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Abstract. Spinal cord injury (SCI) is a devastating condition 
affecting hundreds of thousands of people worldwide annu-
ally. SCI results in activation of the inflammatory response 
and apoptosis, and generates oxidative stress, which has dele-
terious effects on the recovery of motor function. Apocynin, 
an inhibitor of NADPH oxidase, has been demonstrated to 
improve neuronal functional recovery in rat models of SCI. 
However, the efficacy of apocynin treatment post‑SCI has not 
been investigated. The aim of this study was to observe the 
effects of apocynin on the repair of acute spinal cord damage 
in rats and to examine the potential beneficial effects. A rat 
model of SCI was established, and apocynin (50 mg/kg) was 
administered intraperitoneally at 30 min after SCI and then 
every 12 h for 3 days. In order to examine oxidative tissue 
injury, the levels of malondialdehyde and glutathione and 
activities of myeloperoxidase and superoxide dismutase in the 
spinal cord tissues were measured. Histological evaluations 
were also conducted. NeuN labeling, TUNEL staining and 
caspase 3 immunohistochemical staining were performed to 
analyze neuronal damage and apoptosis around the lesion. 
Immunohistochemical analysis was also carried out to 
observe the expression of CD11b and glial fibrillary acidic 
protein. The expression levels of bax, bcl‑2, tumor necrosis‑α, 
interleukin (IL)-1β and IL-6 in the spinal cord tissue were 
assayed by western blotting. Finally, locomotor function was 
evaluated using the inclined plane test and Basso, Beattie and 
Bresnahan scores. The results showed that treatment with 
apocynin decreased oxidative damage, alleviated neuronal 
apoptosis, inhibited the inflammatory response and resulted 
in the promotion of locomotor function. Therefore, this study 
confirmed the therapeutic efficacy of apocynin in the repair 

of SCI, which was probably mediated via the inhibition of 
apoptosis and the inflammatory response, thus promoting the 
restoration of nerve function.

Introduction

Spinal cord injury (SCI), which is attributed to various factors 
that include mechanical factors as well as other mechanisms 
caused by the trauma, often leads to the severe dysfunction of 
limbs and trunk below the damaged section, and is a major 
cause of permanent disability in children and adults (1,2). In 
addition to direct injury caused by primary trauma following 
SCI, a variety of extended neuropathophysiological alterations 
occur. Secondary damage plays a part in increasing the extent 
of the pathological effects of SCI where excitotoxicity, inflam-
mation, autophagy as well as apoptosis play vital roles (3-6). 
Over the past decades various strategies have been used to 
elucidate the molecular basis of SCI; however, no fully effec-
tive treatments for SCI are available to date. Therefore, the 
development of a safe and efficient treatment for SCI is greatly 
complicated by the existence of a highly complex injury 
environment.

Oxidative stress has been implicated to play a significant 
role in the pathology of SCI (7,8). Nicotinamide adenine 
dinucleotide phosphate (NADPH)‑oxidase is a membrane 
enzyme composed of several subunits that include NOX and 
phox subunits, and is responsible for the production of reac-
tive oxygen species (ROS). A previous study has suggested 
that NADPH oxidase is expressed in neurons, astrocytes 
and microglia (9). Another study has indicated that NADPH 
oxidase‑derived ROS is involved in the modulation of 
neurological function under physiological and pathological 
conditions (10), and inhibition of this enzyme represents an 
attractive therapeutic target for the treatment of a number of 
nervous system diseases.

Apocynin, an inhibitor of NADPH oxidase, is a 
natural organic compound isolated from the roots of 
Apocynum cannabinum (Canadian hemp) (11). Studies have 
been conducted to determine its disease‑fighting capabili-
ties and application in several types of brain damage, such 
as traumatic brain injury and stroke (12,13). Notably, the 
beneficial effects of apocynin following SCI in rats have 
been demonstrated to be associated with its antioxidant and 
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anti‑inflammatory properties (14). Therefore, the protective 
effect and mechanisms of apocynin after SCI require further 
exploration.

