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Abstract. – OBJECTIVE: The aim of this 
study was to investigate the effect of microR-
NA-214-5p (miR-214-5p) on spinal cord injury 
(SCI) and to explore the mechanism of action in 
pathophysiological relevance.

MATERIALS AND METHODS: The model of 
SCI was successfully established in rats aged 
6-8 weeks. The levels of the locomotor func-
tion recovery in rats of the miR-379-5p group 
and SCI group were detected one month later by 
Basso-Beattie-Bresnahan (BBB) locomotor rat-
ing scale. Biochemical indexes were measured 
by Western blotting and real time-PCR, respec-
tively. In addition, rat astrocytes were cultured 
to verify the effect of miR-379-5p on activated 
astrocytes in vitro.

RESULTS: Compared with the SCI group, the 
rats in the miR-379-5p group showed prominent 
improvement in the locomotor function in vivo. 
MiR-379-5p attenuated the activation of astro-
cytes and significantly suppressed the expres-
sions of the nerve growth inhibitors. Further-
more, the down-regulation of endothelin-1 (ET-
1) ameliorated the spinal cord ischemia, thereby 
reducing apoptosis and oxidative stress. Com-
pared with the pentylenetetrazol (PTZ) group, 
ET-1 and chondroitin sulfate poly-glycoprotein 
(CSPG) in miR-379-5p group decreased signifi-
cantly in the astrocytes transfected with miR-
214-5p in vitro. 

CONCLUSIONS: MiR-379-5p retarded the neu-
rofilament regeneration block effect by inhibit-
ing endothelin 1 and the expression of the as-
trocytes after SCI. Furthermore, it might re-
lieve nerve structure destruction, resist oxida-
tive stress, and inhibit apoptosis, eventually 
promoting functional recovery.
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Introduction

The central nervous system (CNS) injury 
mainly refers to brain injury and spinal cord inju-
ry (SCI)1. Spinal cord injury can be divided into 
two types, including: primary spinal cord injury 
(PSCI) and secondary spinal cord injury (SSCI). 
PSCI mainly refers to spinal cord tissue of pri-
mary injury due to the mechanical force caused 
by mechanical damage, such as extrusion, tear, 
etc.2. SSCI is the secondary injury after PSCI re-
sulted from blood-spinal cord barrier damage and 
vascular injury. Meanwhile, SSCI is involved in 
nearby ischemia and tissue hypoxia and necrosis 
terminally3. Furthermore, the inflammatory cells 
immersed, and the microenvironment molecular 
equilibrium destruction, caused by surrounding 
damaged tissues, will trigger a larger area of spi-
nal cord injury4,5. SSCI is a complex process, in 
which most of the molecules and cells that cause 
tissue damage originate from the circulatory 
system6. Under normal physiological conditions, 
these substances cannot enter the spinal cord due 
to the stability of the blood-spinal cord barrier 
(BSCB)7,8. Once BSCB is damaged, the spinal 
cord tissue will be exposed to attack9. 

Endothelin (ET) is the most powerful vaso-
constrictor known at present10,11. However, an 
excessive release of endothelin causes vasocon-
striction and tissue ischemia12,13. On the other 
hand, the overexpression of ET mediates met-
abolic disorders and cell proliferation in the 
induction of the diseases14,15. In CNS, endothelial 
cells and nervous system cells are secreted and 
regulated by ET16. The overexpression of ET-in-
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duced vasoconstriction aggravates spinal cord 
ischemia and hypoxia, as well as induces tissue 
necrosis and apoptosis17. In addition, ET stim-
ulates the proliferation of astrocytes and con-
tributes to the expression of the nerve growth 
inhibition products18.

MicroRNAs (miRNAs) are a class of non-cod-
ing RNA. They have been found to be involved 
in the regulation and induction of a variety 
of biological events19. Current studies20 have 
shown that multiple miRNAs participate in the 
biological cascade after SCI and can also reg-
ulate its development in various aspects. For 
example, miR-21 is involved in the occurrence 
and formation of glial scar structures following 
SCI21. MiR-223 mediates neutrophils in the early 
phase of secondary damage after SCI22. Mean-
while, the loss of MiR-155 suppresses Th17 cell 
differentiation after SCI23. In our study, we hy-
pothesized that the deletion of miR-379-5p after 
SCI might provoke abnormal overexpression of 
ET-1. This could aggravate oxidative stress re-
sponse in hypoxic-ischemic spinal cord tissues 
and induce high expression of astrocytes and 
neuro-suppressors.

