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(astrocyte marker)-immunopositive cells were also clearly 
decreased in hippocampal tissues. Meanwhile, protein lev-
els of TLR4, NF-κB p65, TNF-α and IL-1β were found to 
be significantly downregulated by Western blot analysis. In 
conclusion, our findings indicate that the protective effects 
of apocynin may be related to modulation of neuronal 
autophagy and the TLR4/NF-κB signaling pathway.

Keywords Apocynin · Traumatic brain injury · 
Autophagy · Toll-like receptor 4 · Nuclear factor-kappa B

Introduction

Traumatic brain injury (TBI) is a major cause of death 
and disability in young individuals and is a critical public 
health problem in current society [1]. TBI begins with pri-
mary injury and gradually develops into secondary brain 
injury, resulting from a series of complex molecular cas-
cade events that eventually lead to brain edema, neuron 
death and impairment of movement and cognitive func-
tion. Current experimental and clinical studies are focused 
on the neuroprotection following TBI, with the purpose of 
preventing secondary injury and improving functional out-
comes [2]. However, the development of a safe and efficient 
treatment for TBI is greatly complicated by the existence 
of a highly complex injury-induced environment. There-
fore, despite various strategies that have been employed to 
understand the molecular basis of TBI, no fully effective 
treatments for TBI are available to date.

Substantial evidence indicates that neuronal autophagy 
and inflammation play an important role in the secondary 
injury after TBI [3–5]. Autophagy is a regulated cellular 
pathway for the turnover of organelles and proteins by lys-
osomal-dependent processing. The autophagy pathway is 
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involved in the pathophysiological process of brain injury, 
although controversy remains as to whether this process 
is protective or detrimental after injury [6]. Our previ-
ous study demonstrated that TBI activates autophagy and 
exacerbates neuronal damage, and suppression of neuronal 
autophagy by ceftriaxone and resveratrol can contribute to 
neuroprotection in the hippocampus of the rat brain [4, 7]. 
On the other hand, neuroinflammation is largely described 
in the acute phase after brain injury, frequently associated 
with blood brain barrier (BBB) dysfunction and followed 
by cerebral edema. Toll-like receptors (TLRs) play a vital 
role in the induction of inflammatory reaction and produc-
tion of inflammatory mediators [8]. In particular, TLR4 and 
the downstream nuclear factor-kappa B (NF-κB) signal-
ing pathway, which mediate the inflammatory reaction in 
brain injury or stroke, were demonstrated to be involved in 
the extension of cerebral infarction and the aggravation of 
traumatic brain damage [9, 10]. Interestingly, inhibiting the 
expression of inflammatory mediators by the TLR4/NF-κB 
pathway has been demonstrated to provide neuroprotection 
against TBI [5, 7].

Nicotinamide adenine dinucleotide phosphate oxidase 
(NADPH oxidase) is a multiunit enzyme composed of 
several subunits that include several isoforms of  NOX1–5 
[11]. A previous study demonstrated that  NOX2, a cata-
lytic subunit of NOX, is localized to the cerebral cortex and 
hippocampal CA1 subregion [12]. Experimental evidence 
suggests that over-activated  NOX2 significantly contrib-
utes to oxidative damage to neurons and other cell types 
in ischemic and traumatic conditions [13, 14]. Apocynin, a 
natural organic compound isolated from the root extract of 
Picrohiza kurroa, has been used as an efficient inhibitor of 
the NADPH-oxidase complex [15]. Recently, apocynin was 
reported to protect against oxidative stress (ROS) produc-
tion, microglial activation, BBB disruption and neuronal 
death after TBI in rats [16]. Moreover, treatment with apo-
cynin also attenuates the expression and activation of the 
 NOX2 protein, reducing brain edema and spatial learning 
deficits in TBI rats [14]. However, its role in the pathophys-
iology of TBI is not well understood. Specifically, whether 
the neuroprotection of apocynin is involved in neuronal 
autophagy via suppression of the inflammatory cascade 
after TBI remains underexplored to date.

Here, we generated a rat model of TBI and performed 
intraperitoneal (i.p.) injections of apocynin (50  mg/kg) 
immediately after trauma. The present study was designed 
to assess the protective effect of apocynin on post-TBI 
motor function, neurological impairment and brain edema 
in a rat model of TBI. We further examined whether apo-
cynin could attenuate brain damage via suppression of 
neuronal autophagy and downregulation of the inflamma-
tory cascade (TLR4/NF-κB signaling pathway) in the hip-
pocampus following TBI in rats.

