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Abstract: Spinal cord injuries (SCI) cause serious vascular dysfunction. Tetramethylpyrazine (TMP) treatment has 
been shown to promote angiogenesis and improve locomotor and neurological function after SCI. However, mecha-
nisms underlying the effects of TMP on SCI remain unclear. The aim of the present study was to uncover the influ-
ence of TMP treatment on microRNA (miRNA) expression. Next-generation sequencing was used to analyze global 
gene expression changes in miRNAs induced by TMP. Real-time PCR (RT-PCR) assay was used to verify data. Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed using the 
Database for Annotation, Visualization, and Integrated Discovery tool, aiming to predict the functions of target genes 
of differentially-expressed miRNAs. A rat model of SCI was constructed using a modified version of Allen’s impact 
method. Adult Sprague-Dawley rats were randomly allocated to the following four groups, with 6 rats in each group: 
(A) Control group; (B) Sham operation group; (C) SCI group; and (D) TMP-treated SCI group. In Group D, the rats were 
injected intraperitoneally with TMP. Total RNA was isolated from spinal cord tissues from Group C and Group D at 5 
days after SCI, allowing for sequencing of miRNA expression profiles. Compared with Group C, miRNAs in Group D 
were enriched in complement and coagulation cascades, systemic lupus erythematosus, and prion disease path-
ways. After TMP treatment, some miRNAs, including rno-miR-10-5b, X_119707, 13_8820, and rno-miR-375-3p, 
were upregulated, while 7_5613 and rno-miR-6324 were downregulated. This was confirmed by RT-PCR results. In 
addition, many novel miRNAs were predicted by the miRDeep2 algorithm. Collectively, present results suggest that 
TMP treatment after SCI influenced the expression levels of some miRNAs. Additional studies concerning these 
miRNAs are necessary, aiming to improve the understanding of mechanisms underlying the effects of TMP on SCI.
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Introduction 

Spinal cord injuries (SCI) result in major vascu-
lar trauma [1-4]. Symptoms of SCI vary from 
pain to paralysis and incontinence. SCI causes 
secondary damage and pathological chang- 
es, including edema, axonal degeneration, he- 
morrhaging, and neuronal necrosis, as well as 
demyelination followed by cyst formation and 
infarction [5, 6]. These changes affect cell  
survival and neurological integrity via complex 
and evolving molecular cascades. However, 
these interrelationships are not fully under-
stood. SCI-induced pathophysiological altera-
tions may last for several years due to strong 
inhibition of neuronal precursors and neuro-
genesis, leading to paralysis [7]. Many studies 

have focused on the development of effect- 
ive treatments for functional deficits in SCI 
patients [8]. Several kinds of therapeutic ap- 
proaches have been carried out, aiming to 
improve the microenvironment and stimulate 
endogenous repair, and thus ameliorate sec-
ondary injuries. However, a lack of scientific 
understanding of the mechanisms of SCI has 
caused treatment of this disease to remain a 
major challenge for clinicians. 

In recent years, many studies have investigated 
the effects of microRNAs (miRNA) on SCI [9]. 
Some studies have reported that miRNAs ap- 
peare to mediate neural plasticity, suggesting 
that they are possibly involved in neurodegen-
eration and regulation of gene expression after 
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SCI [10, 11]. MiRNAs, a class of noncoding 
RNAs, have around 22 nucleotides on average. 
They play important roles in the regulation of 
many cellular processes, including cell prolif- 
eration and apoptosis, via post-regulation of 
gene expression [12]. They also control mRNA 
expression by directly binding to target mRNAs, 
resulting in either degradation of the target 
mRNA or inhibition of translation [13]. Previous 
studies have shown that expression levels of 
miRNAs are altered in association with second-
ary injuries in SCI, suggesting that miRNAs may 
play an important role in SCI [14]. 

A previous study demonstrated tetramethylpyr-
azine (TMP), a phosphodiesterase inhibitor, is 
effective in accelerating functional recovery of 
acute SCI in a rat model [15]. In China, TMP has 
been widely used for treatment of cardiovascu-
lar disease and SCI [16-18]. However, cellular 
mechanisms underlying the activity of TMP re- 
main unclear. 

