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Abstract: This study is aimed to investigate the therapeutic effect of MicroRNA-137 (miR-137) on the apoptosis 
of neuron cells in injured spinal cord and further identify the possible mechanism in a rat spinal cord injury (SCI) 
model. In present study, a total of 30 Sprague-Dawley (SD) rats were assigned randomly to 3 groups: control group, 
SCI + agomir-NC group and SCI + agomir-137 group (n = 10 per group). Rats of the three groups received injection 
of agomir-137, agomir-NC and saline at T10 vertebrae respectively, 1 day after which rats of SCI + agomir-137 group 
and SCI + agomir-NC group were treated with SCI surgery. Both mRNA and the protein levels of miR-137, calpain 2 
and cleaved caspase 3 were examined before and after the surgery. Basso-Beattie-Bresnahan scoring was done. 
Luciferase activity was measured to verify the miR-137 target site in the 3’-UTR of calpain 2 and apoptosis rate was 
determined by flow cytometry. Overexpression of miR-137 promotes locomotor recovery and inhibits cell apoptosis 
in SCI rats. Besides, overexpression of miR-137 down-regulated the apoptotic markers calpain 2 and caspase 3 in 
both gene and protein level. We further predicted a potential target site of miR-137 in the 3’UTR of apoptotic gene 
calpain 2 and validated that miR-137 can directly target onto the 3’UTR site of calpain 2 and lead to calpain 2 down-
regulation at transcriptional level. In conclusion, our results revealed the positive regulation functions of miR-137 
in SCI-induced apoptosis by down-regulating calpain 2 and might provide an opportunity for development of novel 
therapies of spinal cord injury.
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Introduction

Spinal cord injury (SCI) is a devastating pathol-
ogy which associated with life-long disabilities. 
Reported annual incidence of SCI is about 
15-83 per million people worldwide and most 
of these patients sustain their injury at an aver-
age age of 33 [1-3], causing an enormous 
impact on society and economy globally. The 
SCI usually evolves through two phases: an 
unexpected primary injury and a following dete-
riorative secondary injury [4, 5]. In the second-
ary injury SCI phases, complications including 
microvasculature alterations, oxidative dam-
age and biochemical disturbances occur that 
lead to inflammatory response and cell death, 
resulting in a worse neurological outcome [6, 
7]. Several reports suggested that apoptosis is 
involved in this secondary SCI progress, caus-
ing progressive degeneration of the spinal cord 
[8-10]. However, till now, the specific cell death 

mechanism for the secondary injury remains 
unclear.

In the recent years, substantial studies focused 
on the relationship between genes expression 
alteration and the pathogenesis of secondary 
SCI, aiming to limit the evolution of secondary 
and develop novel neuroprotective measures 
[11-14]. Lately, micro RNA-137 (miR-137) was 
found down-regulated in the injured spinal 
cords of SCI-treated rats which draw us atten-
tion [15]. As miR-137 has been reported plays a 
positive regulatory role in suppressing neuro-
blastoma cancer, colorectal cancer and human 
glioma [16-19]. Here, we hypothesized that miR-
137 might also mediate in SCI. By using 
TargetScan and starBase online platform (www.
targetscan.org; http://starbase.sysu.edu.cn/), 
we found that there might be a potential target 
site of miR-137 in the 3’UTR of apoptotic gene 
calpain 2. Yet, the levels and pattern of miR-
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137 expression in the spinal cord and how miR-
137 functions in apoptosis of neuron cells in 
injured spinal cord are still unknown and worth 
studying.

In this study, we further study the functional 
role of miR-137 in apoptosis of neuron cells in 
SCI-treated rat model. Both mRNA and protein 
expression of miRNA-17 and apoptotic markers 
like calpain 2 and caspase 3 were investigated, 
and apoptosis of spinal cord neurons were 
accessed both in vivo and in vitro. Our results 
revealed the positive regulation functions of 
miR-137 in injured spinal cord and might pro-
vide an opportunity for development of new 
therapies for SCI pathology.