Materials and Methods

Primary Astrocytes Extraction 
and Culture

This study was approved by the Animal Eth-
ics Committee of Qinghai Red Cross Hospital 
Animal Center. The primary astrocytes were 
obtained from the cerebral cortex of 3-day-old 
newborn rats. The rats were first sacrificed in 
a 75% ethanol solution. The brain tissues were 
removed, and trypsin was then added to dis-
solve the tissues. Astrocytes were isolated and 
purified by conditional culture. Targeted cells 
were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM; Gibco, Rockville, MD, USA) 
containing 10% fetal bovine serum (FBS; Gib-
co, Rockville, MD, USA) and 1% penicillin 
and streptomycin. When astrocytes grew to a 
satisfactory density, miR-379-5p was transfected 
into the cells, and pentylenetetrazol (PTZ; 10 
mMol/L, 24 h) was utilized for activation.

Animals and Grouping
A total of 72 female Sprague Dawley (SD) rats 

were sacrificed for the establishment of the SCI 
model. All rats were aged 6 weeks-old, with a 
weight of 200-220g. The rats were fed in cages (3 

rats/cage) under normal environmental conditions 
(conventional food and drinking water, room 
temperature of 25°C, and 12 h/12 h artificial cir-
cadian cycle). All rats were randomly divided into 
three groups, including: Sham group, SCI group, 
and miR-379-5p group. The rats in the Sham 
group only received laminectomy. The rats in the 
SCI group with SCI modeling were injected with 
the same volume of normal saline intrathecally. 
Meanwhile, the rats in the miR-379-5p group with 
SCI modeling were injected with miR-379-5p 
intrathecally.

Operative Procedure and Treatment
Initially, the samples were anesthetized with 

10% paraformaldehyde (4 mL/kg). The skin 
preparation was accomplished, and the skin of 
the operation area was disinfected. The mod-
eling process was described as follows: after 
locating the spinous process of the 10th thoracic 
spine, the skin was first cut open. Then, we sep-
arated the fascia and muscle tissues to expose 
the intact lamina structure. The laminectomy 
was performed to remove the upper lamina of 
the spinal cord and to completely expose the 
spinal cord. The spinal cord impingement (10 g, 
5 cm) was performed to impact the spinal cord 
tissue. The satisfied spinal cord injury modeling 
was recorded as follows: the spinal cord hem-
orrhage and the delayed extension of hindlimbs 
and tail swing were observed in rats. Subse-
quently, we performed an intrathecal injection 
and closed the incision, followed by disinfection 
again. Assisted urination was performed twice 
a day after SCI until the micturition reflex was 
observed again.

Western Blotting Technology
The spinal cord tissue or astrocytes treated 

differently were transformed into proteins on 
ice using a total protein extraction kit contain-
ing protease inhibitors and phosphatase inhibi-
tors. The protein compounds were centrifuged 
at 13000 rpm and 4°C for 15 minutes, and 
the supernatant fluid of proteins was collect-
ed. The concentration of protein was deter-
mined by a double bicinchoninic acid (BCA) 
method (Pierce, Rockford, IL, USA). The pro-
teins were separated by 10% sodium dodecyl 
sulfate-polyacrylamide gel and transferred 
onto polyvinylidene difluoride (PVDF) mem-
branes (Millipore, Billerica, MA, USA) at low 
temperature. After that, the membranes were 
blocked with 5% non-fatty milk dissolved in 
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Tris-buffered saline with Tween-20 (TBST) for 
1h. After washing 3 times with TBST, the 
membranes were incubated with primary anti-
bodies (GFAP, Abcam, Cambridge, MA, USA, 
Rabbit, 1:1000; Versican, Abcam, Cambridge, 
MA, USA, Rabbit, 1:1000; Neurocan, Abcam, 
Cambridge, MA, USA, Rabbit, 1:1000; NG2 
Abcam, Cambridge, MA, USA, Rabbit, 1:1000; 
Caspase3, Cell Signaling Technology, Danvers, 
MA, USA, Rabbit, 1:1000; Caspase8, Cell Sig-
naling Technology, Danvers, MA, USA, Rabbit, 
1:1000; bcl-2, Abcam, Cambridge, MA, USA, 
Rabbit, 1:2000; ET-1, Abcam, Cambridge, MA, 
USA, Rabbit, 1:1000, NGF, Abcam, Cambridge, 
MA, USA, Rabbit, 1:1000; NT-3, Abcam, Cam-
bridge, MA, USA, Rabbit, 1:1000; GAPDH, 
Proteintech, Rosemont, IL, USA, 1:10000) at 
4°C overnight. On the next day, the membranes 
were incubated with the corresponding second-
ary antibody (Goat Anti-Rabbit IgG, YiFeiXue 
Biotechnology, Nanjing, China, 1:1000) at room 
temperature for 2 h. Then, the membranes were 
washed again with TBST for 3 times. Enhanced 
chemiluminescence (ECL) was used to display 
targeted proteins on an exposure machine.