In the present study, the effect of apocynin on oxidative 
stress, apoptosis, inflammation and function following SCI 
were examined in rat model. It was found that SCI‑induced 
oxidative damage, neuronal injury, microglial activation and 
motor deficits were prevented through the anti‑apoptotic and 
anti‑inflammatory effects of apocynin. Therefore, the present 
results suggest that treatment with apocynin following SCI 
may have the potential to reduce SCI‑induced neuronal death.

Materials and methods

Experiment animals and SCI model. Adult male 
Sprague‑Dawley rats (250‑300 g) were obtained from Xi'an 
Medical University Experimental Animal Center (Xi'an, 
China). The animals were housed in a temperature‑ and 
humidity‑controlled environment (22‑24˚C, 55+5% humidity 
and a standard 12 h light/dark cycle), and supplied with food and 
water ad libitum. A total of 60 rats were utilized in this study. 
All experimental protocols were approved by the Xi'an Medical 
University Animal Care and Use Committee. SCI models were 
created using standardized mid‑thoracic spinal cord compres-
sion injury as described by Rivlin and Tator (15), which has 
been well established in our laboratory for several years. Rats 
were anesthetized with 10% chloral hydrate (3 ml/kg; Bio‑Rad 
Biotechnology, Inc., Shanghai, China), and then positioned on 
a thermostat‑controlled heating pad at 37˚C in a prone position. 
Under sterile conditions, a longitudinal incision was made on 
the midline of the back, exposing the paravertebral muscles and 
then dissection was conducted to expose the T6/T7 vertebrae. 
Laminectomy was performed, and the spinal cord was exposed 
without opening the dura mater. In this model, an aneurysm 
clip with a calibrated closing force of 24 g was closed around 
the mid‑thoracic spinal cord for 1 min, which rendered the 
animals completely paraplegic. The incision was sutured and 
the rats were placed on heat pads (37˚C) for 2‑4 h to maintain 
normal body temperature until they were completely awake.

Groups and drug administration. Rats were randomly divided 
into three groups with 20 rats in each: The sham group, SCI 
group and SCI + apocynin groups. Animals in the sham group 
were subjected to the surgical procedure described above, with 
the exception that the aneurysm clip was not applied. Apocynin 
(Sigma‑Aldrich; Merck Millipore, Darmstadt, Germany) was 
dissolved in dimethyl sulfoxide (DMSO) and physiological 
saline (1:1; 1 mg/ml), and then injected (50 mg/kg) intraperi-
toneally 30 min after SCI and then every 12 h for 3 days. The 
sham and SCI groups received equal volumes of DMSO and 
saline intraperitoneally at the same times daily. A sub‑group 
of 5 rats from each group were sacrificed 3 days following SCI, 
and the remaining rats were subjected to behavioral testing. 
Rats were anesthetized with 10% chloral hydrate (3 ml/kg; 
Bio-Rad Biotechnology, Inc.). All rats were sacrificed by 
exsanguination following anesthesia.

Oxidative stress and antioxidant assays
Measurement of tissue myeloperoxidase (MPO) activity. 
MPO activity in the spinal cord tissues was determined 3 days 

after SCI as previously described (16). Tissue samples were 
obtained and homogenized in 50 mM potassium phosphate 
buffer (PB) with a pH of 7.0, and centrifuged for 10 min at 
4,000 x g at 4˚C. The pellets were suspended in 50 mM PB 
containing 0.5% hexadecyltrimethylammonium bromide, then 
subjected to three freeze and thaw cycles with sonication and 
centrifuged again (10 min at 4,000 x g at 4˚C). An aliquot of 
the supernatant (0.3 ml) was added to 2.3 ml reaction mixture 
containing o‑dianisidine, 50 mM PB and 20 mM H2O2 
solution. The rate of change in absorbance was measured spec-
trophotometrically at 460 nm. MPO activity was expressed as 
U/g tissue.