Materials and Methods

Animals and TBI Model

Adult male Sprague-Dawley rats (age 10–12 weeks; weight 
300–330  g; Shijiazhuang, China) were used in this study. 
All experimental procedures were approved by the Animal 
Care and Use Committee of Hebei Medical University, and 
they conformed to the guidelines of the Chinese Council 
on Animal Protection. The rats were housed under environ-
mentally controlled conditions in a 12 h light/dark cycle at 
25 °C and were provided with food and water ad libitum. A 
previously described TBI model was utilized [17]. Briefly, 
after inducing anesthesia with an i.p. injection of 10% chlo-
ral hydrate (3 ml/kg), the head of the animal was fixed on a 
stereotactic frame. Aseptic techniques were used through-
out the surgery. A midline scalp incision was performed to 
expose the skull. A 6-mm craniotomy was performed over 
the right parietal cortex, centered on the coronal suture 
and 2.5 mm lateral to the sagittal suture (velocity = 5 m/s, 
depth = 2.5  mm and dwell time = 100  ms). The bone flap 
was immediately replaced and sealed, and the scalp was 
sutured closed. The rectal temperature was maintained 
at 37  °C with heating pads and lamps. The animals were 
returned to the feeding room after recovery from anesthe-
sia. Sham-operated rats underwent procedures identical to 
those of the TBI animals, including anesthesia and surgery, 
but without TBI. Efforts were made to reduce animal suf-
fering and minimize the number of animals used for these 
experiments. The severity of the controlled cortical impact 
injury model and the region affected was depicted in Fig. 1.

Groups and Drug Administration

The 105 adult rats were each randomly assigned to one 
of three groups (n = 35): sham, TBI or TBI + apocynin 
group. Apocynin (Sigma-Aldrich) was dissolved using 1% 
dimethyl sulfoxide (DMSO) and physiological saline, and 
then it was i.p. injected (50 mg/kg) immediately after TBI 
as described previously [14]. Both sham and TBI groups 
received equal volumes of DMSO/saline by i.p. injection. 
Each sub-group was composed of five rats, and the rats 
were killed at 12, 24, and 48  h following TBI. In addi-
tion, neurobehavioral tests and assessments of brain edema 
were performed on the remaining rats between days 1–21. 
All investigations were blind, and the animal codes were 
revealed only at the end of the behavioral and histological 
analyses.

Rotarod Task

Animals were pre-trained for 3 days for the rotarod. The 
rotarod was conducted prior to and at 1, 4, 7, 14 and 21 
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days after TBI as previously described [18]. For each trial, 
the rat was placed on a rotating barrel, and the speed was 
slowly increased from 4 to 40 rpm within 5 min. The time 
during which the animals remained on the rotarod was 
recorded. Pre-training occurred on the 3 days preceding 
injury.

Beam Walking Test

The beam walking test was utilized to evaluate fine motor 
coordination and function by measuring the ability of the 
animals to traverse an elevated narrow beam as described 
previously [19]. Animals were pre-trained for 3 days for 
beam walking tests. The beam walking test was conducted 
prior to and at 1, 4, 7, 14 and 21 days after TBI. The time 
for the rat to cross the beam was recorded (not to exceed 
60  s). Three measurements per trial were recorded 1  h 
before TBI (baseline) and at each tested time-point after 
TBI.

Modified Neurological Severity Score (mNSS)

The mNSS is a composite of motor, sensory, reflex and 
balance tests [20]. One point was given for the inability to 
perform each test or for the absence of a reflex; thus, the 
higher the score, the more severe the injury. Neurological 

function was graded on a scale of 0–18, where a normal 
score was 0, and a maximal deficit score was 18.

Histological Analysis

The brain tissues were fixed in 4% paraformaldehyde 
solution for 24 h, washed with running water for 4 h, then 
dehydrated with graded alcohol and embedded in paraffin 
following standard histological procedures. The tissues 
were serially sectioned at a thickness of 5  µm. All sec-
tions were mounted on glass slides and then stained with 
hematoxylin and eosin (H&E). The brain sections of the 
hippocampus area were at roughly 1.9  mm posterior to 
the bregma from each animal.

