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Abstract
We investigated the effect of Sodium valproate (VAP) combined with methylprednisolone (MP) on spinal cord injury 

(SCI), and its underlying mechanism. Following the establishment of the SCI model using SD mice, VPA treatment 
group: 8 hours after the establishment of SCI model, VAP (dissolved in normal saline) was injected intraperitoneal at 
a dose of 30 mg / kg for 30 days. MP treatment group: 30 min, 6 and 24 hours after successful establishment of SCI 
model, MP (dissolved in normal saline) was injected intraperitoneal at a dose of 30 mg/kg. Behavioral tests, Nissl 
staining, and hematoxylin-eosin staining were employed to assess motor function recovery and neuronal cell death. 
Western blot was used to assess the apoptosis-associated proteins (Bcl-2, caspase-3, Bax). VAP combined with MP 
can significantly improve the motor function of spinal cord and reduce neuronal death. Also, significant upregulation of 
Bcl-2 expressions, with the downregulation of Bax and caspase-3 expressions were found in the VAP combined with 
MP treated group. The protective effect of MP combined with MP on SCI may be mediated by inhibition of NF-κ B signal 
pathway. These results demonstrate the therapeutic potential of VAP combined with MP in SCI.
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Introduction
With the development of society, spinal cord injury (SCI) is growing 

rapidly. How to treat SCI is a problem of common concern all over 
the world (Ahuja et al., 2017a). Primary spinal cord injury is caused 
by initial mechanical direct injury, while secondary injury includes 
activation of microglia, inflammatory response and abnormal activity of 
mitochondria, resulting in neuronal death and permanent neurological 
impairment (Fu et al., 2019). So far, no fully restorative treatment 
has been found, and the effect on the recovery of motor function in 
patients with severe SCI is limited. Therefore, using a variety of aspects 
to treat different targets, play a synergistic or superimposed effect, is a 
new treatment concept (Keles et al., 2019). Methylprednisolone (MP) 
administered with high dose within 8 hours after spinal cord injury is 
a common clinical treatment, but the clinical effect is not exact and 
may lead to other complications (Park et al., 2019) [1]. Although the 
treatment of high-dose MP is still controversial, MP has been shown 
to have neuroprotective effects in many SCI-related trials. Sodium 
valproate (VAP) is a short-chain fatty acid, which is widely used in 
the treatment of epilepsy and bipolar disorder (Chen et al., 2018b). 
In recent years, studies have confirmed that VAP has the effects of 
anti-inflammation, anti-apoptosis, nutrition and protection of nerve 
cells after SCI. It has attracted more and more attention because of its 
interrelated therapeutic effects in neuroprotection and neurogenesis 
(Chen et al., 2018a). In rat SCI model, sodium valproate can reduce the 
behavior of thermal pain and mechanical pain in rats, and has the effect 
of anti-neuritis and inhibiting neuronal apoptosis [2]. VPA also has 
neuroprotective effect on cerebral hemorrhage and improves functional 
recovery after SCI by inhibiting histone deacetylase (Lee et al., 2014). 
As the possibility of complete recovery of nerve function after SCI is 
generally low, any SCI treatment that can significantly restore function 
will be a great progress in clinical treatment. Because of the inexact 
curative effect and potential side effects of MP, the clinical use of VAP 
is still controversial, and the role of VAP in SCI has been confirmed 
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by more and more experiments. Whether early use of MP combined 
with VAP can achieve a better effect has not been reported at home and 
abroad. Therefore, the purpose of this study is to explore the synergistic 
or superimposed effect of VAP combined with MP in rat SCI and its 
possible potential mechanism, so as to provide a new theoretical basis 
for the treatment of SCI [3].

Materials and Methods
Animals

All experiments were conducted with approval from the Animal 
Experimentation Ethics of Hebei North University Animal Center. 
Sixty SD mice (males, 8-10 weeks, 210 ± 20 g) purchased from the 
Institute of Medical Laboratory Animal, Chinese Academy of Medical 
Sciences were used in this study. The animals were housed at a constant 
temperature of 26°C on a day and night light cycle with free access to 
food and water. Sixty rats were randomly divided into sham operation 
group (n=12), SCI group (n=12), VPA treatment group (n=12), MP 
treatment group (n=12) and VPA+MP treatment group (n=12). Both 
sham and SCI mice were administered Saline at a dose of 0.3 mg/
kg/day for 30 days, and MP group mice were administered MP (at a 
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dose of 30 mg/kg) at 30 min, 6 h, and 24 h after surgery. The VAP-
treated mice were administrated VAP (at a dose of 0.3 mg/kg/day for 
30 days) by intraperitoneal injection (i.p.) 8 hours after SCI. VAP and 
MP were obtained from North China Pharmaceutical Company. All 
tissue samples were collected 7 days after surgery. Spinal cord tissues, 
with a diameter of about 1.0 cm around the lesion center, were used for 
subsequent experiments [4].