Measurement of tissue malondialdehyde (MDA) and 
glutathione (GSH) levels. Spinal cord tissue samples were 
homogenized with ice‑cold 150 mM KCl for the determi-
nation of MDA and GSH levels. The levels of MDA were 
assayed for products of lipid peroxidation in the spinal cord 
tissues homogenates using the thiobarbituric acid (TBA) 
reaction method, as described previously (17). MDA levels 
which were determined by measurement of absorption at a 
wavelength of 532 nm following reaction with TBA to form 
a pink chromogen, were expressed as nmol MDA/g tissue. 
GSH measurements were performed using a kit supplied by 
Cayman (Cayman Chemical Company, Ann Arbor, MI, USA) 
according to the manufacturer's instructions. GSH levels were 
expressed as mmol GSH/g tissue.

Measurement of superoxide dismutase (SOD) activity. SOD 
activity in the spinal cord tissues was measured with a 
Shimadzu UV‑2100 spectrophotometer (Shimadzu Interna-
tional Trading (Shanghai) Co., Ltd., Shanghai, China). The 
assay for SOD was based on the activity of this enzyme in the 
xanthine‑xanthine oxidase system (18). The changes in absor-
bance were measured at 550 nm with a spectrophotometer. 
The SOD levels were expressed as activity units per g protein.

Histological analysis. Histological examination of the SCI 
was performed by NeuN and terminal deoxynucleotidyl‑trans-
ferase‑mediated dUTP nick end labeling (TUNEL) staining 
as described previously (19). At day 3 after SCI, animals were 
anesthetized and transcardially perfused with 4% paraformal-
dehyde (PB, pH 7.4). A 5‑mm spinal cord segment, 2.5 mm 
caudal and 2.5 mm rostral to the injury site, was extracted. 
Spinal cords were kept in 4% paraformaldehyde for 24 h 
and then transferred to a 30% sucrose solution (0.1 M PBS, 
pH 7.4). Spinal cords were then cut into 30‑µm axial sections. 
The sections were permeabilized using 0.4% Triton X‑100 
for 30 min, then incubated with 5% normal donkey serum 
(Bio‑Rad Biotechnology, Inc.) for 1 h at room temperature, 
followed by incubation with mouse anti‑NeuN monoclonal 
antibodies (diluted 1:100; ab104224; Abcam, Cambridge, 
UK) overnight at 4˚C. The following day, the sections were 
incubated with secondary antibodies (Alexa Fluor 488 donkey 
anti‑mouse IgG; diluted 1:100; ab150105; Abcam) at room 
temperature for 2 h. TUNEL staining was performed using an 
In Situ Cell Death Detection kit (Roche Diagnostics GmbH, 
Mannheim, Germany). Sections were incubated with TUNEL 
reaction mixture including TdT enzyme and TMR red 
labeled dUTP in a dark humidified chamber for 1 h at 37˚C, 
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followed by three final washes, each for 10 min, and visualized 
using converter-POD (a horseradish peroxidase-conjugated 
anti‑fluorescein antibody) with 0.03% 3,3'‑diaminobenzidine 
(DAB). Immunofluorescence was detected and photographed 
in the dorsal column region within the 5‑mm region of 
interest using a laser scanning confocal microscope (Olympus 
FluoView™ FV1000; Olympus Corporation, Tokyo, Japan). 
For quantitative analysis, the numbers of surviving neurons 
and TUNEL‑positive apoptotic cells were quantified as previ-
ously described using pixel density measurements in Scion 
Image 4.02 (Scion Corporation, Boston, MA, USA) (20). For 
all stains, at least five sections taken from regular intervals 
within the 5‑mm region of interest were evaluated.

