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ABSTRACT. To investigate the effects of probucol on the treatment of 
spinal cord injury in rat, 80 rats were randomly divided into two groups 
of 40: a group treated with probucol and a control group. Allen’s method 
was used to establish a rat model of spinal cord injury. After establishment, 
probucol (500 mg·kg-1·day-1) was intraperitoneally injected into the 
treatment group rats for 1 week, while the same amount of saline was used 
to treat the control group. On days 1, 7, 14, 21, and 28 after treatment, 
the function of rats’ spinal cord was evaluated according to the Bresnahan 
locomotor rating scale. Serum protein and mRNA levels of the cytokines 
[interferon (IFN)-γ, tumor necrosis factor (TNF)-α, and interleukin (IL)-17] 
were measured using enzyme-linked immunosorbent assay and quantitative 
polymerase chain reaction, respectively. Protein levels of IFN-γ, TNF-α, 
IL-17, and the downstream markers signal transducer and activator of 
transcription (STAT)-1 and STAT-3 were measured using western blot. 
In addition, the oxidative stress-related parameters, superoxide dismutase 
(SOD) and malondialdehyde (MDA), were also measured. It was found that 
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compared to control group, rats from the treatment group had significantly 
lower levels of IFN-γ, TNF-α, and IL-17 (P < 0.05) on days 1 and 7, as well 
as lower MDA levels and higher SOD activity on days 7, 21, and 28 (P < 
0.05). In summary, probucol improved the recovery of locomotion function 
after spinal cord injury in rats through downregulation of inflammation and 
upregulation of anti-oxidative activity.
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INTRODUCTION

In recent years, an increase in the incidence of accidents on roads, construction sites, 
and in mines has resulted in spinal cord injuries (SCI) becoming a common type of traumatic 
injury seen in orthopedic and neurology departments (Song et al., 2013). Compared to other 
types of traumatic injury, SCI has a poor prognosis and a higher chance of causing disability, 
which seriously affects a patient’s quality of life (Reglodi et al., 2012; Wanner et al., 2013; 
Xianbao et al., 2013). Previous studies have demonstrated the important role of inflammation 
and oxidative stress in the pathogenesis of SCI. Therefore, preventing secondary or progressive 
injury to spinal cord nerve cells is a key therapeutic approach to improve prognosis (Reglodi et 
al., 2012). In this study, we used a rat model of SCI to investigate the mechanism of action of 
probucol, an anti-oxidative stress drug that has recently been shown to be clinically effective.

MATERIAL AND METHODS

Materials

Rats were used for all experiments, and all procedures were approved by the Animal 
Ethics Committee of Binzhou People’s Hospital (Shandong, China). Female Wistar rats (aged 
6 to 8-weeks-old, 150-200 g) were used to establish an SCI model. All rats were housed in a 
specific-pathogen-free (SPF) environment, with a temperature of 23 to 27°C, and humidity of 
60 to 70%. Enzyme-linked immunosorbent assay (ELISA) kits for the measurement of inter-
feron (IFN)-γ, tumor necrosis factor (TNF)-α, and interleukin (IL)-17 were purchased from 
USCN Life Science Inc. (Wuhan, China). Monoclonal antibodies for western blot analysis of 
the expressions of IFN-γ, TNF-α, IL-17, and signal transducer and activator of transcription 
(STAT)-1 and STAT-3 were purchased from Cell Signaling Technology (MA, USA). Super-
oxide dismutase (SOD) activity and malondialdehyde (MDA) levels were measured using 
ELISA kits (Sangon, Shanghai, China).

Establishment of SCI rat model and treatment

An SCI rat model was established using Allen’s method (Bao et al., 2011). Briefly, 
rats were anesthetized with an intraperitoneal injection of 2% sodium pentobarbital (100 mg/
kg), and back hair was removed using sodium sulfide. Following an incision (~3 cm) centered 
on T10, a dorsal laminectomy was performed from T9 to T11, and the spinous process was 
removed to expose the spinal dura mater. The exposed spinal cord was injured using an impact 
rod with a weight of 30 g and diameter of 3 mm, striking from a height of 10 cm with damage 
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energy of 300 J. Control rats underwent the same process without the impact rod. The inci-
sions were sutured, and green enzyme was intraperitoneally injected for 3 days (40000 U/d) 
(Liu et al., 2011). The criteria for a successful establishment of SCI included appearance of tail 
swing reflex, retraction flutter, and paralysis of two hind limbs.