The present study, aiming to explore mecha-
nisms underlying the effects of TMP on SCI, 
established a rat SCI model. This study used 
next-generation sequencing, examining the ef- 
fects of TMP on miRNA expression profiles. 

Material and methods 

Animals and experimental design

Adult Sprague-Dawley rats, weighing 180 to 
200 g, were maintained in a temperature-con-
trolled and light-controlled (12-hour light/12- 
hour dark cycle) room with food and water. 
Experimental protocols were performed in ac- 
cordance with National Institutes of Health 
Guidelines for the Care and Use of Laboratory 
Animals. The current study was approved by  
the Animal Care and Research Committee of 
Shanghai University of Traditional Chinese Me- 
dicine University. The rats were randomly allo-
cated to the following four groups, with six rats 
in each group: (A) Control group; (B) Sham oper-
ation group; (C) SCI group; and (D) TMP-treated 
SCI group. The Basso, Beattie, and Basso-
Beattie-Bresnahan (BBB) locomotor scale [19, 
20] was used to assess functional consequen- 
ces at 24 hours, 4 days, and 5 days after the 
induction of SCI, as well as to reveal the effects 
of TMP on recovery. Zero referred to no observ-
able hind limb movement and 21 referred to 
normal rat locomotion. Due to economic rea-

sons, tissue samples were collected only from 
Group C and Group D at 5 days after SCI for 
sequencing of miRNA expression profiles.

SCI rat model

The rat model of SCI was created based on the 
Allen weight-drop method [21]. The rats were 
anesthetized with chloral hydrate (450 mg/kg) 
by intraperitoneal injections. A laminectomy 
was carried out at the thoracic vertebrae 10 
(T10), exposing the spinal cord beneath without 
disruption of the dura. Next, the spinous pro-
cesses of T8 and T11 were fixed. This was fol-
lowed by exposed T10 being submitted to 
weight-drop contusion injuries, as previously 
described [22]. Subsequently, the muscles and 
skin were closed in layers. In the control group, 
no surgeries were performed. In the sham oper-
ation group, the animals underwent a T10 lami-
nectomy without weight-drop injury. Rats in the 
TMP-treated SCI group were treated with intra-
peritoneal injections of TMP (200 mg/kg daily) 
after surgery.

RNA isolation 

The rats were euthanized by pentobarbital-phe-
nytoin overdoses (1 mL IP per rat) 5 days after 
SCI. The spinal cord was exposed and 10 mm 
of the spinal cord was harvested. Total RNA 
was isolated from the collected tissues using 
the RNeasy Mini Kit (Qiagen, West Sussex, UK), 
according to manufacturer protocol. Briefly, 
500 µL of lysis buffer was added to each sam-
ple. After homogenizing with a QIAshredder 
(Qiagen, West Sussex, UK), RNA was extracted. 
The quality of RNA in all samples was confirm- 
ed using an Agilent 2100 BioAnalyzer (Agilent 
Technologies, Palo Alto, CA). 

MicroRNA sequencing and data analysis

RNA sequencing was performed on a polyade-
nylated fraction of RNA isolated from the spinal 
cord, with 3 samples in each group. Only sam-
ples with RNA integrity numbers (RIN) > 8 were 
used for library construction. Moreover, 150-
300 ng of total RNAs obtained from the ab- 
ovementioned experiment were used for the 
sequencing library. After the RNA samples we- 
re selected by polyA, paired-end sequencing 
libraries were built using a TruSeq RNA Sam- 
ple Prep Kit (Illumina, San Diego, USA), as des- 
cribed in the TruSeq RNA Sample Preparation 
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V2 Guide. Next, the samples were sequenced 
with an Illumina HiSeq sequencer. Differen- 
tially-expressed miRNAs (P < 0.05) were identi-
fied via volcano plot filtering. 

Gene ontology (GO) enrichment and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis

Putative targets of the differentially-express- 
ed miRNAs were predicted using TargetScan, 
miRanda, and PicTar online software. GO and 
KEGG pathway analyses of predicted target 
genes of differentially-expressed miRNAs were 
performed using the Database for Annotation, 
Visualization, and Integrated Discovery tool 
(http://david.abcc.ncifcrf.gov/) [23]. Only differ-
entially-expressed miRNAs with P < 0.05 and 
false discovery rates (FDR) < 0.05 were includ-
ed in this study.