Immunohistochemical analysis. Immunohistochemical 
staining for spinal cord tissue was performed on ice‑cold 
sections (30 µm). Brief ly, sections were blocked with 
0.01 mol/l phosphate‑buffered saline (PBS) containing 5% 
goat serum for 1 h at room temperature. Sections were then 
incubated overnight at 4˚C with rabbit anti‑caspase 3 poly-
clonal antibodies (ab4051; diluted 1:100), mouse anti‑CD11b 
monoclonal antibodies (ab1211; diluted 1:100) and mouse 
anti‑glial fibrillary acidic protein (GFAP) monoclonal 
antibodies (ab10062; diluted 1:100), all from Abcam, and 
then with horseradish peroxidase-conjugated anti-rabbit 
(ab150077) or mouse (ab6785) IgG antibodies (diluted 
1:500), all from Abcam, for 30 min. DAB was used to reveal 
the immunohistochemical reaction. Primary antibodies were 
replaced with PBS in the negative control. Cell images were 
captured with a microscope (Nikon Eclipse E800; Berlin, 
Germany) equipped with a Spot RT digital camera (Diag-
nostic Instruments Inc, Sterling Heights, CA, USA). The 
number of caspase 3‑positive cells was counted manually 
under a high‑power field (x400) and the mean percentage of 
positive cells in six different non‑overlapping fields of view 
(three gray matter and three white matter fields) from each 
slide was calculated.

Western blot analysis. Rats were euthanized as described 
above, and the spinal cord was rapidly isolated. Proteins were 
extracted from the spinal cord (4˚C) using protein extraction 
reagent (Bio-Rad Biotechnology) surrounding the injured area 
and the protein concentration was quantified using a BCA 
protein assay kit (Beijing Solarbio Science & Technology Co., 
Ltd., Beijing, China) according to the manufacturer's protocol. 
Samples were loaded (3 µl per lane) onto SDS‑polyacrylamide 
gel [0.8% w/v acrylamide bisacrylamide (2.5 ml), 1.0 M 
Tris‑Cl pH 8.8 (3 ml), 20% SDS (38 µl) and H2O (1.9 ml)] for 
electrophoresis. Separated proteins on the gel were transferred 
onto PVDF membranes (Roche Diagnostics). The blots were 
blocked with 5% non‑fat milk for 2 h at room temperature, 
followed by incubation with primary antibodies at 4˚C over-
night. The antibodies comprised rabbit anti‑bax polyclonal 
antibodies (ab32503; diluted 1:1,000), rabbit anti‑bcl‑2 poly-
clonal antibodies (ab32124; diluted 1:500), rabbit anti‑tumor 
necrosis factor (TNF)-α polyclonal antibodies (ab6671; diluted 
1:500), rabbit anti-interleukin (IL)-1β polyclonal antibodies 
(ab2105; diluted 1:500), rabbit anti‑IL‑6 polyclonal antibodies 
(ab6672; diluted 1:500) and rabbit anti‑β-actin polyclonal 
antibodies (ab8227; diluted 1:1,000) all from Abcam. The 

membranes were then incubated with secondary antibodies 
(goat anti‑rabbit IgG; ab6721; Abcam) at 37˚C for 1 h. The 
bands were illuminated using an ECL system (Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA). Immunoreactive bands 
of all proteins were normalized to the intensity of the corre-
sponding bands for β‑actin. Densitometric analysis of the blots 
was performed using National Institutes of Health image 1.41 
software (Bethesda, MD, USA).

Behavioral assessment
Inclined plane test. Behavior was evaluated days 1, 3, 5, 7 and 14 
postoperatively using the modified Rivlin's method (21), which 
tested the ability of animals to balance on elevated wooden 
beams. A simple device was constructed containing a move-
able plate with an adjustable angle of 0‑90 .̊ The rat's head was 
placed faced forward, and the angle of inclination between the 
inclined plane and the horizontal plane was increased gradu-
ally, until the rats were unable to maintain a constant position 
for 5 sec. The angle was considered to be the critical value and 
then recorded.

Basso, Beattie and Bresnahan (BBB) scores. Assessment of 
motor function recovery of the hind limbs was conducted 
using the BBB scale, which is based on a 21-point scale origi-
nally developed for the SCI rat model (22). Perfectly healthy 
animals are assigned a locomotor score of 21, and animals 
with complete hind limb paralysis are scored as 0. The BBB 
scores were determined by at least two observers blinded 
to the treatment. Rats were forced to walk in an open field 
for 20 min at days 1, 3, 5, 7 and 14 postoperatively and their 
hind limb movement was observed. The average rat hind limb 
motor function scores on the BBB scale were recorded.