To treat the induced SCI, probucol was intraperitoneally injected into the rats of the 
treatment group (500 mg·kg-1·day-1). The same dose of saline was administered to the control 
group. In case of uroschesis or cystorrhexis following induction of SCI, bladder massage was 
performed to assist uresis 2 to 3 times daily.

Evaluation of locomotion function

The classic Basso, Beattie, and Bresnahan locomotor rating scale (BBB) was used 
to evaluate the locomotor function of SCI rats. The locomotor function of normal rats and 
completely paralyzed rats were defined as scores of 21 and 0, respectively - a higher score 
corresponded to a better locomotion function (Reglodi et al., 2012). The score was assessed 
using a 100-cm disk with one rat at a time. Each rat was monitored for 4 min once per day. The 
monitoring time was at 8 p.m. when the rats were usually more active.

Assessment of oxidative stress

SOD activity and MDA levels were measured in the spinal cord to assess oxidative 
stress. Higher SOD activity indicates stronger anti-oxidative effect, and a higher MDA level 
indicates an increase in oxidative activity (Esposito et al., 2012). Rats were sacrificed by intra-
peritoneally injecting an overdose of sodium pentobarbital, and subsequently spinal cord tis-
sues (20 mg) were extracted and placed in a 1.5-mL Eppendorf tube. A small amount of saline 
was added to the tube to keep the extracted tissues moist. Cell homogenate was obtained using 
an ultrasonic cell crusher (McEwen et al., 2011). SOD activity and MDA level were measured 
using a commercial kit (Sangon, Shanghai) following manufacturer protocols.

Measurement of inflammation

ELISA was used to detect the level of inflammatory cytokines in serum. Reverse tran-
scriptase polymerase chain reaction (RT-PCR) and western blotting were used to measure the 
mRNA and protein levels of IFN-γ, TNF-α, and IL-17, respectively. Western blotting was also 
used to measure the expression of STAT-1 and STAT-3 and the extent of phosphorylation. The 
detailed methods were as follows.

On days 0, 3, 7, 14, 21, and 28 after treatment with probucol, blood (3 to 5 mL) was 
drawn from the retro-orbital of rats and left for 2 h at 4°C. This was followed by low speed 
centrifugation to obtain the supernatant, which was stored at -80°C (Maggio et al., 2012). The 
ELISA assay was performed according to manufacturer protocol once all the samples had been 
collected. Repeated freezing and thawing was avoided.

RT-PCR was used to measure mRNA levels at the indicated time points. In rats that 
showed significant differences in mRNA expression, western blotting was used to measure 
protein expression on the seventh day after treatment.
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RT-PCR

 Total RNA was extracted from fresh tissues using Trizole (Takara) according to the 
manufacturer protocol. Subsequently, RNA was reverse transcribed to cDNA using a kit (Ta-
kara) followed by real time quantitative-PCR (RT-qPCR). The conditions of RT-qPCR were as 
follows (Schonberg et al., 2012): 30 cycles of 94°C for 30 s; 57°C for 30 s (annealing), 72°C 
for 30 s, 72°C for 1 min (final extension). The primers are shown in Table 1.

Gene	 Primers

IFN-γ	 Forward: 5'-ATGAGTGCTACACGCCGCGTCTTGG-3 '
	 Reverse: 5'-GAG TTCATTGACAGCTTTGTGCTGG-3'
TNF-α	 Forward: 5'-CCACGTCGTAGCAGCAAACCACCAAG-3'
	 Reverse: 5'-CAGGTACATGGGCTCCTCATA-CC-3'
IL-17	 Forward: 5'-GAAGAGGGAGCCTGAGAAGT-3'
	 Reverse: 5'-TAAAGCCACAGAAAAACAG-3'
β-actin	 Forward: 5'-ACCTCCAACACCCCAGCCATG-3'
	 Reverse: 5'-CTGATCACATCTGCTGGAAGGTGG-3'

Table 1. RT-PCR primers.