Surgery

The SCI mouse model was established as previously described 
(Basso et al., 1995). After abstaining from drinking water for 12 hours, 
60 rats were anesthetized with 10% chloral hydrate (according to 30 
mg/100 g) and fixed on the anatomical table in a prone position. The 
spinous process and lamina at T10 level were removed and the dorsal 
side of T9 spinal cord was exposed. In the sham operation group, only 
the spinal cord was exposed and no SCI treatment was performed. 
Modified Allen method was used to prepare rat SCI model in the 
other four groups. Taking the rat T9 segment as the center, the rat T9 
segment SCI model was established by using a self-made spinal cord 
percussion device and a 3G flat head impactor to hit the dorsal side of 
the spinal cord at 3 cm. Bladders were massaged twice daily after the 
SCI till tissue samples were collected [5].

Behavioral testing

The Basso Beattie Bresnahan (BBB) and Rivlin score was used to 
assess functional recovery after SCI. Hind limb motor functions were 
assessed on days 0, 1, 3, 7, 14, 30, and 60 after surgery in an open field 
experiment. The BBB score ranged from 0 to 21 (Zheng et al., 2016), 
the Rivlin ranged from 0 to 56° with an assessment of locomotion, 
plantar stepping, coordination, and paw position. All experiments were 
performed in a double-blind manner [6].

Hematoxylin-eosin (HE) staining

Take paraffin sections of spinal cord tissue of each group, after 
deparaffin and rehydration, stain for 6 minutes with hematoxylin 
solution under dark conditions, soak in 1% acid ethanol for a few 
seconds, rinse in distilled water for 10 minutes, add eosin solution for 5 
minutes, and then use alcohol to separate dehydration. The slides were 
sealed with neutral balsam and photographed under a microscope. 
Three tissue sections were randomly selected from each specimen for 
analysis [7].

Nissl staining

The spinal cord specimens near the injury center were fixed with 
formaldehyde, dewaxed with xylene, then rehydrated in graded ethanol, 
treated with Nissl staining for 5 minutes, and fixed with neutral balsam 
(Zhu et al., 2020). When the motoneurons were observed under the 
microscope, the apoptotic neurons shrank or had vacuoles, and the 
normal neurons had relatively large cell bodies, complete cell bodies 
and round and large nuclei. Count the number of Nissl substances 
arranged in polygons and count only the cells visible in the nucleus. Six 
sections of each specimen were randomly selected for observation and 
counting, and the results were averaged [8].

Immunohistochemical staining

After routine dewaxing and hydration of tissue sections of rats in 
each group, immunohistochemical staining was performed by SABC 
method, and the operation was carried out strictly according to the 
instructions of SABC kit. Six non-repetitive visual fields were randomly 
selected from each section, and the expression of TNF-α and IL-1 β 
was observed. The cytoplasm containing TNF-α and IL-1 β proteins 

showed brown granules. Using Image-Pro Plus image analysis, the 
staining intensity score criteria: negative or weak staining was 1 point, 
moderate staining was 2 points, strong positive staining was 3 points; 
the scoring standard of positive cell percentage: positive percentage < 
10% was 1 point, 10% to 50% was 2 points, and more than 50% was 3 
points. Immunohistochemical staining score=staining intensity score × 
positive cell percentage score. Each slice was scored 3 times repeatedly, 
and the results were averaged [9].

Western blot analysis

The spinal cord tissue of the injured area of rats in each group 
was cut into powder and cracked with RIPA. After centrifugation of 
14000 rpm and 10 min, a small amount of supernatant was taken for 
protein quantification by BCA method, SDS-PAGE gel electrophoresis 
and membrane transfer were completed, and 5% skimmed milk and 
0.1%TBS were used to seal the membrane for 3 hours at 20°C. B 
Lymphoma-2 (Bcl-2) (1Rau 400), Bcl-2-related X factor (Bax) (1RV 
(200) and caspase-3 (1RV 200) were added at 4°C and incubated 
overnight at 4°C. Goat anti-mouse IgG-HRP (1RV 3500) labeled 
with horseradish peroxidase was added. After incubation at room 
temperature for 1 hour, the development was completed with ECL 
solution. The ChemiDoc touch imaging system (Bio-Rad) was used to 
prepare the protein for exposure. With β-actin as the internal reference, 
the ratio of target protein to β-actin represents the relative expression 
of the target protein. The intensity of the strip was analyzed by image 
laboratory software (Zheng, Ye, 2016) [10].