Materials and methods

Establishment of SCI model

A total of 30 male Sprague-Dawley rats (Animal 
Center of Chinese Academy of Sciences, China) 
were maintained in a specific pathogen free 
facility under a 12-h dark/light cycle and then 
assigned randomly to three groups: SCI + 
agomir-137 group (n = 10), SCI + agomir-NC 
group (n = 10) and sham control group (n = 10). 
SCI surgery or sham operation was performed 
using a modified Allen’s method as previously 
described [20, 21]. Chemically modified agomir 
were used for miR-137 overexpression in vivo. 
The day before the SCI surgery, rats of SCI + 
agomir-137 group, SCI + agomir-NC group and 
sham control group received injection of 
agomir-137, agomir-NC and saline at T10 verte-
brae, respectively. 

Quantitative RT-PCR (QRT-PCR)

Total RNA was extracted from the T10 verte-
brae tissues using TRIzol Reagent (Invitrogen, 
USA) according to the manufacturer’s instruc-
tions. Purified RNA (500 ng) was reverse tran-
scribed into cDNA using the Prime Script RT 
(Takara, Janpan). QRT-PCR was performed 
using Sybr Green (Takara) with the ABI 7300 HT 
Sequence Detection system (Applied Biosys- 
tems), and relative gene expression was calcu-
lated via a 2-ΔΔCt method.

Behavioral test

Motor coordination and integration capabilities 
of rats in each group were evaluated with 
Basso-Beattie-Bresnahan (BBB) [22, 23] score 
28 days after the SCI surgery.

Quantification of cell apoptosis in vivo

DNA fragmentation in vivo was detected using 
TdT mediated dUTP nick end labeling (TUNEL) 
techniques [24]. Cells isolated from the T10 
vertebrae were fixed with paraformaldehyde 
and then stained by TUNEL Apoptosis Asssy kit 
(Yeasen biotechnology, China) according to the 
manufacturer’s instructions. Images were 
taken under a × 200 fluorescence microscope. 
The bright green labeled dots were defined as 
TUNEL-positive or positive-apoptosis cells. For 
quantification of cell apoptosis, numbers of 
apoptosis cells in each view were counted.

Western blotting assay

Total protein (~50 mg) extracted from the T10 
vertebrae tissues was prepared at preconcert-
ed time points. Protein samples (~25 ug) were 
separated by SDS-PAGE gel subsequently 
transferred on to PVDF membranes. After 
blocking, the blots were incubated with primary 
antibodies at 4°C overnight. Antibodies against 
calpain 2 (Cell Signaling), cleaved caspase 3 
(Cell Signaling), procasapase 3 (Cell Signaling), 
β-actin (Sigma-Aldrich, USA) and β-actin 
(Sigma-Aldrich) were used. All the western 
bands (n = 3) were detected using ECL and also 
quantified by densitometry. 

Luciferase reporter assay

To test the direct binding of miR-137 to the tar-
get gene, calpain 2, a luciferase reporter assay 
was performed as previously described [25, 
26]. Briefly, the 3’UTR fragment of calpain 2 
was amplified and inserted into pMIR-Ctrl 
reporter plasmids, and plasmids pMIR-Ctrl, cal-
pain 2-UTR and calpain 2-UTR-mut were con-
structed. HEK 293T cells were planted into 
24-well plates, and cells in each well were co-
transfected with miR-24 mimics or negative 
control, pMIR-Ctrl, calpain 2-UTR and calpain 
2-UTR-mut. 24 h after the transfection, lucifer-
ase activity of the cells were assayed using the 
Dual luciferase assay kit (Promega, USA). The 
data were normalized to Renilla luciferase 
activities.