Brain Water Measurement

Brain edema was evaluated by analysis of brain water 
content as previously described [4]. Rat brains were har-
vested and weighed immediately on an electric analytic 
balance to obtain the wet weight (WW) and then dried 
at 100 °C for 24 h to obtain the dry weight (DW). Brain 
water content was calculated using the following formula: 
% brain water = [(WW − DW)/WW] × 100.

Fig. 1  The severity of the 
controlled cortical impact injury 
model and the region affected. 
Scale bar 200/20 μm. (n = 5, per 
group)
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Immunohistochemistry

Formalin-fixed paraffin-embedded sections (4  mm) were 
prepared for IHC staining. Briefly, sections were blocked 
with 3%  H2O2 for 20  min, followed by incubation with 
blocking 5% goat serum for 1 h at room temperature. The 
sections were then incubated with the primary antibod-
ies  (NOX2, LC3, Beclin1, CD11b, GFAP) overnight at 
4  °C, followed by incubation with secondary biotinylated 
antibodies (1:500, Sigma) for 1  h. Color was developed 
with DAB reagent for 2–10 min, and counterstaining was 
performed with hematoxylin. Primary antibodies were 
replaced with PBS in the negative control. Images were 
captured using an AxioVision4Ac microscope system (Carl 
Zeiss, Germany).

Immunofluorescence Analyses

Immunofluorescence analysis was performed as described 
previously by our laboratory [7]. Briefly, coronal brain sec-
tions (15 μm) were cut on a microtome after perfusion and 
cryoprotection. Staining was performed using a mouse anti-
NeuN monoclonal antibody (dilution, 1:100; Millipore) fol-
lowing the manufacturer’s instructions. For double-labeling 
staining, sections were incubated with a mixture of rabbit 
anti-LC3 polyclonal antibody (dilution, 1:100; MBL) or 
goat anti-TLR4 polyclonal antibody (diluted, 1:100; Santa 
Cruz Biotechnology) and mouse anti-NeuN monoclonal 
antibody (dilution, 1:100; Millipore) overnight at 4 °C. On 
the following day, the sections were incubated with a mix-
ture of fluorescein-conjugated donkey anti-rabbit or donkey 
anti-goat Alexa-Fluor594 and donkey anti-mouse Alexa-
Fluor 488 (Santa Cruz Biotechnology; diluted 1:200) for 
2  h at 37  °C in the dark. The sections were then stained 
with 4,6-diamidino-2-phenylindole (DAPI) and observed 
with a fluorescence microscope (Olympus Fluoview™ 
FV1000). Primary antibodies were replaced with PBS in 
the negative control group.

Western Blot Analysis

Western blotting was performed as described in detail by 
our laboratory [7]. Briefly, total proteins were extracted 
from the hippocampal tissues, and the protein concentra-
tion was determined by the BCA reagent (Solarbio, Bei-
jing, China) method. The equivalent of 30  mg of protein 
was separated by gel electrophoresis, transferred to PVDF 
membranes and immunoblotted with an anti-LC3 (MBL, 
diluted 1:1000), anti-NOX2 (Invitrogen, diluted 1:1000), 
anti-Beclin1 (MBL, diluted 1:1000), anti-TLR4 (Santa 
Cruz Biotechnology; diluted 1:500), anti-NF-κB p65 
(Santa Cruz Biotechnology; diluted 1:500), anti-TNF-α 
(Affinity, diluted 1:500) or anti-IL-1β (Affinity, diluted 

1:500) antibody. The membranes were incubated with sec-
ondary biotinylated antibodies for 2 h at 37 °C, separately. 
The immunoblotted proteins on the membrane were visu-
alized following development with an enhanced chemilu-
minescence (ECL) detection system, and the densitometric 
signals were quantified by using Image J software (Image 
Lab 4.1; BioRad).

Statistical Analysis

All experiments were repeated three times, and simi-
lar results were obtained. All data are presented as the 
mean ± standard deviation (SD) and analyzed using SPSS 
16.0. Statistical analysis was performed using ANOVA, fol-
lowed by Student-Newman-Keuls post hoc tests. P values 
of less than 0.05 were considered statistically significant.