RNA preparation and real time quantitative 
PCR (RT-PCR)

After total RNA was extracted using TRIzol 
Reagent (Thermo Fisher Scientific, MA, USA), 
the TaqMan MicroRNA Reverse Transcription 
Kit (Takara, Dalian, China) was used for miRNA 
detection. RT-PCR was performed, assessing 
expression levels of miRNAs using TaqMan 
miRNA qPCR kits (HaiGene, Heilongjiang Pro- 
vince, China) with specific primers, using U6 
snRNA as control on the ABI 7500 Sequence 
Detection System (Thermo Fisher Scientific). 
Expression levels of miRNAs were calculated 
using the 2-ΔΔCt method. 

Statistical analysis

All experiments were repeated three times. 
One-way analysis of variance (one-way ANOVA) 
and t-tests were applied, determining the sig-
nificance of the data. Data are presented as 
mean ± standard deviation (SD). Defining sig-

nificant correlation levels, Pearson’s correla-
tion coefficient was employed. A correlation 
coefficient of > 0.5 or < -0.5 was accepted as 
statistically significant. After filtering, miRNAs 
that met this criterion were subjected to GO 
enrichment analysis.

Results

TMA treatment contributes to functional recov-
ery after SCI 

Effects of TMA on locomotor function were 
assessed using the BBB test, aiming to explore 
whether the drug promoted functional recovery 
after SCI. As shown in Table 1, compared with 
group B, 24 hours after SCI, all injured rats in 
groups C and D were paralyzed in their hind 
limbs with reduced BBB scores (P < 0.05). This 
suggested that the SCI model was generated 
successfully. In addition, BBB scores were sig-
nificantly increased in TMA treated rats at 4 
days and 5 days after SCI, compared to rats in 
group C (P < 0.05), suggesting that TMA treat-
ment improved the functional recovery of rats 
after SCI.

Effects of TMP treatment on miRNA expres-
sion in the SCI rat model

Investigating the effects of TMP treatment on 
SCI and the relationship of TMP with miRNA 
expression profiles, next generation sequenc-
ing was used to determine miRNA expression 
levels in rats. After filtering and mapping to  
the reference genome, 109 miRNAs were up- 
regulated, including rno-miR-10-5b, X_119707, 
13_8820, and rno-miR-375-3p. Moreover, 109 
were downregulated, including 7_5613 and 
rno-miR-6324 (Log2 [fold changes < 1 or > -1; 
Figure 1), in TMP-treated SCI rats, compared 
with the non-TMP treatment group. Results su- 
ggest that TMP treatment affected the expres-
sion profiles of miRNAs.

Function analysis of differentially-expressed 
miRNAs

Aiming to identify the biological pathways in 
which differentially-expressed miRNAs were in- 
volved, miRNAs were characterized based on 
reference pathways in KEGG. KEGG enrichment 
analysis showed that differentially-express- 
ed miRNAs were significantly associated with 
three pathways (complement and coagulation 

Table 1. BBB scores of rats in different groups

Groups Number 
of cases 24 hours 4 days 5 days

A 6 21.0 ± 0.0 21.0 ± 0.0 21.0 ± 0.0
B 6 20.9 ± 0.1 21.0 ± 0.1 21.0 ± 0.0
C 6 2.8 ± 0.3* 4.5 ± 0.7 5.3 ± 0.8
D 6 2.8 ± 0.3* 7.4 ± 1.0# 9.1 ± 1.1#

