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Abstract. Diffuse brain injury (DBI) is a leading cause of 
mortality and disability among young individuals and adults 
worldwide. In specific cases, DBI is associated with perma-
nent spatial learning dysfunction and motor deficits due to 
primary and secondary brain damage. Nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase (NOX) is a major 
complex that produces reactive oxygen species (ROS) during 
the ischemic period. The complex aggravates brain damage 
and cell death following ischemia/reperfusion injury; however, 
its role in DBI remains unclear. The present study aimed to 
investigate the hypothesis that levels of NOX2 (a catalytic 
subunit of NOX) protein expression and the activation of NOX 
are enhanced following DBI induction in rats and are involved 
in aggravating secondary brain damage. A rat model of DBI 
was created using a modified weight-drop device. Our results 
demonstrated that NOX2 protein expression and NOX activity 
were enhanced in the CA1 subfield of the hippocampus at 48 
and 72 h following DBI induction. Treatment with apocynin 
(50 mg/kg body weight), a specific inhibitor of NOX, injected 
intraperitoneally 30 min prior to DBI significantly attenuated 
NOX2 protein expression and NOX activation. Moreover, treat-
ment with apocynin reduced brain edema and improved spatial 
learning function assessed using the Morris water maze. These 
results reveal that treatment with apocynin may provide a new 

neuroprotective therapeutic strategy against DBI by dimin-
ishing the upregulation of NOX2 protein and NOX activity.

Introduction

Diffuse brain injury (DBI) is a leading cause of mortality and 
disability in young individuals. The primary damage in DBI is 
thought to result from mechanical forces applied to the skull 
and brain at the time of impact, leading to focal or diffuse 
brain injury patterns. In comparison, secondary brain damage 
following DBI evolves progressively and is characterized by a 
complex cascade of biochemical events that cause brain edema 
and neuronal death and aggravate neurological dysfunctions, 
including learning and memory deficits.

Nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase (NOX) is a multi-subunit enzyme complex localized to 
the plasma membrane of cells and is a major source of reactive 
oxygen species (ROS). This enzyme is expressed in neurons, 
astrocytes and microglia (1‑3). There are several subunits of 
NOX, termed NOX1‑5  (1,4). NOX2 is a catalytic subunit of 
NOX. A previous study demonstrated that NOX2 is localized 
to the cerebral cortex and hippocampal CA1 subregion (5). 
Limited knowledge is currently available on the role of NOX2 
in DBI and it remains unclear whether alterations in NOX2 
expression and NOX activity are associated with secondary 
damage following DBI in rats.

Apocynin was first described by Schmiedeberg in 1883 
and was isolated from the roots of Apocynum cannabinum 
(Canadian hemp). Apocynin has since been utilized in a 
number of experimental models as a NOX complex inhib-
itor (6,7), however, the mechanism of inhibition of NOX is not 
well understood in rats following DBI.

In the present study, alterations in NOX2 protein expression 
and NOX activity in the CA1 subregion of the hippocampus 
following DBI induction were investigated. In addition, we 
aimed to determine whether pre-treatment with apocynin 
results in the attenuation of brain edema and improves spatial 
cognitive functions by modulation of NOX2 protein expression 
and NOX activation following DBI induction. The results of 
the present study may generate insight into the efficacy of 
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apocynin against secondary damage following DBI induction, 
through the inhibition of NOX2 expression and NOX activity.

Materials and methods

Animals and DBI model. All experimental procedures were 
performed in accordance with the guidelines of the Chinese 
Council on Animal Protection and were approved by the Hebei 
Medical University Committee for the use of animals in research. 
A total of 140 male Sprague-Dawley rats (age, 12-16 weeks; 
weight, 350-375 g; Tangshan, China) were used in the present 
study. All animals were housed with a standard 12 h light/dark 
cycle and free access to water and food prior to and following 
surgery or sham surgery. The rat model of DBI was created 
using a modified weight-drop device, as described previously by 
Sawauchi et al (8). Briefly, rats were anesthetized with sodium 
pentobarbial (Nembutal, 60  mg/kg). Under anaesthesia, a 
midline incision was performed to expose the skull the between 
bregma and lambda suture lines and a steel disk (diameter, 
10 mm; thickness, 3 mm) was adhered to the skull using dental 
acrylic. Animals were placed on a foam mattress underneath a 
weight-drop device in which a 450-g weight falls freely through 
a vertical tube from 1.5 m onto the steel disk. Sham-operated 
animals underwent the same surgical procedure without weight-
drop impact. Rats were housed in individual cages following 
surgery and placed on heat pads (37˚C) for 24 h to maintain 
normal body temperature during the recovery period.