Quantification of cell apoptosis in vitro

Spinal cord tissues of neonatal rats were dis-
sected, dissociated by papain and primary spi-
nal cord neurons were seeded into 12 well clus-
ter with serum-free culture medium after differ-
ential adherence. Then spinal cord neurons 
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were transfected with miR-137 mimics or nega-
tive control oligos (NC), and 24 hours later, 1 
mM monosodium glutamate (MSG) was added 
to induce injury. The apoptotic rates of the cell 
apoptosis was analyzed by FACScan with PI/
Annexin V-FITC staining. The cell apoptotic 
rates of the spinal cord neurons, in vitro, were 
measured using a PI/Annexin V-FITC kit 
(Beckman Coulter, USA) by FACScan flow cytom-
eter (Beckman Coulter, USA) as the manual 
description. Spinal cord neurons treated with 
EntransterTM R4000 and subjected to the same 
protocol were taken as control.

Results

Overexpression of miR-137 promotes locomo-
tor recovery in SCI rats

To explore a potential role of miR-137 in SCI, we 
first overexpressed miR-137 via miR-137 
agomir in rats. Rats of SCI + agomir-137 group, 
SCI + agomir-NC group and sham control group 
received injection of agomir-137, agomir-NC 
and saline at T10 vertebrae respectively, on the 
day before the SCI surgery. 24 h later, right 
before the SCI surgery, RNA expression level of 
miR-137 in the T10 vertebrae tissue was mea-
sured. As expected, samples from SCI + agomir- 
137 group presented a dramatic rises of miR-
137 (Figure 1A). We next assessed the locomo-

neuron cells in SCI rats

We next investigated the effect of miR-137 on 
cell death in vivo by TUNEL staining with T10 
vertebrae tissue obtained 7 days after the SCI 
surgery. We found that, after the injury a high 
ratio of the neuron cells became TUNEL-
positive; whereas with the overexpression of 
miR-137, samples of SCI + agomir-137 group 
showed a decrease in the amount of TUNEL-
positive cells (Figure 2A). We counted the 
TUNEL-positive cells in three different group, 
then further confirmed that the number of 
TUNEL-positive cells was significantly lower in 
the SCI + agomir-137 group comparing to that 
in the SCI + agomir-NC group (Figure 2B). 
Besides, the RNA expression levels of miR-137 
and apoptotic markers calpain 2 and caspase 
3 in T10 vertebrae tissues were examined. 7 
days after the SCI surgery, the miR-137 expres-
sion level in the SCI + agomir-NC group was sig-
nificantly lower than that in the sham control 
group, but the miR-137 expression level in SCI 
+ agomir-137 group was much higher than 
those in the SCI + agomir-NC group and sham 
control group (Figure 2C). However, the calpain 
2 expression level in the SCI + agomir-NC group 
was higher than that in the sham control group, 
whereas the calpain 2 expression level in the 
SCI + agomir-137 group was obviously lower 
than those in the SCI + agomir-NC group and 

Figure 1. MiR-137 was down-regulated in SCI model. A: QRT-PCR analysis 
of miR-137 expression in T10 vertebrae tissue of agomir group, agomir-137 
group and sham control group rats right before the SCI surgery. B: BBB scor-
ing of SCI + agomir-NC group, SCI + agomir-137 group and sham control 
group rats 28 days after the SCI surgery. Means ± SD are shown. **P < 0.01 
vs. sham control group; #P < 0.05, ##P < 0.01 vs. SCI + agomir-NC group.

tion of these three group rats 
28 days after the SCI surgery, 
by BBB scoring. The sham 
control group rats had scores 
of 20-21 and were able to 
walk normally, while those in 
the SCI + agomir-NC group 
had scores of about 7, show-
ing obvious deficits in stabili-
ty (Figure 1B). Interestingly, 
BBB scores of SCI + 
agomir-137 group was 12-13, 
significantly higher than for 
the SCI + agomir-NC group; 
and rats of SCI + agomir-137 
group showed only mild inju-
ry. These results indicated 
that overexpression of miR-
137 improves motor func-
tioning and promotes loco-
motor recovery in rats after 
SCI.