Values are mean ± SD, *P < 0.05, C or D versus B; #P < 
0.05, D versus C.
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Figure 1. Overview of differences in global miRNA expression before and after TMP treatment. A. Scatter plot of mean expression quantity between SCI and TMP-
treated SCI groups; B. Volcano plot showing differentially-expressed miRNAs between SCI and TMP-treated SCI groups.
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cascade, prion disease, and systemic lupus 
erythematosus) (P < 0.05), as shown in Figure 
2. This finding suggests that TMP treatment 
affected expression of miRNAs involved in sec-
ondary injuries in a rat model of SCI, indicating 
that the effects of TMP on functional recovery 
after SCI might be through attenuation of sec-
ondary injuries. To further understand the func-

tion of differentially-expressed miRNAs, GO an- 
notation was performed. Differentially-express- 
ed miRNAs were assigned to at least one term 
in several GO categories, including biological 
process, cellular component, and molecular 
function. These miRNAs were then classified 
into several subcategories in terms of funct- 
ion. The top 10 items from each category were 

Figure 2. Overview of en-
riched KEEG pathways af-
ter TMP treatment.

Figure 3. GO enrichment 
signaling pathways.
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selected (Figure 3). In the biological process 
category, the protein activation cascade was 
the largest group. In the cellular component 
category, membrane attack complex represent-
ed the largest function group. In the molecular 
function category, activation transcription fac-
tor binding was the dominant function group. 
Present findings suggest that TMP treatment 
mainly affected miRNAs involved in the regula-
tion of transcription and protein activation. The 
latter could possibly lead to a change in expres-
sion levels of specific proteins involved in sec-
ondary injuries in SCI.

Identification of differentially-expressed miRNA

Alignment analysis performed against the glob-
al data set. It revealed that rno-miR-10-5b, 
X_119707, 13_8820, rno-miR-375-3p, and 

rno-miR-496-3p were upregulated in TMP-tre- 
ated rats. In agreement with previous studies 
[24-26], levels of several miRNAs (miR-21a, 
miR-130b, miR-19a, miR-34a, miR-142a, miR-
199a, miR-184, and miR-147) were significant-
ly downregulated in the TMP-treated group af- 
ter SCI (Figure 4A). Subsequently, RT-PCR con-
firmed the expression patterns of these differ-
entially-expressed miRNAs in TMP-treated SCI 
group and SCI group. Results showed that ex- 
pression levels of rno-miR-10-5b, X_119707, 
13_8820, rno-miR-375-3p, and rno-miR-496-
3p were upregulated, while expression levels  
of miR-21a, miR-130b, miR-19a, miR-34a, miR-
142a, miR-199a, miR-184, and miR-147 were 
reduced in the TMP-treated SCI group, com-
pared with the SCI group (Figure 4B).

Recent advances in high-throughput sequenc-
ing have enabled the detection of miRNAs with 
unprecedented sensitivity [27-29]. However, 
the computational task of accurately identify-
ing miRNAs from the background of sequenc- 
ed RNAs remains challenging. To aid this task, 
the miRDeep2 algorithm has been developed, 
according to a previous study [30]. This algo-
rithm identifies canonical and noncanonical 
miRNAs, such as those derived from transpos-
able elements. It selects candidates with high 
confidence detected in multiple independent 
samples (Figure 5). In the present study, this 
algorithm identified many novel differentially-
expressed miRNAs caused by TMP (Table 2). 
Further studies are necessary to shed light on 
the function of these novel miRNAs in SCI.

Identification of potential targets of differen-
tially-expressed miRNAs

In addition to expression pattern analysis, a 
search of miRNA databases was conducted, 
aiming to identify potential targets of upregu-
lated miRNAs (X_11907, rno-miR-375-3p, 13_ 
8820, rno-miR10b-5p, and mi-miR-496-3p). 
The search revealed numerous genes, includ-
ing Gad1, Alx4, Cblb1, Cd82, and Pcfg3, target-
ed by upregulated miRNAs (Figure 6).

Discussion

SCI has far-reaching effects on patient lives. 
Although TMP has been widely used for treat-
ment of SCI, the mechanisms underlying its 
activity remain unclear. The present study in- 
vestigated the effects of TMP on SCI, focus- 
ing mainly on changes in miRNA expression lev-
els, assessed by next-generation sequencing. 

