et al., 2014), which mainly includes motor function, sensory function, 
and balance ability tests, as well as assessments of physiological reflex defects and abnormal 
movements; the maximum possible score is 18 points. A score of one point was assigned when 
rats could not perform the task or did not provide an appropriate response. A score of 13-18 points 
was considered an indication of severe injury, 7-12 points was considered moderate injury, and 1-6 
points was considered mild injury.

Statistical analyses

The SPSS 15.0 software was used for data processing (SPSS, IBM, Armonk, NY, USA). 
Data are reported as means ± standard deviations (means ± SD). A Kruskal-Wallis test was used 
to analyze neurological function score data. One-way analysis of variance was used for other 
comparisons between multiple groups.
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RESULTS

Effects of hyperbaric oxygen therapy on neurological function scores of rats with 
traumatic brain injury

Compared to the sham surgery group, the neurological function score of the traumatic brain 
injury group was significantly decreased (Table 1; P < 0.05). Hyperbaric oxygen treatment significantly 
improved the loss of neurological function loss in rats with traumatic brain injury (Table 1; P < 0.05).

Table 1. Neurological function scores at 12 and 24 h.

*P < 0.05 compared to the sham surgery group. #P < 0.05 compared to the traumatic brain injury group.

Group N 12 h (means ± SD) 24 h (means ± SD) 
Sham surgery 20 1.2 ± 0.03 1.4 ± 0.01 
Traumatic brain injury 20 14.65 ± 3.16 15.61 ± 2.36* 
Hyperbaric oxygen therapy + injury 20 13.02 ± 1.95 13.21 ± 1.65# 
 

Effects of hyperbaric oxygen on the expression of Nrf2, HO-1, and NQO1

Compared to the sham surgery group (Figures 1 and 2 and Table 2), the expression levels 
of Nrf2, HO-1, and NQO1 proteins in brain tissue surrounding the lesion of the traumatic injury group 
were significantly increased (P < 0.05). Hyperbaric oxygen treatment further increased the expression 
levels of Nrf2, HO-1, and NQO1 proteins (P < 0.05), compared to traumatic injury without treatment.

Figure 1. Expression of Nrf2 protein in each group. Lane 1 = Sham surgery group; lane 2 = traumatic brain injury 
group; lane 3 = hyperbaric oxygen treatment group.

Figure 2. Expression of HO-1 and NQO1 proteins in each group. Lane 1 = Sham surgery group; lane 2 = traumatic 
brain injury group; lane 3 = hyperbaric oxygen treatment group.
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Effects of hyperbaric oxygen treatment on apoptosis of neurons surrounding the 
lesion in rats with traumatic brain injury

The nuclei of normal neurons were large, round, and colorless. In the sham surgery group, 
apoptotic neurons were either not observed or rarely observed, while the number of apoptotic 
neurons was significantly increased in the traumatic brain injury group (Figure 3 and Table 2; 
P < 0.05). However, the number of apoptotic neurons surrounding the lesion was significantly 
decreased in rats treated with hyperbaric oxygen (P < 0.05). Apoptotic neurons were positive in 
TUNEL staining, showing brown pyknotic nuclei (Figure 3; P < 0.05).

Table 2. Analyses of Nrf2, HO-1, and NQO1 expression, as well as the apoptotic indexes.

*P < 0.05 compared to the sham surgery group, #P < 0.05 compared to the traumatic brain injury group.

Group N Nrf2 HO-1 NQO1 Apoptotic index (%) Number of whole neurons 
Sham surgery 10 0.89 ± 0.37 0.09 ± 0.01 0.02 ± 0.01 1.1 ± 0.2 58.1 ± 4.6 
Traumatic brain injury 10 0.19 ± 0.11* 0.63 ± 0.25* 0.84 ± 0.45* 30.1 ± 6.4 6.7 ± 5.3* 
Hyperbaric oxygen therapy + injury 10 0.69 ± 0.31# 0.12 ± 0.08# 0.22 ± 0.12# 15.2 ± 4.1 35.1 ± 7.8# 

 

Figure 3. TUNEL staining results for each group.

Figure 4. Nissl staining of rat brain tissue from each group.

Nissl staining results

In the sham surgery group, the neurons were large and round. In the traumatic injury 
group, many neurons were condensed, and the number of whole neurons was significantly reduced 
(Figure 4; P < 0.05). The number of condensed neurons surrounding the lesion was significantly 
reduced in the hyperbaric oxygen treatment condition, and the number of whole neurons was 
significantly increased compared to the traumatic brain injury group (Figure 4; P < 0.05).
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DISCUSSION

The major mechanisms of traumatic brain injury include primary and secondary brain 
injury, but the current research focus is on secondary brain injury (Schwab et al., 2014). Nrf2 is a 
member of the basic leucine zipper protein family. Under physiological conditions, Nrf2 primarily 
binds to the cytoplasmic adaptor protein Keap1, thereby forming a complex that remains in the 
cytoplasm. When the cell is stimulated by exogenous substances, Nrf2 is phosphorylated and 
uncouples from Keap1. Nrf2 protein then translocates from the cytoplasm to the nucleus and binds 
to the antioxidant responsive element sequence in the promoter region of the target genes, thereby 
inducing transcription and translation. These gene products include anti-inflammatory proteins, 
antioxidant enzymes, growth factors, and proteins related to regulation of calcium homeostasis, 
which further induce the target genes to express HO-1, NQO1, and other antioxidant and 
detoxification enzymes (Hong et al., 2010). These antioxidant and detoxifying factors encompass 
many important protective mechanisms for secondary brain injury following traumatic brain injury 
(Miller et al., 2014; Sandberg et al., 2014). Previous studies have found that expression of Nrf2 
begins to increase 2 h after traumatic brain injury, and its expression peaks after 24 h. Nrf2 
expression then gradually decreases and returns to normal levels 3 to 5 days later (Cheng et 
al., 2013). The degree of traumatic brain injury in Nrf2 knockout mice is significantly more severe 
compared to wild type mice, and administration of drugs that up-regulate Nrf2 protein expression 
significantly reduces apoptosis of neurons and improves neurological function after traumatic brain 
injury (Ding et al., 2014; Xie et al., 2014; Xu et al., 2014). Therefore, these results demonstrate that 
Nrf2 is a participant in secondary brain injury after traumatic brain injury, and regulation of the Nrf2 
signaling pathway increases the levels of downstream antioxidants and detoxification enzymes, 
thereby contributing to neuroprotection.

The results of the present study demonstrate that the expression of Nrf2 protein in the 
tissue surrounding traumatically injured brain lesions is significantly increased 24 h after the 
injury, consistent with previous studies. Hyperbaric oxygen treatment further up-regulated Nrf2 
protein expression in the nucleus and further decreased Keap1 protein expression. Additionally, 
downstream HO-1 and NQO1 were significantly increased following traumatic brain injury, and 
hyperbaric oxygen treatment further increases their expression. Furthermore, hyperbaric oxygen 
significantly reduced neuron apoptosis and improved neurological function, indicating that up-
regulation of the Nrf2 signaling pathway may be one of the mechanisms for the neuroprotective 
effects of hyperbaric oxygen treatment.

In summary, hyperbaric oxygen treatment up-regulates Nrf2 expression following traumatic 
brain injury and regulates expression of a series of downstream products. Therefore, the results 
support the Nrf2 signaling pathway as a mechanism for the neuroprotective effects of hyperbaric 
oxygen treatment.
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