Statistical analysis. All experiments were repeated three times 
and similar results were obtained. All data are presented as 
the mean ± standard deviation and analyzed using SPSS 16.0 
software (SPSS, Inc., Chicago, IL, USA). The significance of 
differences in the experimental results was determined using 
one-way analysis of variance. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Regulatory effect of apocynin on secondary oxidative stress 
following SCI. SCI caused a significant increase in the MPO 
activity of spinal cord tissues when compared with the MPO 
activity of the tissues from sham rats (Fig. 1A; P=0.007). In 
the SCI model rats that received apocynin treatment, the eleva-
tions in MPO activity were decreased compared with those 
in the SCI group (P=0.028). In the spinal cord tissues of the 
SCI group, levels of MDA, an index of lipid peroxidation, were 
found to be significantly higher than those of the sham group 
(Fig. 1B; P=0.005), whereas treatment with apocynin attenu-
ated the SCI‑induced elevations in MDA levels (P=0.012). In 
accordance with the increased MPO activity and MDA levels, 
the key antioxidant enzymes GSH and SOD, were found to 
be significantly depleted in the spinal cord tissues of the SCI 
group (Fig. 2; P=0.003), whereas the antioxidant enzyme 
activities of the tissues were preserved in the apocynin-treated 
SCI rats (Fig. 2; P=0.026).
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Apocynin treatment attenuates neuronal injury in spinal cord 
tissues following SCI. The effect of apocynin on neuronal 
injury around the damaged area following SCI was investi-
gated. As shown in Fig. 3, representative photomicrographs 
and cell counting showed that SCI induced a significant loss 
of spinal cord neurons, as indicated by a marked reduction 
of NeuN‑positive cells in the SCI group compared with the 
sham group (Fig. 3B; P=0.004). In addition, the number of 
TUNEL‑positive cell was markedly increased in the spinal 
cord of SCI group, compared with sham (Fig. 3C; P=0.001). 
Notably, apocynin treatment strongly attenuated neuronal cell 
death in the spinal cord, as indicated by a decreased number of 
TUNEL‑positive cells and increased number of NeuN‑positive 
cells compared with the SCI group (Fig. 3B, P=0.036; Fig. 3C, 
P=0.025). These observations demonstrate that apocynin 
protects the spinal cord from SCI‑induced neuronal cell death.

Apocynin treatment attenuated apoptosis. Neuronal apop-
tosis was also assessed by the analysis of activated caspase 3 
expression using immunohistochemical staining. As shown 
in Fig. 4A, representative photomicrographs revealed a high 
density of caspase 3‑positive cells in the SCI group compared 
with sham group (Fig. 4A, P=0.002). Following treatment with 
apocynin for 3 days, the expression of activated caspase 3 in 
the cells was significantly decreased compared with that in the 
SCI group (Fig. 4B, P=0.017). To investigate further the mecha-
nisms of apocynin apoptosis blockade, the changes in bcl‑2 
family members, including the proapoptotic protein bax and 
antiapoptotic protein bcl-2, in the area of injury were analyzed 

using western blot analysis. The results showed that injury 
significantly upregulated bax expression (P=0.003) and down-
regulated bcl‑2 expression (P=0.004) in the injured spinal cord 
tissue. Notably, treatment with apocynin significantly decreased 
the bax protein level (P=0.024) and increased the bcl‑2 level 
(P=0.018) compared with that in the SCI group (Fig. 4C and D).