Figure 4. Identification of differentially-expressed 
miRNAs between TMP-treated SCI group and SCI 
group. A. Heat map showing significant expressional 
changes of miRNA levels after SCI; B. RT-PCR was 
performed to assess expression of rno-miR-10-5b, 
X_119707, 13_8820, rno-miR-375-3p, rno-miR-496-
3p, miR-21a, miR-130b, miR-19a, miR-34a, miR-
142a, miR-199a, miR-184, and miR-147 between 
TMP-treated SCI group and SCI group (n = 3, *P < 
0.05).
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Results demonstrated that several miRNAs 
were significantly upregulated or downregulat-
ed after TMP treatment in a rat model of SCI. 
Some of the identified miRNAs had been 
detected in previous studies, indicating that 
present data and present experiments were 
reliable and consistent. In addition, some novel 
miRNAs were identified. Further studies of 
these miRNAs may aid the understanding of 
SCI. 

Thousands of miRNAs have been identified 
since the first report of miRNAs 10 years ago 
[9]. Increasing evidence has shown that miR-
NAs play an important role in a variety of bio-
logical processes, such as cell differentiation, 
cell proliferation, cell growth, and metabolism, 
largely by inhibiting mRNA translation [31]. A 
recent study demonstrated that aberrant 
expression of miRNAs was induced after SCI in 
a rat model [32]. In addition, deregulation of 

Figure 5. Workflow of novel miRNA prediction [30].
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Table 2. Novel miRNAs in this study

ID Sample 
SCI

Sample 
SCI/TMP

Sample 
SCI

Sample SCI/
TMP

A_mean_
TPM

B_mean 
TPM

FoldChange_
Log2 P. value P. value.adj

11_8223 393 71 153.998 14.65287 153.998 14.65287 -3.39366 0.000341 0.118839

11_8223_star 6 0 2.351114 0 2.351114 0 #NAME? 0.019553 1

11_8224 401 88 157.1328 18.1613 157.1328 18.1613 -3.11304 0.000851 0.160121

13_8807_star 1165 453 456.5079 93.48942 456.5079 93.48942 -2.28776 0.006028 0.694546

13_8820 3 50 1.175557 10.31892 1.175557 10.31892 3.133876 0.016006 1

17_10685 106 50 41.53634 10.31892 41.53634 10.31892 -2.00908 0.030688 1

7_5607 335 113 131.2705 23.32076 131.2705 23.32076 -2.49286 0.006261 0.694546

7_5607_star 153 73 59.9534 15.06562 59.9534 15.06562 -1.99258 0.029125 1

7_5613 357 104 139.8913 21.46336 139.8913 21.46336 -2.70436 0.003259 0.511072

7_5613_star 159 79 62.30451 16.30389 62.30451 16.30389 -1.93412 0.033378 1

3_2416 56 444 21.94373 91.63202 21.94373 91.63202 2.062043 0.034239 1

13_8807 3111 2039 1219.052 420.8056 1219.052 420.8056 -1.53453 0.036891 1

X_11907 0 14 0 2.889298 0 2.889298 Inf 0.046673 1

Figure 6. Prediction of miRNA target genes.
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miRNAs expression plays crucial roles in the 
pathogenesis of secondary injuries after SCI. 
Furthermore, studies have confirmed that do- 
wnregulation of some miRNAs induces abnor-
mal development of the spinal cord, indicating 
the vital role of miRNAs in cases of SCI [33]. In 
the present study, aiming to investigate the 
mechanisms of TMP, next-generation sequenc-
ing was used to determine miRNA expression 
levels in a rat model of SCI, with and without 
TMP treatment. Results revealed 109 upregu-
lated miRNAs and 109 downregulated miRNAs 
after TMP treatment. These differentially-ex- 
pressed miRNAs were significantly enriched in 
three KEGG pathways (complement and coagu-
lation cascade, prion disease, and systemic 
lupus erythematosus), which may affect expres-
sion levels of genes involved in SCI-induced 
secondary injuries. Present findings suggest 
that the effects of TMP on functional recovery 
after SCI might occur through attenuation of 
secondary injuries. 