MiR-137 inhibits apoptosis of 
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sham control group. These results suggested a 
negative correlation between miR-137 and 
apoptotic markers calpain 2 and caspase 3 in 
RNA expression level.

Overexpression of miR-137 reduces calpain 2 
expression at transcriptional level in SCI rats

Consist with gene expression results, western 
blots showed that the protein levels of apop-
totic markers calpain 2 as well as cleaved cas-
pase 3 and procasapase 3 in T10 vertebrae 
tissue were also down-regulated in the SCI + 
agomir-137 group, comparing to those in the 
SCI + agomir-NC group (Figure 3A). In the bar 
graph in Figure 3B, we can clearly tell a sharp 
rise in the protein level of calpain 2 and cleaved 

caspase 3 after the SCI surgery. However, with 
overexpression of miR-137 in the SCI + agomir- 
137 group, we observed a significant reduction 
in all the three apoptotic markers including cal-
pain 2, cleaved caspase 3 and procasapase 3. 
Western blotting results showed a negative cor-
relation between miR-137 and these findings 
raise the possibility that calpain 2 might be a 
direct target of miR-137 in cell apoptosis in SCI 
rats. 

Prediction and validation of calpain 2 as the 
target of miR-137 

Using two publicly available online algorithms 
platform (TargetScan and starBase), miR-137 
was identified as a candidate miRNA that could 

Figure 2. MiR-137 inhibits apoptosis of neuron cells in SCI rats. A: Cell apoptosis in T10 vertebrae tissue measured 
by TUNEL assay 7 days after the SCI surgery. B: Average number of apoptotic cells in each view was counted (200 
×). C: RT-PCR analysis of miR-137, calpain 2 and caspase 3 expression in T10 vertebrae tissue 7 days after the 
SCI surgery. Means ± SD are shown. #P < 0.05, ##P < 0.01 vs. sham control group; +P < 0.05 vs. SCI + agomir-NC 
group; **P < 0.01 vs. SCI + agomir-NC group or sham control group.
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target the 3’UTR of calpain 2. Hypothesized 
duplexes formed by the interactions between 
3’UTR binding site of calpain 2 and miR-137 
were shown (Figure 4A). Luciferase reporter 
assay was performed, and results showed that 
the firefly luciferase reporter activity is signifi-
cantly reduced in calpain 2-UTR vector com-
pared with calpain 2-UTR-mut (Figure 4B), prov-
ing that the negative regulatory effect of miR-
137 on calpain 2 expression was directly medi-
ated through the binding of miR-137 to the 
predicted site in the 3’UTR of the calpain 2 
mRNA. We further evaluated the anti-apoptotic 
role of miR-137 in vitro. Primary spinal cord 
neurons were transfected with miR-137 mimics 
or negative control oligos (NC), and 24 hours 
later, 1 mM monosodium glutamate (MSG) was 
added to induce injury, and then the amount of 
apoptotic cell was quantified with Annexin 
V-FITC/PI double-labeled flow cytometry. 
Compared with the controls, with overex-
pressed miR-137, percentage of viable cells 
(Annexin V negative and PI negative) increased 
and the percentage of apoptotic cells (Annexin 
V positive and PI negative) decreased signifi-
cantly (Figure 4C and 4D). Similarly to the in 
vivo situation, the in vitro protein levels of apop-
totic makers calpain 2 as well as cleaved cas-
pase 3 and procasapase 3 in spinal cord neu-
rons transfected with miR-137 mimics were all 
down-regulated as well (Figure 4E and 4F). 
Taken together, our findings demonstrated that 
miR-137 can directly target onto the 3’UTR site 
of calpain 2 and lead to calpain 2 down-regula-
tion at transcriptional level, playing a prosur-
vival or anti-apoptotic role in SCI.