Western blot

 Spinal cord tissues were lysed with lysis buffer and incubated in ice. Following cen-
trifugation, the supernatant was isolated. After measuring concentration using the bicincho-
ninic acid (BCA) assay, the supernatant was incubated in a 100°C water bath for 5 min and 
was run using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 
After that, it was transferred to polyvinylidene difluoride (PVDF) membranes for 2 h, blocked 
for 1 h with 5% nonfat milk, and then washed thrice with Tris-buffered saline and Tween 
20 (TBS-T). After washing, primary antibodies (1/1000 dilution) against IFN-γ, TNF-α, IL-
17, STAT-1, and STAT-3 (Cell Signal Technology) were added and incubated overnight. The 
membranes were again washed thrice with TBS-T, secondary antibody (1/1000 dilution) was 
added, and the samples were incubated for 1 h. Proteins were visualized using a chemilumi-
nescence system (Rabchevsky et al., 2011).

Statistical analysis

The SPSS version 17.0 software was used to analyze the data. Categorical data were 
analyzed by chi-square test, and measurement data were analyzed by the t-test or mean vari-
ance. Data are reported as means ± SD. P < 0.05 was considered to be statistically significant.

RESULTS

Function recovery of rats post-surgery 

Locomotion scores in rats from the treatment group were significantly higher than 
those in the control group (P < 0.05) on days 7, 14, 21, and 28 following surgery. The differ-
ences between the treatment group and the control increased over time (Table 2).
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Measurement of inflammatory cytokines in serum

ELISA was used to measure the serum level of IFN-γ, TNF-α, and IL-17. As seen in 
Table 3, the levels of IFN-γ, TNF-α, and IL-17 peaked from day 1 to day 7 following surgery 
and then dropped to the baseline on day 14. Cytokine levels were significantly lower in treated 
rats than in the control group (P < 0.05).

Group			   Locomotion scores post-surgery

	 Day 1	 Day 7	 Day 14	 Day 21	 Day 28

Treatment	 0.62 ± 0.21	 6.78 ± 1.21	 9.23 ± 2.19	 12.14 ± 3.29	 18.82 ± 6.22
Control	 0.66 ± 0.19	 3.29 ± 1.32	 5.77 ± 2.28	   6.22 ± 1.98	   7.49 ± 2.12
F	 1.023	 5.264	 4.283	 39.298	 43.19
P	 0.558	 0.023	 0.039	 0.000	 0.000

Table 2. Locomotion scores of rats in different group (means ± SD).

Cytokines		  Day 1	 Day 7	 Day 14	 Day 21	 Day 28

IL-17	 Control	 112.33 ± 21.22	 47.12 ± 9.21	 12.52 ± 2.19	   6.18 ± 1.77	 2.16 ± 0.32
	 Treatment	   79.89 ± 12.42	 22.59 ± 7.12	   9.32 ± 3.12	   3.18 ± 0.22	 2.20 ± 0.18
	 F, P	   31.232, 0.000	     9.123, 0.001	 2.863, 0.079	 2.112, 0.099	 1.721, 0.882
IFN-γ	 Control	 152.33 ± 31.22	   77.12 ± 29.21	 22.52 ± 6.19	 16.18 ± 6.77	 6.16 ± 1.32
	 Treatment	   89.89 ± 22.42	   32.59 ± 12.12	 16.32 ± 3.12	 12.18 ± 1.22	 4.20 ± 0.18
	 F, P	   30.298, 0.000	    6.798, 0.004	 2.192, 0.098	  1.722, 0.781	 0.967, 0.992
TNF-α	 Control	   92.33 ± 21.22	   67.12 ± 19.21	   32.52 ± 11.19	   5.18 ± 2.77	 1.16 ± 0.32
	 Treatment	   39.89 ± 12.42	 12.59 ± 2.12	   4.32 ± 1.12	   1.18 ± 0.22	 1.20 ± 0.18
	 F, P	   18.921, 0.000	   16.229, 0.000	 9.182, 0.000	 1.988, 0.965	 0.432, 0.997

Table 3. Serum level of inflammatory cytokines (means ± SD).