Apocynin treatment reduced inflammatory cytokine levels. To 
further explore the effect of apocynin, changes in expression 
levels of CD11b (as a marker for microglia) and GFAP (as a 
marker for astrocytes) in the spinal cord tissue were tested 
using immunohistochemical staining. As shown in Fig. 5A, 
the tissue from SCI model rats clearly had stronger staining 
for CD11b‑ and GFAP‑positive stains than that from sham rats. 
However, in the groups treated with apocynin, the expression 
levels of CD11b and GFAP were markedly less than those in 
SCI group. In addition, the protein expression levels of TNF-α, 
IL-1β and IL-6 were detected by western blot analysis. In 
comparison with the sham group, the protein levels of these 
markers were increased significantly in SCI group on day 3 
post‑SCI, and treatment with apocynin significantly down-
regulated the levels of TNF-α (P=0.013), IL‑1β (P=0.019) and 
IL‑6 (P=0.026) at the same time point following SCI (Fig. 5B 
and C). These results indicate that apocynin significantly 
reduces the production of inflammatory factors in the spinal 
cord tissue in a rat model of SCI.

Protective effects of apocynin on spinal cord motor function 
in SCI rats. Finally, whether apocynin is able to improve 

Figure 1. (A) MPO activity and (B) MDA levels in the sham, SCI and 
apocynin‑treated groups. Data are presented as mean ± standard deviation 
(n=5). *P<0.01 vs. the sham group; #P<0.05 vs. the SCI group. MPO, myelo-
peroxidase; MDA, malondialdehyde; SCI, spinal cord injury.

Figure 2. (A) GSH and (B) SOD activity in the spinal cord tissues of the 
sham, SCI and apocynin‑treated groups. Data are presented as mean ± stan-
dard deviation (n=5). *P<0.01 vs. the sham group; #P<0.05 vs. the SCI group. 
GSH, glutathione; SOD, superoxide dismutase; SCI, spinal cord injury.
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the recovery of locomotor function in SCI rats by regu-
lating secondary oxidative stress and suppressing apoptosis 
and inflammatory response following SCI was evaluated. 
Locomotion was assessed using the inclined plane test (the 
modified Rivlin's method) and the BBB locomotor scale at 
1, 3, 5, 7 and 14 days post‑SCI. The results showed that animals 
in the SCI group exhibited significant motor deficits at 1, 3, 5, 
7 and 14 days post‑SCI compared with the sham group (Fig. 6; 
P<0.01 vs. sham group). Injured animals receiving apocynin, 
however, achieved significantly greater plane inclinations and 
higher BBB locomotor function scores compared with the SCI 
group (Fig. 6; P<0.05 vs. SCI group).

Discussion

In this study, the neuroprotective role of the NADPH oxidase 
inhibitor apocynin was evaluated and its ability to reduce 
neuronal injury and improve motor deficits following SCI in 
rats were investigated. The results show that apocynin led to 
significant reductions in neuronal damage and improvements in 
locomotor recovery following SCI. Recovery was observed at 
the functional and cellular levels, including greater inclination 
in the inclined plane test and higher BBB scores, reductions 
in measures of oxidative stress, and reduced apoptosis and 
inflammatory response through 3 days post‑injury.

In addition to the direct injury caused by primary trauma 
after SCI, secondary spinal cord damage occurs within min 

and continues for hours or days, leading to further neuro-
logical deterioration (23). Secondary SCI involves numerous 
complex signal transduction systems, forming a large gene 
regulation network. With greater understanding of SCI, patho-
physiological mechanisms and signaling pathways underlying 
secondary injuries of the spinal cord have been proposed (24). 
In particular, oxidative stress has been reported to be one of 
the earliest biochemical changes after SCI, and an important 
factor contributing to deterioration of the primary injury, which 
plays a key role in secondary damage following SCI (25). 
Therefore, it is important to effectively regulate secondary 
oxidative stress following SCI. A number of studies have 
focused on the oxidative properties of apocynin. Apocynin has 
been shown to reduce oxidative stress in the central nervous 
system during conditions including sepsis (26) and brain 
injury (27,28), providing significant neuroprotection. Myelo-
peroxidase (MPO) is a cationic protein present in primary 
azurophilic granules of neutrophils and monocytes, MDA is 
the end product of lipid peroxidation, and GSH and SOD are 
important scavenger enzymes of free radicals. The present 
study determined their activity in the spinal cord tissues to 
evaluate oxidative stress injury secondary to SCI. Results from 
the present study showed that from 3 days post‑SCI, spinal 
cord MPO activity and MDA levels significantly increased, 
whereas GSH and SOD activity significantly decreased. 
However, apocynin significantly inhibited the increases in 
MPO activity and MDA levels, and increased GSH and SOD 