Discussion

The secondary SCI often carries a poor progno-
sis, and with its unclear underlying mecha-
nisms, it remains challenging for us in develop-
ing effective treatments for SCI. Spinal cord 
neurons in the secondary SCI phase undergo 
apoptosis, resulting in progressive degenera-
tion, loss of the tissue in the spinal cord and 
permanent neurological disability [9, 27]. 
Certain studies indicated that the success of 
SCI treatment depends on blocking the second-
ary SCI progression, and therefore inhibit the 
neuronal apoptosis may be a therapeutic strat-
egy of SCI [28-30]. MiRNAs might be attractive 
candidates for the therapeutic strategy as they 
mediate gene expression at the posttranscrip-
tional level and lead to translational inhibition 
or sometimes degradation [15, 31]. Previous 
studies suggested that miRNAs up-regulated 
post SCI (such as miR-145, miR-214 and 
miR206 ect.) might present pro-apoptotic 
effects, whereas miRNAs down-regulated post 
SCI (such as miR-124, miR-235-3p and miR-
137 ect.) are more likely to be anti-apoptotic 
[15, 32]. Nonetheless, the primordial mecha-
nism of miRNAs on SCI have not yet been well 
understood.

In this study, for the first time, we identified the 
functional role of miR-137 in the SCI system. 
Our data showed that overexpressing miR-137 
effectively promotes locomotor recovery in SCI 
rats. This recovery was associated with the 
inhibition of neuron apoptosis in vivo. We then 

Figure 3. Overexpression of miR-137 reduces calpain 2 expression at transcriptional level in SCI rats. A: Western 
analysis of calpain 2, cleaved caspase 3 and procasapase 3 expression in T10 vertebrae tissue 7 days after the SCI 
surgery (n = 3). β-actin was used as a loading control. B: The optical density analysis of calpain 2, cleaved caspase 
3 and procasapase 3 protein. **P < 0.01 vs. sham control group; #P < 0.05, ##P < 0.01 vs. SCI + agomir-NC group.
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identified several apopotic markers calpain 2 
and caspase 3 were in negative correlation 
with miR-137 in SCI rats. Calpain 2 and cas-
pase 3 are proteases that could degrade the 
cytoskeletal proteins, leading to cellular degra-
dation and death [33-35]. Accordingly, these 
proteases will be notably activated after SCI in 
spinal cord neurons [36]. Our findings showed 

that overexpression of miR-137 significantly 
reduce these proteases at transcriptional level 
in SCI rats. With bioinformatic analysis, we pre-
dicted a miR-137 target site on 3’UTR site of 
calpain 2, and mechanistically, we successfully 
validated hypothesis through luciferase assay 
and confirmed that miR-137 inhibit SCI-induced 
apoptosis by down-regulating calpain 2.

Figure 4. Prediction and validation of calpain 2 as the target of miR-137. A: The predicted structure of the base-
paired hybrid between 3’UTR binding site of calpain 2 and miR-137. B: The luciferase activity of reporter plasmids 
pMIR-Ctrl, calpain 2-UTR and calpain 2-UTR-mut in spinal cord neurons. The data were normalized to Renilla lucif-
erase activities. C: Cell apoptosis analyzed by FACScan with PI/Annexin V-FITC staining. D: Percentage of apoptotic 
cells, taking EntransterTM R4000-treated spinal cord neurons as control. E: Western analysis of calpain 2, cleaved 
caspase 3 and procasapase 3 expression in spinal cord neurons transfected with miR-137 mimics, NC oligos or 
treated with EntransterTM R4000. β-actin was used as a loading control. F: The optical density analysis of calpain 
2, cleaved caspase 3 and procasapase 3 protein. *P < 0.05, **P < 0.01 vs. EntransterTM-R4000 group; #P < 0.05, 
##P < 0.01 vs. negative control group. 
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The protective efficacy of miR-137 has previ-
ously been demonstrated in vitro and in vivo in 
cardiac diseases by inhibiting cardiomyocyte 
apoptosis and suppressing various cancers 
[37, 38]. In this study, we extend our under-
standing of the positive regulation functions of 
miR-137 in SCI system that it inhibits SCI-
induced apoptosis by targeting on calpain 2. 
Our results might provide an opportunity to 
ameliorate secondary SCI and develop novel 
therapies of spinal cord injury. Nonetheless, 
whether miR-137 will function to affect the 
other aspects of SCI such as the endogenous 
repair system or whether there are some other 
targets of miR-137 in SCI, remain further 
validation.