People with SCI are at risk of developing type II 
diabetes, either due to resistance to the effects 
of insulin or an inability to maintain normal glu-
cose levels because of insufficient insulin [34]. 
In the present study, mir130b was downregu-
lated after TMP treatment. According to miR-
Gate predictions, Insulin 2 (Ins2) is the predict-
ed target gene of mir130b [35]. Ins2 encodes 
pre-proinsulin, which forms insulin, the hor-
mone involved in glucose and lipid metabolism 
[36]. It was proposed that, after TMP treatment, 
downregulation of miR-130b may lead to upreg-
ulation of Ins2, thus triggering insulin produc-
tion and the maintenance of normal levels of 
glucose. This decreases the risk of developing 
type II diabetes after SCI. A better understand-
ing of the effects of downregulated miRNAs 
may aid in furthering the understanding of the 
mechanisms of TMP. 

Previous studies have shown that miR21 is 
upregulated after SCI, which directly targets 
programmed cell death protein 4, Fas ligand (a 
pro-apoptotic factor), and phosphatase and 
tensin homolog, a strong antiapoptotic factor 
[37]. Studies have also shown that knockdown 
of miR-21 hampers the recovery of hind limb 
motor function, resulting in increased lesion 
size and decreased tissue sparing, suggesting 
a role for miR-21 in protection and recovery 
[38]. Another study found that short-term exer-
cise resulted in a dramatic increase in miR-21 

expression after SCI, thus reducing functional 
and structural deficits after the primary injury 
[39]. Downregulation of miR-21 after TMP treat-
ment indicates that TMP may have a similar 
effect as miR-21 (inhibition of apoptosis). Thus, 
it may negatively regulate expression levels of 
miR-21. However, more studies are necessary, 
aiming to shed light on the mechanisms of TMP, 
including potential apoptotic effects.

The present study had several limitations, 
including a small sample size, lack of functional 
analysis and validation of differentially-ex- 
pressed miRNAs, and broad impact of miRNAs 
on many genes. 

In conclusion, the current study demonstrated 
that TMP treatment after SCI altered the ex- 
pression levels of miRNAs. This may contribute 
to the protective effects of TMP. Aberrantly-
expressed miRNAs were enriched in comple-
ment and coagulation cascade, prion disease, 
and systemic lupus erythematosus pathways, 
indicating the effects of TMP on SCI-induced 
secondary injuries. In addition, some miRNAs 
identified in the present study were involved in 
apoptosis pathways, pointing to antiapoptotic 
effects of TMP on SCI. Present finding suggest 
that the protective effects of TMP on SCI might 
occur by attenuating secondary injuries or ex- 
erting anti-apoptotic effects. Additional studies 
concerning these differentially-expressed miR-
NAs after TMP treatment are necessary, obtain-
ing a better understanding of the mechanisms 
of TMP on SCI. 

Acknowledgements

The current study was supported by the Re- 
search project of Shanghai University of Tra- 
ditional Chinese Medicine (No. 18LK038, 20- 
16YSN45).

Disclosure of conflict of interest

None.

Address correspondence to: Zhongxiang Yu, De- 
partment of Orthopedics, Shu Guang Hospital Affi- 
liated to Shanghai University of Traditional Chinese 
Medicine, Shanghai 201203, China. Tel: +86-150- 
63036920; E-mail: yuzx84791@163.com

References

[1] Aach M, Cruciger O, Sczesny-Kaiser M, Höffken 
O, Meindl RC, Tegenthoff M, Schwenkreis P, 

mailto:yuzx84791@163.com


TMP treatment on miRNA expression after SCI

11208 Int J Clin Exp Med 2019;12(9):11199-11209

Sankai Y and Schildhauer TA. Voluntary driven 
exoskeleton as a new tool for rehabilitation in 
chronic spinal cord injury: a pilot study. Spine J 
2014; 14: 2847-53.

[2] Adamczak SE and Hoh DJ. Steroids and spinal 
cord injury-a global dilemma. World Neurosurg 
2016; 90: 641-643. 

[3] Alkabie S and Boileau AJ. The role of therapeu-
tic hypothermia after traumatic spinal cord in-
jury-a systematic review. World Neurosurgery 
2016; 86: 432-449.

[4] Credeur DP, Stoner L and Dolbow DR. Increas-
ing physical activity in spinal cord injury: upper-
body exercise alone not enough? Arch Phys 
Med Rehabil 2016; 97: 171. 