Statistical analysis

Statistical analysis was performed using 22.0 SPSS software. Data 
are presented as mean ± standard deviation. Two or multiple groups 
were compared using repeated measure analysis of variance followed 
by Fisher’s least significant difference. Significant differences were 
defined at P < 0.05 [11].

Results
VAP combined with MP promotes motor function after SCI

In assessing neurological function after SCI, the BBB and Rivlin 
score was used to assess functional improvement at different time 
points (0, 1, 3, 7, 14, 30, and 60 days) after surgery (Figure 1). Mice in 
the SCI, VAP, MP, and VAP+MP groups showed complete immobility 
after spinal cord injury (BBB score of 0, Rivlin score of 56°). Slight 
ankle movement on day 3 post-injury was discerned in SCI, VAP, MP, 
and VAP+MP mice, albeit, no significant difference in BBB and Rivlin 
score (P > 0.05). The BBB scores for the VAP-treated mice at days 7, 
14, and 30 post-surgery were 1.29326 ± 0.21152, 3.21826 ± 0.6968, and 
8.23561 ± 1.42523,respectively (n=6);that for the MP-treated mice were 
1.23532 ± 0.1546, 3.8789 ± 0.63126, and 9.16865 ± 1.14662, respectively 
(n=6); that for the VAP+MP-treated mice were 1.33512 ± 0.22846, 
5.17619 ± 0.83156, and 10.76865 ± 1.24332, respectively (n=6); and 
that for the SCI group mice were 1.12231 ± 0.22172, 2.0313 ± 0.45271, 
and 4.56221 ± 1.43146, respectively (n=6) [12]. The Rivlin scores for 
the VAP-treated mice at days 7, 14, and 30 post-surgery were 1.91341 
± 1.21478°, 23.11826 ± 1.2968°, and 30.93136 ± 1.42523°, respectively 
(n=6); that for the MP-treated mice were 19.54662 ± 1.1516°, 24.5649 
± 1.66726°, and 32.16261 ± 2.44612, respectively (n=6); that for the 
VAP+MP-treated mice were 20.13212 ± 0.71623°, 26.12612 ± 1.23157°, 
and 35.76825 ± 2.32332°, respectively (n=6); and that for the SCI group 
mice were 18.13212 ± 0.71239°, 20.12612 ± 2.23327°, and 26.76825 ± 
2.32782° respectively (n=6). The BBB and Rivlin score was significantly 
higher in VAP+MP mice than the VAP and MP group at days 7, 14, and 
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30 post-surgery (P < 0.05). However, there was no significant difference 
between VAP-treated mice and MP-treated mice [13].

VAP combined with MP enhances tissue recovery after SCI

On day 7 post-injury, HE staining was used to detect the histological 
characterization. Changes in the SCI group mice were more severe 
compared with both VAP, MP and VAP+MP mice, with enlarged 
intercellular space and disordered arrangement of the neurons, which 
correlated with a significant decline in locomotors function (Figure 2A). 
In addition, sections of the spinal cord were submitted to Nissl staining 
for neuronal counting following the lesion. The number of neurons in 
the spinal cord was considerably lower in the SCI group mice when 
compared with the sham mice (P < 0.001). Also, the neuronal numbers 
were increased in VAP, MP and VAP+MP mice when compared with 
the SCI group mice (P < 0.01 and (P < 0.01) (Figure 2B and 2C) [14].

VAP combined with MP inhibits inflammatory response

Seven days after injury, the samples were taken and the expressions 

of TNF-α and IL-1 β were detected by immunohistochemical staining. 
Compared with VAP, MP and VAP+MP mice, the expression of 
TNF-α and IL-1 β in SCI group was higher, which was related to the 
degree of inflammatory reaction after SCI (Figure 3A). In addition, the 
expression of TNF-α and IL-1 β was counted in spinal cord sections 
after injury. The expression of TNF-α and IL-1 β in spinal cord injury 
group was significantly higher than that in VAP group, MP group 
and VAP+MP group (P < 0.001). The number of TNF-α and IL-1 β 
expression in VAP+MP group was significantly lower than that in VAP 
group and MP group (P < 0 01 and P < 0 01) (Figure 3B and 3C) [15].