Acknowledgements

This work was supported by the Key Project for 
Medical Science from the Shanghai Committee 
of Science and Technology, China (Grant No.: 
12441900702).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Qiang Shen, Depart- 
ment of Orthopedic Surgery, Shanghai First People’s 
Hospital, Shanghai Jiaotong University, Room 1901, 
No. 7, Lane 301, Quxi Road, Shanghai 200011, 
China. Tel: +86-13671877906; Fax: +86-021-
63137975; E-mail: shenshjt@163.com

References

[1] Wyndaele M and Wyndaele JJ. Incidence, prev-
alence and epidemiology of spinal cord injury: 
what learns a worldwide literature survey? 
Spinal Cord 2006; 44: 523-529.

[2] Tator CH. Strategies for recovery and regenera-
tion after brain and spinal cord injury. Inj Prev 
2002; 8 Suppl 4: IV33-36.

[3] Lee BB, Cripps RA, Fitzharris M and Wing PC. 
The global map for traumatic spinal cord injury 
epidemiology: update 2011, global incidence 
rate. Spinal Cord 2014; 52: 110-116.

[4] Penas C, Guzman MS, Verdu E, Fores J, Navarro 
X and Casas C. Spinal cord injury induces en-
doplasmic reticulum stress with different cell-
type dependent response. J Neurochem 2007; 
102: 1242-1255.

[5] Thuret S, Moon LD and Gage FH. Therapeutic 
interventions after spinal cord injury. Nat Rev 
Neurosci 2006; 7: 628-643.

[6] Mautes AE, Weinzierl MR, Donovan F and 
Noble LJ. Vascular events after spinal cord in-

jury: contribution to secondary pathogenesis. 
Phys Ther 2000; 80: 673-687.

[7] Alexander JK and Popovich PG. Neuroinflam- 
mation in spinal cord injury: therapeutic tar-
gets for neuroprotection and regeneration. 
Prog Brain Res 2009; 175: 125-137.

[8] Katoh K, Ikata T, Katoh S, Hamada Y, Nakauchi 
K, Sano T and Niwa M. Induction and its spread 
of apoptosis in rat spinal cord after mechani-
cal trauma. Neurosci Lett 1996; 216: 9-12.

[9] Crowe MJ, Bresnahan JC, Shuman SL, Masters 
JN and Beattie MS. Apoptosis and delayed de-
generation after spinal cord injury in rats and 
monkeys. Nat Med 1997; 3: 73-76.

[10] Beattie MS, Farooqui AA and Bresnahan JC. 
Review of current evidence for apoptosis after 
spinal cord injury. J Neurotrauma 2000; 17: 
915-925.

[11] Bareyre FM and Schwab ME. Inflammation, de-
generation and regeneration in the injured spi-
nal cord: insights from DNA microarrays. 
Trends Neurosci 2003; 26: 555-563.

[12] Di Giovanni S, Knoblach SM, Brandoli C, Aden 
SA, Hoffman EP and Faden AI. Gene profiling in 
spinal cord injury shows role of cell cycle in 
neuronal death. Ann Neurol 2003; 53: 454-
468.

[13] Nesic O, Svrakic NM, Xu GY, McAdoo D, 
Westlund KN, Hulsebosch CE, Ye Z, Galante A, 
Soteropoulos P, Tolias P, Young W, Hart RP and 
Perez-Polo JR. DNA microarray analysis of the 
contused spinal cord: effect of NMDA receptor 
inhibition. J Neurosci Res 2002; 68: 406-423.