Quantitative Real-Time Polymerase 
Chain Reaction (qRT-PCR)

TRIzol (Invitrogen, Carlsbad, CA, USA) was 
added to spinal cord tissues and homogenized 
after shearing. The nucleic acid-protein com-
plex was completely separated after 5 minutes 
of incubation at room temperature. Similarly, 
TRIzol reagent was added to cells in six orifice 
plates, followed by incubation on an ice shaker 
for 10 minutes. Subsequently, 0.2 mL chloro-
form was added into every 1 mL TRIzol. Then, 
the tubes were violently shaken for 15 seconds 
and incubated at room temperature for 3 min-
utes. The mixture was centrifuged at 10000 rpm 
at 4°C for 15 minutes. The upper water phase 
was then sucked out, and the isopropyl alcohol 
was added. Next, the mixture was vibrated and 
placed at room temperature for 10 minutes. Af-
ter centrifugation at 10000 rpm and 4°C for 10 
minutes, the RNA precipitation was obtained, 
and the supernatant was discarded. After wash-
ing RNA precipitation with 75% ethanol, the 
mixture was centrifuged at 10000 rpm and 4°C 
for 5 minutes. The supernatant was discarded, 
and 30 μL RNase free water was added to dis-
solve. Absorbance at 260 nm, 230 nm, and 280 
nm was determined by NanoDrop, and the RNA 
concentrations were calculated. If A260/A280 

was between 1.8 and 2.0, the quality of RNA 
could be considered standard and could be used 
in subsequent experiments. 

The quantitative analysis of mRNA was 
achieved using Prism 7300 Sequence Detection 
System (Applied Biosystems, Foster City, CA, 
USA). A 25 μL reaction System was prepared, 
including SYBR Green (12.5 μL), 10 Μm of 
primers (0.5 mL each from the stock), 10.5 μL 
of water, and 0.5 μL of the template. The spe-
cific PCR conditions were as follows: 10 min 
denaturation at 95°C; 40 cycles of denaturation 
at 95°C for 15 s; 60°C annealing for 30 s, and 
72°C extension for 30 s. The experimental data 
were analyzed by SDS software, and the results 
were displayed to Excel for further analysis. 
GAPDH was used as an internal reference. 
The expression level of the target gene was 
calculated by the comparative threshold cycle 
(Ct; 2-ΔΔCt) method. The primer sequences used 
in this study were as follows: miR-379-5p, F: 
5’-GCGAGGAACGAGCCTCGTACCTC-3’, R: 
5’-GCGTAGGCCTGTGTTGACGCA-3’; U6: F: 
5’-GCTTCGGCAGCACATATACTAAAAT-3’, R: 
5’-CGCTTCAGAATTTGCGTGTCAT-3’; GAP-
DH: F: 5’-CGCTCTCTGCTCCTCCTGTTC-3’, R: 
5’-ATCCGTTGACTCCGACCTTCAC-3’.

Behavioral Assessment
Basso-Beattie-Bresnahan (BBB) locomotor 

rating scale was utilized to evaluate the recov-
ery of the locomotor coordination function of 
hindlimbs within one month after spinal cord 
injury. Two different investigators scored the 
samples in a range of 0 to 21 as they analyzed 
their movements in an open field. The evaluation 
was conducted at 1, 3, 7, 14, 21, and 28 days after 
modeling, respectively.