VAP combined with MP reduces apoptosis after SCI

The expression of apoptotic related proteins, Bcl-2, caspase-3, and 
Bax, were increased when compared with the SCI group following 
Spinal cord injury. VAP, MP and VAP+ MP treatment significantly 
decreased the expression of Bax and caspase-3, while increasing the 
Bcl-2 expression (P < 0.05) (Figure 4). Caspase-3 expression was 
significantly lower in VAP, MP and VAP+MP mice than the SCI mice 

Figure 1: Sodium valproate (VAP）combined with methylprednisolone（MP）promotes motor function after spinal cord injury (SCI). Mice, following SCI, were submitted 
to the Basso Beattie Bresnahan (BBB) and Rivlin score as described in the Materials and Method section. The graph shows the mean ± standard deviation (n=6) of 
BBB and Rivlin scores of each group at different time points (0, 1, 3, 7, 14, 30, and 60 days) post-surgery. *P < 0.05, versus VAP + MP; VAP，Sodium valproate; MP, 
methylprednisolone.

Figure 2: Sodium valproate（VAP）combined with methylprednisolone (MP) enhances tissue recovery and reduces neuronal death after spinal cord injury (SCI). SCI group, 
Sodium valproate（VAP, methylprednisolone (MP), and Sodium valproate (VAP）combined with methylprednisolone (MP) mice groups were subjected to hematoxylin-
eosin staining(A) and Nissl staining (B) as explained in the Materials and Methods section. (C) Number of surviving neurons for each group (n=3). *P < 0.05, **P < 0.01, 
versus SCI group. Data expressed as mean ± standard deviation. Scale bar=100 μm. VAP, Sodium valproate; MP, methylprednisolone.
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and VAP+MP is more effective than VAP and MP groups (P < 0.05 and 
P < 0.01) in the spinal cord sections Immunoreactivity staining [16].

Discussion
SCI is a life-changing catastrophic event that can lead to permanent 

neurological dysfunction and other serious complications (Freund et 
al., 2019). Unfortunately, so far, no fully restorative treatment has been 
found. The difficulty in the treatment of spinal cord injury is closely 
related to the timing of secondary injury, including destruction of 
tissue integrity, vascular and axon injury, cell edema and cell membrane 
damage, and the establishment of an adverse environment that includes 
a wide range of inflammatory cells, glial scars and molecular inhibitors 
(Courtine and Sofroniew, 2019). The current treatment strategy is to 
inhibit inflammatory response after SCI, reduce neuronal apoptosis 
and protect residual spinal cord function (Hutson and Di Giovanni, 
2019). Because the primary SCI is directly damaged, and the secondary 
SCI causes continuous destruction of nerve tissue gradually, and can 
be intervened by medical means [17]. Inflammatory response after SCI 
plays a key role in secondary injury. The control of early inflammatory 
response can inhibit neuronal apoptosis and facilitate the recovery 
of spinal cord function (Pukos et al., 2019). In this experiment, the 
expression of TNF-α and IL-1 β in SCI tissue was measured 7 days after 

SCI, and the degree of inflammatory response after SCI was measured. 
TNF-α is a key inflammatory initiator and plays a pivotal role in 
inflammation. IL-1 β, as an important proinflammatory substance, 
is involved in inducing apoptosis of neurons and glial cells. Previous 
experiments have confirmed that the protein expression of Bcl-2, Bax 
and Caspase-3 is related to the apoptosis of rat spinal cord neurons, 
and the proportion of Bcl-2/Bax protein expression in spinal cord 
cells can indicate the degree of apoptosis (Lu et al., 2019). Therefore, 
in this experiment, in addition to selecting the expression of TNF-α 
and IL-1 β, evaluating the effect on the inflammatory response after 
SCI, selecting the expression of related apoptotic proteins Bcl-2, Bax 
and caspase-3 to evaluate the apoptosis, while selecting BBB and Rivlin 
score, HE and Nissl staining to supplement, comprehensively evaluate 
the improvement of neurological function [18].

Previous experimental studies have confirmed that early use of MP 
in SCI can significantly inhibit inflammatory response, while VPA can 
not only reduce inflammatory reaction, but also has neurotropic and 
protective effects, but whether the combined use of the two has the 
superposition or synergistic effect of SCI recovery has not been reported 
in the literature (Ahuja et al., 2017b). VPA is a short-chain fatty acid, 
which can exert its effect through the blood-brain barrier. It is widely 
used in clinical treatment as an emotional stability and antiepileptic 

Figure 3: Sodium valproate（VAP）combined with methylprednisolone (MP) enhances tissue recovery and reduces TNF-α, IL-1β expression after spinal cord injury (SCI). 
SCI group, Sodium valproate（VAP, methylprednisolone (MP), and Sodium valproate（VAP）combined with methylprednisolone (MP) mice groups were subjected to 
Immunohistochemical staining TNF-α expression (A) andIL-1β expression (B) as explained in the Materials and Methods section. (C) Number of TNF-α expression (n=6). 
(D) Number of IL-1β expression (n=6).*P < 0.05, **P < 0.01, Comparison of VAP group and MP group with VAP+MP group respectively. Data expressed as mean ± standard 
deviation. Scale bar=100 μm. VAP, Sodium valproate; MP, methylprednisolone.