[5] Dumont RJ, Okonkwo DO, Verma S, Hurlbert 
RJ, Boulos PT, Ellegala DB and Dumont AS. 
Acute spinal cord injury, part I: pathophysiolog-
ic mechanisms. Clin Neuropharmacol 2001; 
24: 254-264.

[6] Tator CH and Fehlings MG. Review of the sec-
ondary injury theory of acute spinal cord trau-
ma with emphasis on vascular mechanisms. J 
Neurosurg 1991; 75: 15-26.

[7] Oyinbo CA. Secondary injury mechanisms in 
traumatic spinal cord injury: a nugget of this 
multiply cascade. Acta Neurobiol Exp (Wars) 
2011; 71: 281-299.

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

[9] Dong J, Lu M, He X, Xu J, Qin J, Cheng Z, Liang 
B, Wang D and Li H. Identifying the role of mi-
croRNAs in spinal cord injury. Neurol Sci 2014; 
35: 1663-1671.

[10] Awad H, Malik O, Brown M and Tili E. Chapter 
26-MicroRNAs as future therapeutic targets 
for spinal cord injury A2-Sen. In: Chandan K, 
editor. MicroRNA in regenerative medicine. Ox-
ford: Academic Press; 2015. pp. 685-710.

[11] Louw AM, Kolar MK, Novikova LN, Kingham PJ, 
Wiberg M, Kjems J and Novikov LN. Chitosan 
polyplex mediated delivery of miRNA-124 re-
duces activation of microglial cells in vitro and 
in rat models of spinal cord injury. Nanomedi-
cine 2016; 12: 643-653. 

[12] Mo YY. MicroRNA regulatory networks and hu-
man disease. Cell Mol Life Sci 2012; 69: 3529-
3531.

[13] Lim LP, Lau NC, Garrett-Engele P, Grimson A, 
Schelter JM, Castle J, Bartel DP, Linsley PS and 
Johnson JM. Microarray analysis shows that 
some microRNAs downregulate large numbers 
of target mRNAs. Nature 2005; 433: 769-773.

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

[15] Wang C, Wang P, Zeng W and Li W. Tetrameth-
ylpyrazine improves the recovery of spinal cord 

injury via Akt/Nrf2/HO-1 pathway. Bioorg Med 
Chem Lett 2016; 26: 1287-91.

[16] Aebli N, Rüegg TB, Wicki AG, Petrou N and 
Krebs J. Predicting the risk and severity of 
acute spinal cord injury after a minor trauma 
to the cervical spine. Spine J 2013; 13: 597-
604.

[17] Aebli N, Wicki AG, Rüegg TB, Petrou N, Eisen-
lohr H and Krebs J. The Torg-Pavlov ratio for the 
prediction of acute spinal cord injury after a 
minor trauma to the cervical spine. Spine J 
2013; 13: 605-12.

[18] Ahmad FU, Wang MY and Levi AD. Hypother-
mia for acute spinal cord injury-a review. World 
Neurosurg 2014; 82: 207-14. 

[19] Arellano-Ruiz S, Rios C, Salgado-Ceballos H, 
Méndez-Armenta M, del Valle-Mondragón L, 
Nava-Ruiz C, Altagracia-Martínez M and Díaz-
Ruiz A. Metallothionein-II improves motor func-
tion recovery and increases spared tissue af-
ter spinal cord injury in rats. Neurosci Lett 
2012; 514: 102-5.

[20] Diaz-Ruiz A, Maldonado PD, Mendez-Armenta 
M, Jiménez-García K, Salgado-Ceballos H, 
Santander I and Ríos C. Activation of heme oxy-
genase recovers motor function after spinal 
cord injury in rats. Neurosci Lett 2013; 556: 
26-31.

[21] Wrathall JR. Spinal cord injury models. J Neu-
rotrauma 1992; 9: S129-134.

[22] Lee SM, Yune TY, Kim SJ, Park DW, Lee YK, 
Kim YC, Oh YJ, Markelonis GJ and Oh TH. Mino-
cycline reduces cell death and improves func-
tional recovery after traumatic spinal cord in-
jury in the rat. J Neurotrauma 2003; 20: 
1017-1027.