Statistical Analysis
The Statistical Product and Service Solutions 

(SPSS 18.0) software (SPSS Inc., Chicago, IL, 
USA) was used for all statistical analysis. All data 
were expressed as mean ± SEM (x̅±s). The t-test 
was used to compare the differences between the 
two groups. One-way ANOVA was applied to 
compare the differences among different groups, 
followed by the post-hoc test (Least Significant 
Difference). Least significant difference (LSD) 
test or Student-Newman-Keuls (SNK) test was 
used for pairwise comparison under the condition 
of homogeneity of variance. p<0.05 was con-
sidered statistically significant. All experiments 
were repeated for 3 times.
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Results

MiR-379-5p Inhibited the Expression of 
Astrocytes and Reduced ET-1 and CSPG 
In Vitro

Isolated cultured astrocytes were first acti-
vated in vitro. Subsequently, they were trans-
ferred into proteins, and the effect of miR-379-5p 
transfection was detected (Figure 1A). Versican, 
neurocan, and NG2 are the major substances of 
CSPG. Thereby, their levels and the content of 
the biomarker of the astrocytes-glial fiber acidic 
protein (GFAP) and ET-1 was determined. As a 
result, miR-379-5p significantly reduced the level 
of GFAP, inhibited the release of ET-1 (Figure 
1B, 1D), and down-regulated the expression of 
CSPG (Figure 1C, 1D). These results showed that 
miR-379-5p crippled the expression of astrocytes 
and decreased the expressions of ET-1 and CSPG.

Reduction of ET-1 Mediated by 
miR-379-5p Ameliorated Oxidative 
Stress After SCI

Excessive production of ET-1 after SCI leads to 
vasoconstriction, which is closely associated with 
spinal cord ischemia and hypoxia symptoms. In 
this study, we found that miR-379 was abnormal-
ly down-regulated in spinal cord tissues of SCI 
rats at 7 days post-SCI (Figure 2A). This was ac-
companied by an increase in the mRNA level of 
ET-1. However, a reduction of ET-1 was observed 
in rats injected with miR-379-5p (Figure 2B). 
Heme oxygenase 1 (HO-1) is an important anti-
oxidant enzyme that plays a key role in the en-
dogenous and exogenous cell protection against 
harmful stimuli. On the one hand, its antioxidant 
function is related to the prevention of free heme 
from participating in the oxidation reaction. On 
the other hand, HO-1 and its enzymatic hydroly-

Figure 1. MiR-379-5p inhibited expression of astrocytes and reduced ET-1 and CSPG in vitro. A, The mRNA level of miR-
379-5p in control group, PTZ group, and miR-379-5p + PTZ group. B, The protein expression of GFAP and ET-1 in control 
group, PTZ group, and miR-379-5p + PTZ group. C, The protein expression of CSPG in control group, PTZ group, and miR-
379-5p + PTZ group. D, Gray value analysis showed that the difference in protein expression in each group was statistically 
significant.
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sis product-bilirubin and carbon monoxide jointly 
play the roles of antioxidant, anti-inflammatory, 
and inhibition of apoptosis and vasodilation. This 
may ultimately improve the microcirculation of 
tissues. Our results indicated that miR-379-5p 
not only decreased the mRNA level of ET-1, but 
also increased the protein expression of HO-1 at 7 
days after SCI (Figure 2C, 2D). These results in-
dicated that miR-379-5p improved the resistance 
of the spinal cord to oxidative stress.

MiR-379-5p Enhanced the 
Anti-Apoptosis of Spinal Cord and 
Nerve Re-Growth

In tissue injury recovery, we detected the pro-
tein expression levels of apoptosis-related factors 

and nerve regeneration factors in different groups. 
Caspase 3, caspase 8, and bcl-2 are involved in 
the process of apoptosis. Meanwhile, the nerve 
growth factor (NGF) and neurotrophin-3 (NT-3) 
have been demonstrated to be beneficial for neu-
ron survival and nerve regeneration. Considering 
that miR-379-5p might play an important role in 
the above two aspects, we measured the protein 
expressions of apoptosis-related factors and nerve 
regeneration factors by Western blotting at 7 
days after injury. We found that the expressions 
of caspase 3 and caspase 8 were significantly 
reduced under miR-379-5p injection. However, 
bcl-2 that exerted anti-apoptosis function signifi-
cantly increased (Figures 3A, 3B). In addition, 
compared with SCI rats, the protein expressions 

Figure 2. Reduction of ET-1 mediated by miR-379-5p ameliorated oxidative stress after SCI. A, The mRNA level of miR-379-
5p in Sham group, SCI group, and SCI + miR-379-5p group during one week at post-SCI. B, The mRNA level of miR-379-5p 
in Sham group, SCI group, and SCI + miR-379-5p group during one week at post-SCI. C, The protein expression of HO-1 in 
each group at 7 days following SCI. D, Gray value analysis displayed that the difference of HO-1 expression in each group was 
statistically significant.
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of NGF and NT-3 were remarkably up-regulated 
in the miR-379-5p group (Figures 3C, 3D). The 
above results indicated that miR-379 promoted 
nerve recovery after injury.