Results

Apocynin Improved Behavioral Function and Reduced 
Brain Edema After TBI

To explore the neuroprotective potential of apocynin for 
TBI, we first evaluated motor and neurological functions, 
which are important indexes for assessing TBI severity. 
TBI induced a significant impairment in performances in 
both the rotarod and beam walk tests at all time points in 
vehicle-treated rats (Fig.  2a, b). Treatment with apocynin 
significantly increased the rotarod running time at 1, 4 
and 7 days post-injury as compared to the vehicle group 
(*P < 0.05 vs. vehicle group). Similarly, apocynin-treated 
rats exhibited better beam walk performances with sig-
nificantly reduced latency times when crossing the beam 
from 1 to 14 days after TBI (*P < 0.05 vs. vehicle group). 
Moreover, we found that the mNSS of rats in the TBI group 
was significantly increased in comparison with that of the 
sham group from 1 to 21 days, and apocynin treatment sig-
nificantly reduced the mNSS compared with the TBI group 
(Fig. 2c). Finally, the dry-wet weight method was used to 
determine the effect of apocynin on brain edema from 1 
to 21 days after TBI. As shown in Fig. 2d, TBI induced a 
significant increase in brain edema at 1–14 days compared 
with the sham group, and apocynin significantly reduced 
the formation of brain edema in rats with TBI. These 
results suggest that a single injection of apocynin is suffi-
cient to improve behavioral functional outcomes after TBI.

Apocynin Attenuates Neurons Damage in the Cortex 
and Hippocampus

We next examined the neuroprotective effect of apocynin in 
the cortex and hippocampal region by immunostaining with 
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the neuronal marker NeuN following TBI. The number of 
surviving neurons was quantified by counting NeuN-posi-
tive cells per 1 mm length in the hippocampal area of all 
animals. As shown in Fig. 3a, sham animals showed robust 
NeuN immunostaining in the cortex and hippocampal CA1 
and CA3 regions, indicating clear and moderate-sized 
normal neurons in the non-injured state. By contrast, TBI 
resulted in a profound decrease in the number of surviving 
neurons in the cortex and hippocampal region at 24 h after 
TBI, as compared to the sham control (Fig. 3a, b). Intrigu-
ingly, in the apocynin group, NeuN immunostaining and 
the number of surviving neurons were markedly enhanced, 
suggesting a strong neuroprotective effect was exerted 
against TBI-induced neuronal cell loss.

Apocynin Reduces Upregulation of  NOX2 Protein 
Expression

We next examined the role of the major  NOX2 isoform of 
NADPH oxidase in TBI damage by IHC and Western blot. 
As shown in Fig. 4a, we could occasionally observe posi-
tive cells, and the positive cells were lightly stained in the 
sham group. Compared with the sham group,  NOX2 posi-
tive cells were increased in the TBI group, staining with 
a deep color and indicating enhanced immune reactivity. 
However, the immunoreactivity of  NOX2 declined in the 
apocynin group. Following TBI,  NOX2 levels were mark-
edly increased at 12, 24 and 48  h. As demonstrated by 
densitometry analysis in Fig. 4b, treatment with apocynin 

Fig. 2  Post-injury apocynin treatment improved long-term neurobe-
havioral functions and reduced brain edema. a Apocynin significantly 
increased the rotarod running time compared with vehicle-treated rat 
on days 1, 4, and 7 after TBI. b Beam walk latencies were signifi-
cantly shorter for the apocynin group than the vehicle group at 1, 4, 
7, and 14 days post-TBI. c The mNSSs were significantly lower in 

the apocynin group than the vehicle group at all time points analyzed 
after injury. d Treatment of apocynin significantly decreased brain 
edema compared with vehicle group on days 1, 4, 7, and 14 after TBI, 
as reflected by a decrease in brain water content. Values are presented 
as mean ± SD; #P < 0.05 versus sham group; *P < 0.05 versus vehicle 
group; (n = 5, per group)
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Fig. 3  Apocynin increases neuronal density following TBI. Coronal 
brain sections containing cerebral cortex and hippocampal region 
were subjected to immunofluorescent staining with anti-NeuN anti-
bodies (green). a Representative images indicate that both sham and 
post-treatment of apocynin markedly increased neuronal density at 

24 h after TBI. Scale bar 50 μm. b Quantification of the number of 
viable neurons/mm length of hippocampal area in each group. (n = 5, 
per group; *P < 0.05 vs. sham group; #P < 0.05 vs. TBI group). (Color 
figure online)