Group and drug administration. Rats were randomly divided 
into 4 groups: sham, DBI untreated, DBI treated with vehicle 
(DMSO) and DBI treated with apocynin groups. Apocynin 
(50 mg/kg body mass) (9,10) and the vehicle were adminis-
tered by intraperitoneal injection 30 min prior to sham surgery 
or DBI induction (11).

Western blot analysis of NOX2 protein expression. At 48 and 
72  h following DBI induction, rats were anesthetized and 
underwent intracardiac perfusion with 0.1 mol/l phosphate-
buffered saline (pH 7.4). Hippocampal CA1 subregions were 
rapidly isolated, total proteins were extracted and protein 
concentration was determined by the BCA reagent (Solarbio, 
Beijing, China) method. Equal amounts (50 µg) of protein 
were subjected to 10% SDS-PAGE and electrotransferred 
onto a hydrophobic PVDF membrane (Roche Diagnostics, 
Mannheim, Germany). Following blocking, the membrane was 
incubated overnight at 4˚C with primary antibodies against 
NOX2 (1:200) and β-actin (1:200; both purchased from Santa 
Cruz Biotechnology; Santa Cruz, CA, USA). Following incuba-
tion with a titrated secondary antibody (1:2,000; Cell Signaling 
Technology, Inc., Danvers, MA, USA), the immunoblot on the 
membrane was visualized by development with an enhanced 
chemiluminescence detection system and densitometric signals 
were quantified using an imaging program. Immunoreactive 
bands were normalized to intensity of corresponding bands for 
β-actin. Results were analyzed using the National Institutes of 
Health Image 1.41 software (Bethesda, MD, USA).

NOX activity assay. NOX activity was determined by a 
colorimetric method  (12,13) based on changes in NADPH 
consumption monitored by the decrease in absorbance at 

λ=340 nm in the presence of DPI. Hippocampal CA1 tissue 
samples collected at 48 and 72 h following DBI induction were 
homogenized in Krebs-Ringer phosphate buffer at pH 7.4. 
Homogenates were centrifuged at 1,000 x g for 10 min at 4˚C 
and the pellets were discarded. Supernatants were spun at 
13,000 x g in an ultracentrifuge for 20 min at 4˚C and membrane 
fractions were separated. Enzyme assays were performed in a 
final volume of 1 ml containing 50 mM Krebs-Ringer phos-
phate buffer (pH 7.0), 1 mM EGTA, 150 mM sucrose, 0.5 mM 
lucigenin, 0.1 mM NADPH solution and 50 µg membrane frac-
tions. Photoemissions, expressed in terms of relative light units 
(RLU), were recorded every 1 min continuously for 5 min by 
a standard luminometer. All values were standardized to the 
amount of protein and were calculated as RLU/µg/minute.

Evaluation of brain edema. Brain edema was evaluated by 
analysis of brain water content with the wet-dry weight method 
as described previously (14). Following this, animals were sacri-
ficed by decapitation under anesthesia at 48 and 72 h following 
DBI induction or sham surgery. Brains were separated and 
weighed immediately to obtain wet weight and dried in a desic-
cating oven for 24 h at 100˚C. Dry tissues were weighed again. 
The percentage of water in the tissues was calculated according 
to the formula: % brain water = [(wet weight - dry weight)/wet 
weight] x100.

Assessment of the spatial learning ability using the Morris 
water maze. Spatial learning ability was assessed using a 
Morris water maze as described previously (15). The maze 
consists of a black circular pool (diameter, 180 cm; height, 
45 cm) filled with water (depth, 30 cm) at 26˚C and virtually 
divided into 4 equivalent quadrants: north (N), west (W), south 
(S) and east (E). A 2‑cm submerged escape platform (diameter, 
12 cm; height, 28 cm; made opaque with paint) was placed 
in the center of one of the quadrants, equidistant from the 
sidewall and the center of the pool. Rats were trained to find 
the platform prior to DBI or sham surgery. For each trial, the 
rat was randomly placed into a quadrant start point (N, S, E 
or W) facing the wall of the pool and allowed a maximum 
of 60 sec to escape to a platform, rats which failed to escape 
within 90 sec were placed on the platform for a maximum 
of 20 sec and returned to the cage for a new trial (intertrial 
interval 20 sec). Maze performance was recorded by a video 
camera suspended above the maze and interfaced with a video 
tracking system (HVS Imaging, Hampton, UK). The average 
escape latency of a total of five trials was calculated. Tests 
were conducted 72 h following DBI induction.