MiR-379 Ameliorated Locomotor 
Function Recovery After Spinal Cord 
Injury in Rats

The locomotor function in rats was assessed 
by BBB rating scale within one month after 
modeling. No abnormal locomotor function was 
observed in the Sham group. However, the rats 
in the other two groups showed severe hind-
limbs dysfunction after modeling. Within two 
weeks after injury, the recovery of the hindlimbs 
movement in rats treated with miR-379-5p was 
significantly improved when compared with the 
SCI group. Moreover, the difference was most 
pronounced at 28 days (Figure 4). The results 

Figure 3. MiR-379-5p enhanced anti-apoptosis of the spinal cord and nerve re-growth. A, The expressions of apoptosis-related 
proteins in each group at 7 days following SCI. B, Gray value analysis showed that the difference in protein expression among the 
three groups was statistically significant. C, The expressions of nerve growth factors in each group at 7 days following SCI. D, Gray 
value analysis displayed that the difference of the expressions of nerve growth factors in each group was statistically significant.

Figure 4. MiR-379 ameliorated locomotor function recovery 
after spinal cord injury in rats. Locomotor function recovery 
in three groups within 4 weeks after spinal cord injury.
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of the BBB rating scale demonstrated that in-
creased miR-379-5p was instrumental to ame-
liorate the locomotor function of hindlimbs of 
rats after SCI.

Discussion

The destruction of BSCB is involved in the 
process of SSCI, in which an excessive release 
of endothelin-1 results in acute vasoconstriction 
and large-scale activation of astrocytes24. There-
fore, the spinal cord aggravates tissue ischemia, 
hypoxia, and oxidative stress, leading to the acti-
vation of tissue inflammation and the initiation of 
apoptosis25. Furthermore, the proliferation of as-
trocytes competes for the living space of neurons 
and releases neuronal inhibitory factors. This 
may impede the expression of neuronal growth 
factors and limit the function of nerve regenera-
tion26. Multiple miRNAs have been confirmed as 
important regulators of SCI, and are related to the 
expression level of post-transcriptional genes27. 
However, the regulatory targets and mechanisms 
of miR-379-5p at post-SCI have not been fully 
elucidated. Previous studies have reported that 
miR-379 regulates neurogenesis and neuron mi-
gration by regulating n-cadherin. However, the 
exact role of miR-379 in regulating the function 
of nerve injury has not been reported. In this 
study, we found that the level of miR-379 in the 
rats of the SCI model significantly decreased. 
Meanwhile, the level of ET-1 and oxidative stress 
increased, while the level of nerve growth factor 
decreased. Our findings provided another insight 
into the role of miRNA in the pathophysiological 
regulation of the spinal cord injury from tissue 
ischemic injury to nerve repair inhibition. The 
rats injected with miR-379-5p showed signifi-
cant recovery of locomotor function, while the 
SCI rats showed only a slight recovery of motor 
function. Therefore, the inhibition of ET-1 and 
the down-regulation of astrocyte products re-
sulting from up-regulated miR-379 mainly led to 
a decreased degree of nerve structure damage. 
However, the increase of nerve growth factor 
and the decrease of apoptosis both resulted in the 
improvement of hindlimbs locomotor function.

The functional and structural repair of SCI is 
an increasingly serious problem of the central 
nervous system injury. One of the main require-
ments for its treatment is to identify effective 
strategies to save neuron survival and rewire 
neural pathways. The objective of this treatment 

is to alleviate neuronal loss and protect the integ-
rity of neural pathways from locomotor sensory 
disorders. In this study, we observed that the high 
expression of miR-379-5p was regulated in SCI 
rats. This could promote the recovery of the nerve 
tissues under the action of blocking ET-1 and as-
trocyte products. However, given the limitations 
of this study, it was difficult to elucidate the spe-
cific target of miR-379 in rat spinal cord tissues. 
However, our study provided the new discovery 
that miRNA in astrocytes could regulate the 
production of ET-1 and neural inhibitors in vitro 
and in vivo. Our findings also demonstrated that 
miRNA could regulate remodeling effects after 
nerve injury in the pathological environment at 
post-SCI.

Conclusions

We found that miR-379-5p reduced ET-1 and 
CSPG, inhibited oxidative stress and apoptosis, 
and up-regulated the release of nerve regenera-
tion factors. Furthermore, it ultimately improved 
locomotor function recovery.
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