[23] Huang da W, Sherman BT and Lempicki RA. 
Systematic and integrative analysis of large 
gene lists using DAVID bioinformatics resourc-
es. Nat Protoc 2009; 4: 44-57.

[24] Pekarsky Y and Croce CM. Role of miR-15/16 
in CLL. Cell Death Differ 2015; 22: 6-11.

[25] Renjie W and Haiqian L. MiR-132, miR-15a 
and miR-16 synergistically inhibit pituitary tu-
mor cell proliferation, invasion and migration 
by targeting Sox5. Cancer Lett 2015; 356: 
568-578.

[26] Xu W, Wang X, Li P, Qin K and Jiang X. miR-124 
regulates neural stem cells in the treatment of 
spinal cord injury. Neurosci Lett 2012; 529: 
12-7.

[27] Szittya G, Moxon S, Santos DM, Jing R, Fever-
eiro MP, Moulton V and Dalmay T. High-
throughput sequencing of Medicago truncatu-
la short RNAs identifies eight new miRNA 
families. BMC Genomics 2008; 9: 593.

[28] Fahlgren N, Howell MD, Kasschau KD, Chap-
man EJ, Sullivan CM, Cumbie JS, Givan SA, Law 
TF, Grant SR, Dangl JL and Carrington JC. High-



TMP treatment on miRNA expression after SCI

11209 Int J Clin Exp Med 2019;12(9):11199-11209

throughput sequencing of arabidopsis microR-
NAs: evidence for frequent birth and death of 
MIRNA genes. PLoS One 2007; 2: e219.

[29] Moxon S, Jing R, Szittya G, Schwach F, Rush-
olme Pilcher RL, Moulton V and Dalmay T. 
Deep sequencing of tomato short RNAs identi-
fies microRNAs targeting genes involved in 
fruit ripening. Genome Res 2008; 18: 1602-
1609.

[30] Friedlander MR, Chen W, Adamidi C, Maaskola 
J, Einspanier R, Knespel S and Rajewsky N. 
Discovering microRNAs from deep sequencing 
data using miRDeep. Nat Biotechnol 2008; 
26: 407-415.

[31] Yates LA, Norbury CJ and Gilbert RJ. The long 
and short of microRNA. Cell 2013; 153: 516-
519.

[32] Liu NK, Wang XF, Lu QB and Xu XM. Altered mi-
croRNA expression following traumatic spinal 
cord injury. Exp Neurol 2009; 219: 424-9.

[33] Zhao JJ, Sun DG, Wang J, Liu SR, Zhang CY, 
Zhu MX and Ma X. Retinoic acid downregulates 
microRNAs to induce abnormal development 
of spinal cord in spina bifida rat model. Childs 
Nerv Syst 2008; 24: 485-92.

[34] Lien WC, Kuan TS, Lin YC, Liang FW, Hsieh PC 
and Li CY. Patients with neurogenic lower uri-
nary tract dysfunction following spinal cord in-
jury are at increased risk of developing type 2 
diabetes mellitus: a population-based cohort 
study. Medicine (Baltimore) 2016; 95: e2518.

[35] Andres-Leon E, Gonzalez Pena D, Gomez-Lo-
pez G and Pisano DG. miRGate: a curated  
database of human, mouse and rat miRNA- 
mRNA targets. Database (Oxford) 2015; 2015: 
bav035.

[36] Wentworth BM, Schaefer IM, Villa-Komaroff L 
and Chirgwin JM. Characterization of the two 
nonallelic genes encoding mouse preproinsu-
lin. J Mol Evol 1986; 23: 305-312.

[37] Hu JZ, Huang JH, Zeng L, Wang G, Cao M and 
Lu HB. Anti-apoptotic effect of microRNA-21 
after contusion spinal cord injury in rats. J Neu-
rotrauma 2013; 30: 1349-60. 

[38] Hu JZ, Huang JH, Zeng L, Wang G, Cao M and 
Lu HB. Anti-apoptotic effect of microRNA-21 
after contusion spinal cord injury in rats. J Neu-
rotrauma 2013; 30: 1349-1360.

[39] 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.