Fig. 4  Apocynin reduces upregulation of  NOX2 protein expression. 
a Representative immunohistochemical staining of  NOX2 in the hip-
pocampus from sham, TBI and apocynin treated group at 24 h. Scale 
bar 50 μm. b Western blot analysis of  NOX2 bands in the hippocam-
pus at 12, 24 and 48 h following TBI or sham surgery. c Densitom-

etry analysis of  NOX2 band corresponding to β-actin. Results dem-
onstrated that  NOX2 protein increased markedly at 12, 48 and 72 h 
following TBI induction (*P < 0.05 vs. sham group). Treatment with 
apocynin significantly decreased  NOX2 protein expression (#P < 0.05 
vs. TBI group). Data were expressed as mean ± SD (n = 5, per group)
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significantly reduced the relative protein expression of 
 NOX2 at 12, 24 and 48  h in the hippocampus compared 
with the TBI group.

Apocynin Suppresses Neuronal Autophagy 
in Hippocampus

To further clarify the roles of apocynin in the attenuation 
of TBI-induced brain damage and in neuroprotection, we 
first examined the autophagy marker proteins, LC3 and 
Beclin1, in the hippocampus at 24 h after TBI by immuno-
histochemistry. The results show robust increases in immu-
nostaining intensity for LC3 and Beclin1 in the hippocam-
pal CA1 region in the TBI group as compared to sham 
controls (Figs.  5a, 6a). Interestingly, treatment with the 
NADPH oxidase inhibitor apocynin markedly attenuated 
the LC3 and Beclin1 immunostaining in the hippocam-
pal CA1 region as compared to TBI controls. Next, the 
co-localization of NeuN and LC3 was assessed by immu-
nofluorescence staining at 24 h. As shown in Fig. 5b, few 
or no LC3-positive cells were detected at 24 h in the hip-
pocampal tissue of sham control rats. However, autophagy 
was mainly induced following TBI, and LC3-positive cells 
co-localized with NeuN in the hippocampus CA1 region at 
24 h. Moreover, the LC3 immunofluorescence intensity in 
NeuN-positive cells was also reduced after apocynin treat-
ment. In order to confirm the ability of apocynin to inhibit 
autophagy, the protein levels of LC3II/I and Beclin1 were 
evaluated by Western blot at 12, 24 and 48  h in the hip-
pocampus. The LC3II/I ratio and Beclin1 expression were 
significantly upregulated at 12, 24 and 48 h after TBI com-
pared with the sham group. Interestingly, treatment with 
apocynin significantly decreased the protein expression of 
LC3II/I and Beclin1 in the injured hippocampus compared 
with the TBI groups. (Figs. 5c, 6b, c).

Apocynin Suppresses TLR4 Expression 
in the Hippocampus

To determine whether TLR4 is involved in TBI-induced 
neuronal damage, we performed double immunofluo-
rescence staining at 24  h after TBI. As clearly shown in 
Fig.  7a, few or no TLR4-positive cells co-labeled with 
NeuN were detected in the hippocampus tissue of sham 
control rats. However, the majority of TLR4-positive NeuN 
cells were found in the hippocampal CA1 region at 24 h in 
the TBI group. Interestingly, apocynin also significantly 
reduced the number of TLR4-positive cells co-labeled with 
NeuN after TBI. The protein expression of TLR4 also was 
subsequently analyzed by Western blot (Fig. 7b) and found 
to be at low levels in the hippocampus in the sham group 
and markedly increased at 12, 24 and 48  h after TBI. As 
demonstrated in Fig.  7c, apocynin significantly inhibited 

the upregulation of TLR4 protein levels compared with the 
TBI groups at 12–48 h.

Apocynin Downregulates the Expression 
of Inflammatory Mediators

Results of the immunohistochemical analysis showed lit-
tle CD11b and GFAP immunoreactivity in sham-operated 
rats, but it was obviously increased in the hippocampal 
region 24  h after TBI (Fig.  8a). Apocynin administration 
obviously reduced the number of CD11b and GFAP-immu-
nopositive cells in the hippocampal region as compared to 
TBI controls (Fig. 8b, c). In order to further investigate the 
mechanism of action of apocynin, Western blot analysis 
was performed to examine the expression of inflammation-
related molecules in the hippocampus, including NF-κB 
p65, TNF-α and IL-1β. Our results showed that the protein 
expression levels of NF-κB p65, TNF-α and IL-1β were 
significantly upregulated in the hippocampus tissues of rats 
in the TBI group compared with the sham group at 12–48 h 
following TBI. In addition, their protein content reached 
a maximum level at the same time, 24 h following injury 
(Fig. 9a–c). However, treatment with apocynin significantly 
inhibited the expression levels of all three of these proteins 
in the hippocampus tissues of rats at the same time points 
(Fig. 9d–f).