[14] Nieto-Diaz M, Esteban FJ, Reigada D, Munoz-
Galdeano T, Yunta M, Caballero-Lopez M, 
Navarro-Ruiz R, Del Aguila A and Maza RM. 
MicroRNA dysregulation in spinal cord injury: 
causes, consequences and therapeutics. Front 
Cell Neurosci 2014; 8: 53.

[15] Liu NK, Wang XF, Lu QB and Xu XM. Altered mi-
croRNA expression following traumatic spinal 
cord injury. Exp Neurol 2009; 219: 424-429.

[16] Althoff K, Beckers A, Odersky A, Mestdagh P, 
Koster J, Bray IM, Bryan K, Vandesompele J, 
Speleman F, Stallings RL, Schramm A, Eggert 
A, Sprussel A and Schulte JH. MiR-137 func-
tions as a tumor suppressor in neuroblastoma 
by downregulating KDM1A. Int J Cancer 2013; 
133: 1064-1073.

[17] Balaguer F, Link A, Lozano JJ, Cuatrecasas M, 
Nagasaka T, Boland CR and Goel A. Epigenetic 
silencing of miR-137 is an early event in 
colorectal carcinogenesis. Cancer Res 2010; 
70: 6609-6618.

[18] Liu M, Lang N, Qiu M, Xu F, Li Q, Tang Q, Chen 
J, Chen X, Zhang S, Liu Z, Zhou J, Zhu Y, Deng 
Y, Zheng Y and Bi F. miR-137 targets Cdc42 
expression, induces cell cycle G1 arrest and 
inhibits invasion in colorectal cancer cells. Int J 
Cancer 2011; 128: 1269-1279.



MiR-137 inhibits apoptosis of neuron cells in SCI

15803 Int J Clin Exp Med 2016;9(8):15796-15803

[19] Sun G, Cao Y, Shi L, Sun L, Wang Y, Chen C, 
Wan Z, Fu L and You Y. Overexpressed miR-
NA-137 inhibits human glioma cells growth by 
targeting Rac1. Cancer Biother Radiopharm 
2013; 28: 327-334.

[20] Huang H, Xue L, Zhang X, Weng Q, Chen H, Gu 
J, Ye S, Chen X, Zhang W and Liao H. Hyperbaric 
oxygen therapy provides neuroprotection fol-
lowing spinal cord injury in a rat model. Int J 
Clin Exp Pathol 2013; 6: 1337-1342.

[21] Zhang H, Wu F, Kong X, Yang J, Chen H, Deng L, 
Cheng Y, Ye L, Zhu S, Zhang X, Wang Z, Shi H, 
Fu X, Li X, Xu H, Lin L and Xiao J. Nerve growth 
factor improves functional recovery by inhibit-
ing endoplasmic reticulum stress-induced 
neuronal apoptosis in rats with spinal cord in-
jury. J Transl Med 2014; 12: 130.

[22] Basso DM, Beattie MS and Bresnahan JC. 
Graded histological and locomotor outcomes 
after spinal cord contusion using the NYU 
weight-drop device versus transection. Exp 
Neurol 1996; 139: 244-256.

[23] Zhang C and Shen L. Folic acid in combination 
with adult neural stem cells for the treatment 
of spinal cord injury in rats. Int J Clin Exp Med 
2015; 8: 10471-10480.

[24] Rosado IR, Lavor MS, Alves EG, Fukushima FB, 
Oliveira KM, Silva CM, Caldeira FM, Costa PM 
and Melo EG. Effects of methylprednisolone, 
dantrolene, and their combination on experi-
mental spinal cord injury. Int J Clin Exp Pathol 
2014; 7: 4617-4626.