Figure 3. Effects of apocynin on the number of NeuN‑ and TUNEL‑positive cells in the spinal cord tissue at 3 days after SCI. (A) Representative immunofluo-
rescence staining of NeuN and TUNEL in the spinal cords of the sham, SCI and apocynin‑treated rats. Alexa Fluor 488 secary antibody was used to detect 
NeuN (green). Magnification, x100. Quantification of (B) NeuN‑ and (C) TUNEL‑positive cells was performed by counting the number of surviving neurons 
and apoptotic neurons around the damaged area. Data are presented as mean ± standard deviation (n=5). NeuN‑positive surviving cells showed intact, round 
nuclei and TUNEL-positive apoptotic cells showed clearly condensed nuclei *P<0.01 vs. the sham group; #P<0.05 vs. the SCI group. SCI, spinal cord injury; 
TUNEL, terminal deoxynucleotidyl‑transferase‑mediated dUTP nick end labeling.
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activity post‑SCI. These results are similar to those of previous 
studies reporting that apocynin treatment significantly reduces 
oxidative stress damage after SCI (14,26).

During the secondary injury following SCI, continuous 
ischemia and hypoxia induce the release of pro‑apoptotic 
factors and pro‑inflammatory cytokines, which mainly 
mediate activation of MAPK pathways (24). Microglia, which 
are recruited to the injury site, magnify the extent of inflam-
mation through the secretion of proinflammatory cytokines, 
including TNF-α, IL-1β and IL-6 (29). At the early stage of 
SCI, reactive astrocytes start to synthesize abundant GFAP and 
release various cytokines such as nerve growth factor and basic 
fibroblast growth factor, which promote the recovery of neuron 
damage (30). However, the level of GFAP, as a marker of astro-
cytes, reflects the degree of neurological damage. Therefore, 

prevention of an inflammatory response may be important 
in neurological recovery. In the present study, immunohisto-
chemical analysis revealed that CD11b and GFAP expression 
was markedly reduced by apocynin, suggesting that apocynin 
may contribute to neuronal recovery through attenuating the 
secretion of inflammatory cytokines. The protein expression 
levels of TNF-α, IL-1β and IL-6 were detected by western blot 
analysis. The levels of these proinflammatory cytokines were 
found to be increased after SCI, demonstrating a systemic 
inflammatory response to spinal cord trauma, whereas apoc-
ynin treatment attenuated these increases. Previous studies 
have demonstrated a significant increase in the production of 
these proinflammatory cytokines in an experimental model of 
SCI in mice (31), which are consistent with the finding in the 
present study that the expression levels of TNF-α, IL-1β and 

Figure 4. Anti‑apoptotic effect of apocynin. (A) Representative immunohistochemical staining of caspase 3 in the spinal cord from sham, SCI and apoc-
ynin‑treated rats. Scale bar, 20 µm. (B) Quantification was performed by counting the caspase 3‑positive cells in the injured spinal cord from each group. Data 
are presented as mean ± standard deviation (n=5). (C) Protein expression of bax and bcl‑2 was assessed by western blotting at day 3 in different experimental 
groups following SCI or sham surgery. (D) Densitometric analysis of bax and bcl‑2 bands in comparison with β‑actin. Data are presented as mean ± standard 
deviation (n=5). *P<0.01 vs. the sham group; #P<0.05 vs. the SCI group. SCI, spinal cord injury.
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IL‑6 protein were markedly downregulated in rats treated with 
50 mg/kg apocynin for 3 days as compared with those in rats 
in SCI group, thus limiting neuroinflammation and promoting 
neurological recovery.