Statistical analysis. Data are expressed as the means ± standard 
error. Statistical analysis was performed using ANOVA and 
followed by the Student-Newman-Keuls post-hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Apocynin treatment reduces upregulation of NOX2 protein 
expression. NOX2 protein expression was analyzed by western 
blot analysis (Fig. 1A). NOX2 protein expression was identi-
fied at low levels in the CA1 region of the hippocampus in the 
sham group. Levels were markedly increased at 48 and 72 h 
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following DBI induction. As demonstrated in Fig. 1B, NOX2 
protein band intensity was quantified and results demonstrated 
that apocynin pre-treatment significantly inhibited the upregu-
lation of NOX2 protein levels compared with the DBI groups.

Apocynin treatment depresses NOX activity. Since apocynin 
was found to inhibit the increased protein expression of NOX2 

in the CA1 subregion of the hippocampus following DBI induc-
tion, we then performed a colorimetric assay to determine 
whether apocynin treatment reduces NOX activity. As demon-
strated in Fig. 2, a marked elevation of NOX activity in the 
CA1 region was observed at 48 and 72 h in the DBI untreated 
group following DBI induction compared with the sham group. 
Apocynin treatment significantly attenuated NOX activity in 

the treated group compared with the DBI untreated or the DBI 
group treated with the vehicle; however, NOX activity levels 
remained higher than the sham group.

Apocynin treatment attenuates brain edema. The wet-dry 
method was used to evaluate brain edema. In order to examine 
whether brain edema is associated with the upregulation of 
NOX2 and NOX activation, we used apocynin, a specific 
inhibitor of NOX, as pre-treatment prior to DBI. As demon-
strated in Fig. 3, DBI induced a significant increase in brain 
edema at 48 and 72 h in the DBI group compared with sham 
control. Pre-treatment with apocynin significantly reduced 
brain edema following DBI induction.

Apocynin treatment improves learning and memory ability. 
Since apocynin treatment was found to inhibit NOX activation 
and attenuate brain edema, we then examined whether apocynin 
treatment can improve spatial learning function using a Morris 
water maze 72 h following DBI induction or sham surgery. 
As demonstrated in Fig. 4, DBI caused a significant deficit in 

Figure 1. (A) Western blot analysis of NOX2 bands in the CA1 subregion 
of the hippocampus and (B) densitometry analysis of NOX2 bands corre-
sponding to β-actin. Quantitative results of NOX2 protein are expressed as 
the mean of ratio of densitometries of NOX2 to β-actin bands ± standard 
error for 5 experiments. Results demonstrated that NOX2 protein increased 
markedly at 48 and 72 h following DBI induction (**P<0.01 vs. sham group). 
Treatment with apocynin significantly decreased NOX2 protein expression 
(*P<0.05, vs. DBI group). NOX2, catalytic subunit of nicotinamide adenine 
dinucleotide phosphate oxidase; DBI, diffuse brain injury.

Figure 2. Effect of apocynin on NOX activity in the hippocampal CA1 sub-
region. Data are expressed as the means ± standard error (n=5). Activity of 
NOX in the CA1 subregions was markably enhanced at 48 and 72 h following 
DBI induction (**P<0.01, vs. sham group). Apocynin treatment reduced NOX 
activity (*P<0.05, vs. DBI group). NOX, nicotinamide adenine dinucleotide 
phosphate oxidase; DBI, diffuse brain injury.

Figure 3. Effect of apocynin on brain edema. Brain water content was deter-
mined at 48 and 72 h following DBI and calculated as percentage of dry and 
wet ratio. Bars represent mean ± standard error (n=5 per group). Brain water 
content increased markedly at 48 and 72 h following DBI (**P<0.01, vs. sham 
group). Treatment with apocynin decreased brain edema (*P<0.05, vs. DBI 
alone or DBI treated with vehicle groups), as demonstrated by a decrease in 
brain water content. DBI, diffuse brain injury.