Discussion

This study utilized the rat TBI injury model to investigate 
neuroprotective effects of apocynin, as well as changes in 
neuronal autophagy and the TLR4/NF-κB signaling path-
way following TBI injury. For the first time, a single injec-
tion of apocynin post-TBI was shown to improve behavio-
ral function and reduce neuronal damage and brain edema 
in rats. Apocynin can inhibit the “activity” of NADPH 
oxidase. And it has been demonstrated that treatment with 
apocynin also attenuates the expression and activation of 
the  NOX2 protein [14]. In present study, we focused on the 
expression of  NOX2 in the rat TBI model. We found that 
 NOX2 protein expression was attenuated after apocynin 
treatment. This phenomenon reveals that  NOX2-depedent 
NADPH oxidase activity was inhibited by apocynin. These 
protective effects also might be associated with suppres-
sion of neuronal autophagy and the TLR4/NF-κB signaling 
pathway.

In the study, we demonstrated that rats treated with apo-
cynin (50 mg/kg, i.p.) exhibited reduced motor deficits at 
1–7 and 1–14 days by rotarod and beam walk tests, respec-
tively, and also showed reduced mNSS at 1–21 days and 
attenuated brain edema formation at 1–14 days. These 
results are consistent with previous studies suggesting that 
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apocynin treatment affords neuroprotection against a vari-
ety of neurological disorders, including reduced motor 
and cognitive impairment [21, 22] and attenuation of brain 
edema [23, 24]. It is interesting to note that other previ-
ous studies did not verify any protective effect of apocynin 

on brain water content or against neuromotor impairment 
induced by different brain injury models [25, 26]. The 
absence of beneficial results with apocynin treatment in 
brain edema could indicate that  NOX2-depedent NADPH 
oxidase activity is not involved in the development of brain 

Fig. 5  Evaluated of LC3 protein expression in the hippocampus. 
a Representative immunohistochemical staining of LC3 in the hip-
pocampus from sham, TBI and apocynin treated group at 24 h. Scale 
bar 50  μm. b Co-localization of LC3 and NeuN at 24  h following 
TBI was determined by immunofluorescent staining. As shown, few 
LC3-positive NeuN cells were detected in the hippocampal in sham 
group. The majority of LC3-positive NeuN cells were found in the 
hippocampal in TBI group. Orange labeling is indicative of co-local-

ization. Treatment with apocynin significantly inhibited the increase 
in LC3-positive NeuN post-trauma. Scale bar 50 μm. c Western blot 
analysis of LC3 bands in the hippocampus and densitometry analy-
sis of LC3II/I bands corresponding to β-actin. Results demonstrated 
that LC3II/I protein expression was significantly elevated after TBI 
(*P < 0.01 vs. sham group). Treatment with apocynin significantly 
decreased the level of LC3II/I protein expression (#P < 0.05 vs. TBI 
group). Data were expressed as mean ± SD (n = 5, per group)
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edema induced by TBI. One possible reason for these dis-
crepant results is the diversity of treatment protocols (dif-
ferent doses, time or routes of administration) and different 
experimental models. Therefore, further studies are neces-
sary to clarify the involvement of  NOX2-depedent NADPH 
oxidase activity in the development of brain edema after 
TBI.