Inflammation infiltration in spinal cord tissues

RT-qPCR and western blot were used to detect the mRNA and protein expression of 
IFN-γ, TNF-α, and IL-17 in spinal cord tissues. As seen in Figures 1 and 2, the mRNA and 
protein expressions of IFN-γ, TNF-α, and IL-17 were detected in control rats from days 1 to 
14 following surgery and reduced over time. Compared to the control at the same time point, 
rats receiving treatment displayed significantly lower levels of IFN-γ, TNF-α, and IL-17 (P < 
0.05) (Figure 1D-F).

Western blot analysis showed that the protein expression of inflammatory cytokines 
reduced on day 7 following surgery in rats from the treatment group; this was consistent with 
results of RT-qPCR analysis. In addition, the expression and phosphorylation levels of the 
downstream inflammation markers STAT-1 and STAT-3 also reduced (Figure 2A and B), sug-
gesting that probucol inhibited both the infiltration of inflammatory cytokines into spinal cord 
tissues and the activation of downstream signaling. 

Analysis of oxidative stress of spinal cord

Oxidative stress was evaluated by measuring SOD activity and MDA level. An in-
crease in SOD activity indicates that a treatment has had an anti-oxidative effect, and MDA 
level relates to the concentration of superoxide. As shown in Figure 3A and B, SOD activity 
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was significantly higher, and MDA level was significantly lower in treated rats than in control 
rats (P < 0.05) (Table 4).

Figure 1. Inflammation evaluation. A.-C. Serum level of interleukin (IL)-17, interferon (IFN)-γ, and tumor necrosis 
factor (TNF)-α (*P < 0.05). D.-F. mRNA expression of IL-17, IFN-γ, and TNF-α in spinal cord tissues (*P < 0.05).

Figure 2. Western blot analysis of inflammation in spinal cord on day 7 following surgery. A. Activation of signal 
transducer and activator of transcription 1 (STAT-1) and STAT-3. B. Inflammatory cytokines infiltration in spinal 
cord.
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DISCUSSION

Probucol is an FDA-approved antioxidant used in the clinic and has been reported 
to be used as an antioxidant and anti-inflammatory agent, and to regulate levels of blood 
lipid (Bao et al., 2011; Reglodi et al., 2012; Wanner et al., 2013). Probucol is effective in the 
protection of vascular smooth muscle cells, improving blood vessel function, regulating lo-
cal lipid metabolism, and preventing restenosis following vascular intervention and/or coro-
nary artery bypass (Liu et al., 2011). In addition, previous studies have shown that probucol 
could protect neurocytes, cardiomyocytes, and pancreatic β-cells through downregulation of 
apoptosis under inflammation and hypoxia (Zeng et al., 2011). It has been postulated that the 
cytoprotective effect of probucol in the above-mentioned organs is due to its antioxidant and 
anti-inflammatory properties (Esposito et al., 2012; Ni et al., 2014). 

Following injury to the spinal cord, progressive and secondary tissue injury can de-
velop because of inflammation and injury repair. This self-destructive cascade effect could be 
the main reason for the poor prognosis in patients with spinal cord injury (Myers et al., 2012). 
In recent years, some studies have demonstrated that after spinal cord injury, local tissue injury 
and inflammatory cell infiltration leads to inflammation and inflammatory cytokine secretion 
(Myers et al., 2014). On the other hand, inflammation and hypoxia elevate the concentration of 
superoxide in injured spinal cord tissues and lead to damage to neurocytes. All of this contrib-
utes to spinal cord damage and its associated complications (Hassler et al., 2014); therefore, 
inflammation and superoxide can be considered the main factors for spinal cord injury.

Figure 3. Analysis of oxidative stress in spinal cord of rats. A. Malondialdehyde (MDA) level in spinal cord. B. 
Superoxide dismutase (SOD) activity in spinal cord. *P < 0.05.