In addition to oxidative stress and inflammatory response, 
apoptosis is an important mediator of secondary damage after 

SCI (32). It initially occurs 6 h post-injury at the lesion center 
and continues for several days, with a steadily increasing number 
of apoptotic cells in this region. Caspase 3, which is an impor-
tant component of caspase cascades, has been associated with 
apoptosis in SCI (33). The results of the present study demon-
strate apocynin attenuates the degree of apoptosis, measured 

Figure 6. Apocynin promotes functional recovery of the spinal cord in SCI rats. (A) Inclined plane test scores and (B) BBB scores of rats at days 1, 3, 5, 7 and 14 
after SCI or sham surgery. Angle of inclination and the BBB mean score reflect the locomotor function of rats' limbs. Data are presented as mean ± standard 
deviation (n=5). *P<0.01 vs. the sham group; #P<0.05 vs. the SCI group. SCI, spinal cord injury; BBB, Basso, Beattie and Bresnahan; d, day.

Figure 5. Anti‑inflammatory effect of apocynin. (A) CD11b and GFAP expression in the lesion of the spinal cord tissue detected by immunohistochemical 
staining at 3 days after SCI. (B) Western blots showing the levels of TNF-α, IL-1β, IL-6 and β‑actin in the injured spinal cord at 3 days following SCI or sham 
surgery. (C) Densitometric analysis of TNF‑α, IL-1β and IL‑6 bands in comparison with β‑actin. Results demonstrated that TNF‑α, IL-1β and IL-6 protein 
expression levels were significantly elevated after SCI. Administration of apocynin significantly decreased the levels of TNF‑α, IL-1β and IL-6 protein expres-
sion Data are expressed as the mean ± SD (n=5). *P<0.01 vs. the sham group; #P<0.05 vs. the SCI group. SCI, spinal cord injury; GFAP, glial fibrillary acidic 
protein; TNF, tumor necrosis factor; IL, interleukin.
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by TUNEL detection and caspase‑3 immunohistochemical 
staining, in the spinal cord following SCI. The numbers of 
TUNEL and activated caspase 3-positive cells were reduced 
in apocynin‑treated SCI rats compared with those in the SCI 
group, indicating that apocynin promoted neural functional 
recovery in SCI rats by decreasing the number of apoptotic 
cells in the injured spinal cord tissue. Subsequently, the protein 
expression of bax and bcl-2 in the injured area were detected 
by western blot analysis. Bax is a key component in the 
induction of cellular apoptosis through mitochondrial stress, 
whereas bcl‑2 inhibits mitochondrial permeabilization by 
binding membrane‑inserted bax monomers, thus preventing 
the functional oligomerization of bax (34). The results of the 
present study indicate that apocynin significantly increased 
the expression of the antiapoptotic protein bcl-2 and decreased 
the expression of the proapoptotic protein bax in the injured 
spinal cord tissue compared with the SCI control. These results 
are consistent with a previous study, which reported that apocynin 
treatment could significantly suppressed apoptosis after SCI (14).

Finally, whether apocynin was able to improve spinal cord 
function in SCI rats by regulating secondary oxidative stress 
and inhibiting apoptosis and inflammation following SCI was 
investigated. The inclined plane test and 21-point BBB open 
field locomotor score are widely accepted for assessing loco-
motor recovery of animals. In this study, following treatment 
with 50 mg/kg apocynin every 12 h for 3 days, the mean values 
in the inclined plane test and BBB scores were significantly 
increased compared with those in the SCI group. Following 
the successful establishment of the SCI model, apocynin 
promoted the recovery of locomotor function in rats following 
SCI, and exhibited neuroprotective effects on the spinal cord.

In conclusion, the results of the present study demonstrate 
that the protective mechanism associated with apocynin 
against acute SCI may partly depend on anti‑apoptotic and 
anti‑inflammatory signaling pathways, downregulation of 
MPO and MDA, and upregulation of GSH, SOD activity, 
which together inhibit secondary oxidation following SCI. 
However, it is unclear whether or not the current level and 
route of administration of apocynin provides the maximal 
neuroprotective benefits, and further detailed investigations 
into the underlying mechanisms are required.
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