NOX2 has been shown to be highly expressed in the 
cortex and hippocampus and contributes significantly to 
neuronal cell death and functional impairments after TBI 
[14, 27]. Therefore, we evaluated neuronal damage in the 
cortex and hippocampus using immunostaining for NeuN. 
The results showed marked morphological changes and 
neuronal loss in the cortex and hippocampal CA1 and CA3 
neurons of rats in the TBI group. Our study also revealed 
that  NOX2 was highly expressed in hippocampal neurons 
at 24 h after TBI.  NOX2 protein expression was enhanced 
at 12 to 48  h following TBI induction. Treatment with 
apocynin not only reduced protein expression of  NOX2, 
but also markedly attenuated the morphological changes 
and increased neuronal survival. These results indicate 
that following TBI,  NOX2 activation is pivotal in the addi-
tional aggravation of secondary brain injury. Our findings 
are similar to those of Zhang et  al., who demonstrated 
that treatment with apocynin also selectively protected 
vulnerable neurons in the cortex and hippocampus and 

downregulated  NOX2 activity following TBI [24]. Previous 
studies using NOX2 mutant knockout mice or the specific 
NOX2 inhibitor, gp91ds-tat, found that TBI damage to the 
brain was likewise significantly attenuated in NOX2 knock-
out mice or the gp91ds-tat group [25, 28].

Previous studies have indicated that neuronal autophagy 
and NOX expression commonly aggravate secondary brain 
damage after TBI [4, 6, 7, 14, 24]. Teng et  al. found that 
autophagy may contribute to impaired angiogenesis in per-
sistent pulmonary hypertension-pulmonary artery endothe-
lial cells (PPHN-PAEC) through increasing NOX expres-
sion [29]. Those results suggest that, in PPHN-PAEC, a 
positive feedback relationship between autophagy and 
NOX expression may regulate angiogenesis. Lu et al. also 
showed that the pharmacological inhibition of NADPH 
oxidase using apocynin or gp91ds-tat could decrease 
autophagy in hippocampal slice cultures and the rat brain, 
respectively [30]. However, whether the autophagy signal 
transduction pathway is mediated by NADPH oxidase after 
TBI is not yet clear. We hypothesized that the mechanism 
underlying the neuroprotective effects of apocynin on TBI 
is mediated through the prevention of autophagic neuronal 
death. Results of our immunohistochemistry and Western 
blot analyses demonstrated that apocynin inhibited neu-
ronal autophagy and decreased the expression of LC3 d 
Beclin1 in rat hippocampal tissues at 12–48  h after TBI. 

Fig. 6  Evaluated of Beclin1 protein expression in the hippocampus. 
a Representative immunohistochemical staining of Beclin1 in the 
hippocampus from sham, TBI and apocynin treated group at 24  h. 
Scale bar 50 μm. b Western blot analysis of Beclin1 bands in the hip-
pocampus at 12, 24 and 48 h following TBI or sham surgery. c Den-
sitometry analysis of Beclin1 band corresponding to β-actin. Results 

demonstrated that Beclin1 protein increased markedly at 12, 48 and 
72 h following TBI induction (*P < 0.05 vs. sham group). Treatment 
with apocynin significantly decreased Beclin1 protein expression 
(#P < 0.05 vs. TBI group). Data were expressed as mean ± SD (n = 5, 
per group)
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Recently, autophagy flux was assessed in several models 
of TBI based on levels of the autophagic substrate pro-
tein sequestosome 1 (SQSTM1)/p62 [31]. Lipinski et  al. 
[32] demonstrated that augmentation and/or restoration of 
autophagy flux may provide a potential therapeutic target 
for treatment of TBI and spine cord injury. Because recent 
studies and our previous research have shown the accumu-
lation of autophagosomes based on electron microscopy 
studies and/or accumulation of the autophagosome marker 
proteins LC3-II and Beclin1 [3, 4, 6, 7], we did not address 
the issue of flux in the current study. It is therefore rea-
sonable to hypothesize that the neuroprotective effect of 
apocynin on TBI is associated with the attenuation of neu-
ronal autophagy, which is a contributing factor to neuronal 
damage.

TLR4 acts as a proinflammatory cytokine that medi-
ates inflammation following insults such as sepsis and 
acute cerebral ischemia or trauma during the acute phase 

[9]. It serves as a sensor for autophagy associated with 
innate immunity through MyD88-dependent and TRIF-
dependent signaling [33]. Accumulating evidence also 
supports that TLR4 is expressed in diverse cell types 
of the brain, including neurons, microglia, astrocytes 
and oligodendrocytes [34], and plays an important role 
in neuronal death in animal models. Thus, it may be an 
important therapeutic target following TBI. In our study, 
TLR4 was determined to have a significant role in TBI, as 
dual immunohistochemistry studies revealed that it was 
highly co-localized in hippocampal neurons at 24 h after 
TBI. Furthermore, the protein expression of TLR4 was 
significantly increased at 12  h after TBI and remained 
high until 48  h compared with those levels observed in 
the sham group. Our results also showed that apocynin 
could significantly reduce the expression of TLR4 in the 
hippocampal tissues after TBI. Other studies similarly 
showed that apocynin treatment may exert a protective 