[25] Feng L, Xie Y, Zhang H and Wu Y. miR-107 tar-
gets cyclin-dependent kinase 6 expression, in-
duces cell cycle G1 arrest and inhibits invasion 
in gastric cancer cells. Med Oncol 2012; 29: 
856-863.

[26] Lin L, Liang H, Wang Y, Yin X, Hu Y, Huang J, 
Ren T, Xu H, Zheng L and Chen X. microR-
NA-141 inhibits cell proliferation and invasion 
and promotes apoptosis by targeting hepato-
cyte nuclear factor-3beta in hepatocellular car-
cinoma cells. BMC Cancer 2014; 14: 879.

[27] Liu XZ, Xu XM, Hu R, Du C, Zhang SX, McDonald 
JW, Dong HX, Wu YJ, Fan GS, Jacquin MF, Hsu 
CY and Choi DW. Neuronal and glial apoptosis 
after traumatic spinal cord injury. J Neurosci 
1997; 17: 5395-5406.

[28] Dang AB, Tay BK, Kim HT, Nauth A, Alfonso-
Jaume MA and Lovett DH. Inhibition of MMP2/
MMP9 after spinal cord trauma reduces apop-
tosis. Spine (Phila Pa 1976) 2008; 33: E576-
579.

[29] Chen KB, Uchida K, Nakajima H, Yayama T, 
Hirai T, Watanabe S, Guerrero AR, Kobayashi S, 
Ma WY, Liu SY and Baba H. Tumor necrosis 
factor-alpha antagonist reduces apoptosis of 
neurons and oligodendroglia in rat spinal cord 
injury. Spine (Phila Pa 1976) 2011; 36: 1350-
1358.

[30] Liu WM, Wu JY, Li FC and Chen QX. Ion channel 
blockers and spinal cord injury. J Neurosci Res 
2011; 89: 791-801.

[31] Quinzanos-Fresnedo J and Sahagun-Olmos RC. 
[Micro RNA and its role in the pathophysiology 
of spinal cord injury - a further step towards 
neuroregenerative medicine]. Cir Cir 2015; 83: 
442-447.

[32] Ning B, Gao L, Liu RH, Liu Y, Zhang NS and 
Chen ZY. microRNAs in spinal cord injury: po-
tential roles and therapeutic implications. Int J 
Biol Sci 2014; 10: 997-1006.

[33] Ray SK and Banik NL. Calpain and its involve-
ment in the pathophysiology of CNS injuries 
and diseases: therapeutic potential of calpain 
inhibitors for prevention of neurodegeneration. 
Curr Drug Targets CNS Neurol Disord 2003; 2: 
173-189.

[34] Tamada Y, Nakajima E, Nakajima T, Shearer TR 
and Azuma M. Proteolysis of neuronal cytoskel-
etal proteins by calpain contributes to rat reti-
nal cell death induced by hypoxia. Brain Res 
2005; 1050: 148-155.

[35] Springer JE, Azbill RD, Kennedy SE, George J 
and Geddes JW. Rapid calpain I activation and 
cytoskeletal protein degradation following trau-
matic spinal cord injury: attenuation with rilu-
zole pretreatment. J Neurochem 1997; 69: 
1592-1600.

[36] Banik NL, Hogan EL, Powers JM and Smith KP. 
Proteolytic enzymes in experimental spinal 
cord injury. J Neurol Sci 1986; 73: 245-256.

[37] Wang J, Xu R, Wu J and Li Z. MicroRNA-137 
Negatively Regulates H2O2-Induced Cardio- 
myocyte Apoptosis Through CDC42. Med Sci 
Monit 2015; 21: 3498-3504.

[38] Yang YR, Li YX, Gao XY, Zhao SS, Zang SZ and 
Zhang ZQ. MicroRNA-137 inhibits cell migra-
tion and invasion by targeting bone morphoge-
netic protein-7 (BMP7) in non-small cell lung 
cancer cells. Int J Clin Exp Pathol 2015; 8: 
10847-10853.