Parameters		  Day 1	 Day 7	 Day 14	 Day 21	 Day 28

MDA (mmol/mg)	 Control	 6.78 ± 2.18	 5.92 ± 2.28	   4.28 ± 1.91	   3.29 ± 1.89	   2.92 ± 0.79
	 Treatment	 6.72 ± 2.19	 4.12 ± 1.99	   2.45 ± 1.02	   2.02 ± 0.26	   1.79 ± 0.37
	 F, P	 1.721, 0.882	 2.142, 0.047	 2.699, 0.033	   2.155, 0.043	   2.156, 0.043
SOD (U/mg)	 Control	 56.12 ± 12.28	 59.21 ± 13.02	 66.79 ± 9.91	 70.02 ± 8.89	 71.22 ± 7.29
	 Treatment	 78.95 ± 12.12	 82.16 ± 15.15	   98.79 ± 12.39	 104.29 ± 15.16	 122.19 ± 17.22
	 F, P	 5.329, 0.005	 6.149, 0.004	 7.612, 0.001	 10.982, 0.000	 11.182, 0.000

Table 4. Oxidative stress analysis of spinal cord tissue samples (means ± SD).
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Even though probucol has been used in the clinic for many years, there have been no 
reports of probucol being used to treat spinal cord injuries (Bretzner et al., 2011). Consider-
ing the known anti-inflammatory and antioxidant effect of probucol (Inagaki et al., 2012), we 
sought to evaluate its effect on an animal model of spinal cord injury.

We have successfully established a rat model of spinal cord injury using Allen’s meth-
od. After inducing spinal cord injury, the locomotion function of lower extremities signifi-
cantly reduced in rats, and did not improve after 4 weeks. However, after probucol treatment, 
the locomotion function significantly improved; this suggests that probucol improved the pa-
ralysis of the lower extremity in rats.

In order to investigate the mechanism of probucol, we collected blood and spinal 
cord samples from rats at different time points to measure inflammation. On the seventh day 
following surgery, we observed both obvious inflammatory cytokine infiltration in serum and 
spinal cord tissues as well as activation of STAT-1 and STAT-3 in spinal cord, which were 
consistent with previous studies. On the seventh day following surgery, inflammation was 
observed in the injured spinal cord and whole body of rats, and this was significantly inhib-
ited after probucol treatment; this indicates that probucol exerted an anti-inflammatory effect 
in this model. IL-17, IFN-γ, and TNF-α have been shown to exert apoptotic effects through 
the STAT-1 and STAT-3 signaling pathways (Massberg et al., 2011), and the inhibition of the 
above cytokines and pathways resulted in reduced apoptosis which had a protective effect on 
neurocytes in the spinal cord. 

SOD, an enzyme catalyzing the disproportionation of superoxide, has an effect on 
tissue protection. In the event of tissue injury, SOD is consumed leading to reduced activity 
(Liu et al., 2011; Myers et al., 2012, 2014; Ni et al., 2014). Increased production of superox-
ide, also leads to an increase in the level of the metabolic product, MDA. Therefore, MDA 
elevation can be used as an indicator of peroxidation (Endo et al., 2013). In this study, we 
demonstrated reduced SOD activity and increased MDA levels after spinal cord injury, which 
were inhibited after probucol treatment. Under peroxidation, cell damage from oxygen free 
radicals increased, leading to loss of cell membrane integrity and subsequent susceptibility to 
damage. Once all the peroxidation-related changes had been inhibited, local cell damage was 
ameliorated.

In conclusion, inflammation and peroxidation are the main factors that cause spinal 
cord damage after injury. Probucol reduces inflammation and promotes anti-oxidant activity, 
and therefore could effectively reduce inflammatory cytokine secretion, inhibit the activation 
of downstream signaling pathway, improve the extent of local peroxidation, and promote the 
recovery of locomotion function in rats after spinal cord injury. Although an effective treat-
ment of spinal cord injury in rat models, probucol has not been used in the clinic and therefore 
requires further investigation.  
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