Figure 4: Sodium valproate (VAP）and Methylprednisolone（MP）entative western blots and quantification data of Bax, Bcl-2, caspase-3, and β-actin for each group 
(n=6). Scale bar=100 μm. Results are from three independent experiments. Data expressed as mean ± standard deviation, *P < 0.05, **P < 0.01 versus VAP+MP group. 
VAP, Sodium valproate; MP, methylprednisolone.
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drug (Chen, Ye, 2018b) [19]. It has been found that VAP can resist 
inflammation, resist apoptosis, reduce lipid peroxidation and nourish 
nerve cells (Pandamooz et al., 2019). Experiments have confirmed that 
VPA can reduce the activation of NF-κ B and reduce inflammatory 
responses, such as TNF-α, IL-1 β and so on (Warner et al., 2019). At the 
same time, it reduces the activation of JAK2/STAT3 signal pathway, 
reduces the production of downstream caspase-3 and other proteases, 
and reduces the apoptosis of nerve cells [20]. VPA can enhance the 
expression of heat shock protein 70 (heat stress protein-70, HSP70) in 
the brain. The HSP70 family, which has a strong protective effect on 
cells, can inhibit the formation of apoptotic bodies and the activation 
of downstream Caspase-3 through a variety of ways, and block nerve 
cell apoptosis and reduce scar formation by activating the expression 
of B lymphocyte tumor-2 (Yoshizumi et al., 2013). At the same time, 
VPA inhibits the expression of pro-apoptotic factors caspase-3 and 
Bax, promotes the production of anti-apoptotic factor Bcl-2, protects 
neurons and thus inhibits neuronal apoptosis (Lee et al., 2012). MP 
is a glucocorticoid, which can exert powerful anti-inflammatory and 
antioxidant effects, and can effectively reduce secondary injury after 
SCI. It is a common method of clinical drug treatment at present (Liu 
et al., 2019) [21]. The infiltration and aggregation of inflammatory cells 
caused by the release of a large number of inflammatory factors after 
SCI is the main cause of nerve cell necrosis, apoptosis and autophagy 
(Liu et al., 2020). Studies have shown that early use of MP can not only 
effectively reduce NF-κB protein expression, thereby preventing NF-
κB from binding to the inflammatory response control gene κB site, 
reduce TNF-α, IL-1β gene transcription, and reduce JAK2/STAT3 
activation (Vidal et al., 2018). Reduce all downstream tyrosine residues, 
such as caspase-3, etc., so as to reduce the protease cascade reaction, 
inhibit the production of Bax and caspase-3, increase the expression 
of anti-apoptotic factor Bcl-2, reduce neuronal apoptosis, and produce 
oxygen-containing compounds with anti-apoptotic effects, which can 
improve spinal cord function and reduce apoptosis at the same time. 
Celik (Celik et al., 2016) confirmed that the use of MP in SCI in the 
early stage can significantly relieve spinal cord edema and maintain 
the morphological structure and contour integrity of the injured spinal 
cord [22].

To sum up, the production of TNF-α and IL-1 β increased 
significantly after SCI, while the expression of TNF-α and IL-1 β in 
VPA+MP group was significantly lower than that in SCI group, VAP 
group and MP group at each time point, indicating that the effect 
of VPA and MP on spinal cord function recovery may be related to 
TNF-α and IL-1 β. HE and Nissl staining results also showed that 
VPA+MP treatment group was better than VAP treatment group 
and MP treatment group in inhibiting neuronal apoptosis. The same 
results can be obtained by BBB and Nissl scores and inhibition of 
apoptosis-related protein Bax and caspase-3 expression. After the 
early treatment of SCI with MP and daily continuous administration 
of VAP, the significant effect of combined treatment may be related 
to the maintenance of continuous anti-inflammatory effect [23]. 
Therefore, compared with the single use of VAP or MP, combined with 
VAP and MP, it has a stronger inhibitory effect on some inflammatory 
factors and neuronal apoptosis after SCI in rats, and the two may have 
synergistic or superimposed effects. Due to the small number of samples 
in this experiment, the relevant parameters are not comprehensive, in 
the future experiments, to make up for these deficiencies, the specific 
molecular mechanism and signal transduction pathway need to be 
further explored [24].
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