Figure 4. Effect of apocynin on escape latency performance in the Morris 
water maze at 72 h following DBI or sham surgery. Bars represent the 
mean ± standard error (n=5, per group). The escape latency increased mark-
edly at 48 and 72 h following DBI (**P<0.01, vs. sham group). Treatment with 
apocynin reduced the time to identify the platform (*P<0.01, vs. DBI alone or 
DBI treated with vehicle groups). DBI, diffuse brain injury.
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spacial learning at 72 h following DBI induction in the DBI 
groups compared with the sham group. Apocynin treatment 
reduced the escape latency in the treated group compared with 
DBI untreated group or the DBI group treated with the vehicle.

Discussion

Secondary damage following primary DBI leads to brain 
edema and neuronal cell death and aggravates neuro-
logical disfunctions. Effective management is imperative for 
promoting anatomical and functional recovery. NOX is a major 
complex that produces reactive ROS and has previously been 
associated with secondary damage, leading to secondary brain 
injury, following brain ischemia reperfusion (16) and cerebral 
ischemia stroke (17,18). However, the role of NOX in the aggra-
vation of brain damage following DBI in the rat model remains 
poorly understood.

In the present study, we confirmed that NOX2 protein 
expression and NOX activity were enhanced at 48 and 72 h 
following DBI induction. These observations were accompanied 
by an increase in brain water content and profound neuro-
logical dysfunction. Treatment with apocynin not only reduced 
upregulated NOX2 protein expression and NOX activity, but 
markedly attenuated brain edema and spatial learning deficits, 
as determined by Morris water maze performance. These 
results indicate that following DBI, NOX activation is pivotal 
in the additional aggravation of secondary brain damage.

Elucidation of the molecular mechanisms of brain edema 
is an important area of investigation, with the ultimate aim 
to develop new therapeutic interventions for the prevention of 
edema formation following traumatic brain injury. NOX2, a 
membrane catalytic subunit of NOX, has been demonstrated 
to be upregulated in the ischemic period (19). Previous studies 
using NOX2 mutant knockout mice or pre-treatment with 
the specific NOX2 inhibitor, gp91ds-tat, have demonstrated 
significantly attenuated neuronal damage and edema following 
traumatic brain injury (20‑22). Dohi et al (20) and Lo et al (23) 
found that the inhibition of NOX activity improved neuro-
logical functions following surgically-induced brain injury or 
traumatic brain injury using transgenic mice lacking the NOX2 
subunit of NOX. These studies all indicate that the beneficial 
neuroprotective effects of apocynin are specifically due to the 
inhibition of NOX2 expression. Consistent with these previous 
studies, the results of the present study revealed that treatment 
with apocynin reduced enhanced NOX2 expression and attenu-
ated brain edema at 48 and 72 h following DBI induction. In 
addition, cognitive impairment was improved by apocynin 
treatment, which may be mediated, in part, by the downregula-
tion of NOX2 following DBI.

NOX activity has previously been demonstrated to increase 
during brain injury following experimental ischemia (24). The 
activation of NOX is mediated by the translocation of cytosolic 
subunits to the cell membrane and fusion with NOX2. The 
active complex transfers electrons to oxygen, producing super-
oxide anions, a precursor of ROS (1,25). The neuroprotective 
effects of apocynin have been hypothesized to be achieved by 
the downregulation of NOX2 expression and NOX activity. 
These events may depress the reduction of ROS (26), attenu-
ating the permeability of the blood-brain barrier and further 
reducing brain edema following DBI. Alternative mechanisms 

of NOX activity associated with brain damage, including 
inflammation (27) and neuronal death (28) i.e., apoptosis (29) 
and autophagy cell death (30) should be investigated further in 
order to evaluate the detailed role of NOX in secondary brain 
damage following DBI.

In conclusion, the results of the present study demonstrate 
that the upregulation of NOX2 expression and NOX activa-
tion are involved in secondary brain damage following DBI. 
Pre-treatment with apocynin attenuates brain edema and 
improves spatial learning ability. This neuroprotection is 
associated with the blockage of NOX activity. In addition, the 
present study indicates that targeting NOX with specific NOX 
inhibitors may have clinical efficacy in DBI.
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