Fig. 7  Apocynin reduces protein expression of TLR4. a Identifica-
tion of TLR4-positive cells 24 h post-TBI in the hippocampus using 
immunofluorescence. TLR4 immunoreactivity (red) was present in 
NeuN-positive cells (green) at 24  h following TBI, and cell nuclei 
were counterstained by DAPI (blue). Orange labeling indicates co-
localization. Scale bar 50 μm. b Western blot analysis of TLR4 bands 
in the hippocampus at 12, 24 and 48 h following TBI or sham sur-

gery. c Densitometry analysis of TLR4 band corresponding to β-actin. 
Results demonstrated that TLR4 protein increased markedly at 12, 48 
and 72 h following TBI induction (*P < 0.05 vs. sham group). Treat-
ment with apocynin significantly decreased TLR4 protein expression 
(#P < 0.05 vs. TBI group). Data were expressed as mean ± SD (n = 5, 
per group). (Color figure online)
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effect in myocardial ischemia-reperfusion (MIR) injury 
by affecting TLR4, MPO and ADMA levels [35]. Activa-
tion of TLR2/4 was previously shown to generally lead to 
nuclear translocation of NF-κB, a key regulator involved 
in the inducible expression of inflammatory mediators 
leading to inflammatory reactions [36]. Microglia, the 
principal cells involved in the innate immune response in 
the CNS, have been implicated in mediating the inflam-
mation that occurs after TBI and contributing to neuronal 
damage through release of inflammatory cytokines [37, 
38]. Thus, the attenuation of the NF-κB signaling cas-
cade and microglial activation following NADPH oxidase 
inhibition can potentially reduce inflammatory reactions 
and facilitate neuronal survival following TBI. On the 
other hand, Huang et al. revealed that  NOX2 activity and 
the generated ROS are key signals that induce TLR-acti-
vated autophagy of phagosomes [39]. Therefore, we also 
hypothesize that the autophagic pathway may be influ-
enced by apocynin via downregulation of inflammatory 

cytokines in the hippocampus of the rat brain. As shown 
in our results, apocynin clearly reduced the CD11b and 
GFAP-immunopositive cells in the hippocampus as com-
pared to TBI controls. In addition, we demonstrated that 
apocynin also decreased the protein expression of NF-κB 
p65 and attenuated the release of inflammatory cytokines 
(TNF-α and IL-1β) in the hippocampal tissue of rats.

It should be noted that all the protein and staining data 
were collected up to 48  h after the injury. However, the 
behavior data was analyzed up to 21 days. This is because 
oxidative stress, autophagy, and inflammatory reactions 
occur within a relatively short time-course after TBI. All 
factors can play a role in secondary brain damage, and 
thereby affect the recovery of long-term neurological def-
icits caused by TBI. Otherwise, few studies have focused 
on the molecular changes of autophagy, oxidative stress, 
and inflammatory response after a relatively long period of 
post-traumatic brain injury. This topic is very interesting 
and requires further investigations.

Fig. 8  Apocynin reduces expression of CD11b and GFAP. a Repre-
sentative immunohistochemical staining of CD11b and GFAP in the 
hippocampus from sham, TBI and apocynin treated group at 24  h. 
Scale bar 50  μm. b Quantification showing that apocynin treated 
rats had significantly fewer CD11b or GFAP-positive cells in the hip-

pocampal area than the TBI group. The total numbers of CD11b or 
GFAP-positive cells were expressed as the mean number per 100 lm 
length of hippocampal area in each group. (n = 5, per group; *P < 0.01 
vs. sham group, #P < 0.05 vs. TBI group)
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In summary, our study showed that administration of 
apocynin alleviated neurobehavioral deficits, brain edema 
and neuronal damage following TBI. These effects may be 
generated through down-regulating  NOX2 activity, suppres-
sion of neuronal autophagy and the TLR4/NF-κB signaling 
pathway (Fig. 10). Apocynin may be promising as a protec-
tive intervention after TBI, and more study is warranted for 
its clinical testing in the future.
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