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Abstract. – OBJECTIVE: To explore the ef-
fect of micro ribonucleic acid (miR)-124 on the 
spinal neuronal apoptosis and to explore its re-
lated mechanism. 

MATERIALS AND METHODS: The rat model 
of spinal cord injury (SCI) was established, ago-
mir-124 was injected intrathecally and the effect 
of agomir-124 on motor function recovery of rats 
was evaluated using the Basso-Beattie-Bresna-
han (BBB) score. The gene expression levels 
of miR-124 and GTP-cyclohydrolase 1 (GCH1) in 
spinal cord tissues were detected via quantita-
tive Reverse Transcription-Polymerase Chain Re-
action (qRT-PCR), and the correlation between 
them was detected using the Pearson correlation 
coefficient. Then, the direct interaction between 
miR-124 and GCH1 mRNA was detected using 
the TargetScan software and luciferase reporter 
assay. The changes in apoptosis in each group 
were examined via flow cytometry and Western 
blotting. Moreover, the changes in the tetrahyd-
robiopterin (BH4) content in each group were de-
tected via high-performance liquid chromatogra-
phy, and the changes in the nitrite level in the su-
pernatant in each group were detected using the 
Griess reagent. Finally, the changes in the activ-
ity of the inducible nitric oxide synthase (iNOS) 
protein were detected using the iNOS kit. 

RESULTS: Compared with that in the mod-
el group, the BBB score was significantly in-
creased in agomir-124 group at 21, 28, 35 and 42 
d. In the agomir-124 group, the relative expres-
sion level of miR 124 in spinal cord tissues was 
significantly increased at 7-28 d and reached 
the peak at 21 d, while the mRNA level of GCH1 
in spinal cord tissues declined and touched the 
bottom at 21 d. According to the Pearson cor-
relation coefficient, there was a significant neg-
ative correlation between the expression of miR-
124 and mRNA expression of GCH1 (r =- 0.87, p = 
1.5e-6). It was found in the prediction using Tar-
getScan software that GCH1 might be a poten-
tial target for miR-124, which was further veri-
fied by the luciferase reporter assay. The results 
of flow cytometry and Western blotting showed 
that miR-124 significantly reduced the LPS-in-

duced primary spinal neuronal apoptosis, while 
the miR-124 inhibitor remarkably increased the 
primary spinal neuronal apoptosis. Moreover, 
it was also found that the knockout of GCH1 re-
duced the LPS-induced spinal neuronal apopto-
sis. In addition, the GCH1 overexpression assay 
revealed that miR-124 inhibited spinal neuronal 
apoptosis by suppressing the GCH1 expression. 
LPS + miR-124 remarkably decreased the BH4 
content, nitrite level, and iNOS activity while 
LPS + miR-124 + GCH1 remarkably increased 
the BH4 content, nitrite level, and iNOS activity. 

CONCLUSIONS: MiR-124 inhibits neuronal 
apoptosis in SCI by binding to GCH1. The results 
in the present study may provide a new mecha-
nism for the therapeutic effect of miR-124, and 
miR-124 may have a potential therapeutic value 
in the treatment of SCI in the future.
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Introduction

Spinal cord injury (SCI) is a malignant dis-
ease that can lead to motor and sensory dys-
function and impairment of autonomic nerve 
function1. Currently, the morbidity rate of SCI is 
23/1,000,000 every year around the world2. The 
spontaneous recovery of SCI is very limited, and 
there is still a lack of effective treatment means 
for SCI. Therefore, SCI remains a great chal-
lenge in clinical treatment and basic research3. 
Neuronal death is a major feature of SCI, mainly 
including cell necrosis and apoptosis4. In central 
nervous system diseases, the inhibition of the 
neuronal apoptosis plays a key role in the motor 
function recovery after SCI5.

Currently, it has been pointed out in clinical 
and animal experiments that the massive expres-
sion of inducible nitric oxide synthase (iNOS) 
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after SCI increases the content of nitric oxide 
(NO), which plays a key role in SCI-induced neu-
ronal apoptosis6. The tetrahydrobiopterin (BH4) 
is an important coenzyme of iNOS. The BH4-de-
ficient iNOS protein lacks the ability to induce 
apoptosis. McNeill et al7 have suggested that the 
biosynthesis of BH4 mainly involves three en-
zymes GTP-cyclohydrolase 1 (GCH1), pyruvoyl 
tetrahydropterin synthase (PTPS) and sepiapterin 
reductase (SR), among which GCH1 is the initial 
and rate-limiting step of the biosynthesis of BH4. 
Therefore, the inhibition of the activity of GCH1 
protein may play an important role in SCI-in-
duced neuronal apoptosis.

Micro-ribonucleic acids (miRNAs) can inhibit 
the mRNA expression or induce the mRNA deg-
radation at the post-transcriptional level8. It has 
been found in current studies that there are about 
500 miRNAs in the spinal cord, and some miR-
NAs have significant differences in the expres-
sion before and after SCI, suggesting that miR-
NAs may play important roles in the pathological 
process of SCI. MiR-124, an important regula-
tor in neurodevelopment, is highly expressed in 
the central nervous system, and it regulates the 
expression of key neural differentiation-related 
genes during embryonic neurogenesis and post-
natal neural differentiation9. Strickland et al10 
have shown that the expression of miR-124 in 
neurons significantly declines after SCI, which 
may reflect the severity of SCI. Moreover, miR-
124 accelerates the differentiation of bone mar-
row mesenchymal stem cells into neural cells by 
targeting pyridoxal kinase, thereby promoting the 
repair of SCI11. However, the specific mechanism 
of miR-124 in promoting motor function recovery 
after SCI remains to be clarified.

In the initial study, it was found in the predic-
tion using TargetScan software that GCH1 might 
be a potential target for miR-124. In the present 
study, therefore, it is speculated that miR-124 
inhibits neuronal apoptosis in SCI by binding to 
GCH1. The results in the present study may pro-
vide a new mechanism for the therapeutic effect 
of miR-124, and miR-124 may have a potential 
therapeutic value in the treatment of SCI in the 
future.

Materials and Methods

Animal Grouping
In this study, all experimental procedures were 

approved by the Animal Ethics Committee of our 

hospital. A total of 45 male Sprague-Dawley (SD) 
rats aged 12 weeks old and weighing 250-300 
g were fed in the specific pathogen-free animal 
room at (23 ± 0.5)°C under 12/12 h light-dark 
cycle, and they had free access to food and water. 
The rats were randomly divided into the sham 
group, the model group (agomir-NC) and the ago-
mir-124 group. The laminectomy was performed 
only in the sham group. After the successful 
modeling, 5 μL of agomir-124 (40 nmol/mL) and 
5 μL of agomir-NC (40 nmol/mL) were injected 
intrathecally for 3 d.

SCI Modeling12

The SCI model was established according to 
the literature, briefly as follows. After anesthesia 
via intraperitoneal injection of chloral hydrate 
(0.33 mL/kg), the rats were fixed on the plate and 
underwent standard T9-10 laminectomy. Then 
the spinal cord was exposed in an aseptic envi-
ronment, and the T9-10 spine was impacted using 
an impact device (height: 25 mm, weight: 10 g, 
diameter: 2 mm) to induce the paralysis of the 
hind limb. After SCI, the spinal cord was washed 
with normal saline, the incision was sutured, and 
penicillin (80,000 U/0.1 mL) was intraperitoneal-
ly injected for 3 consecutive days. Then, the blad-
der was pressed every day to help urinate until 
the normal urinary function was reconstructed.

Motor Ability Score13

In the present work, the Basso-Beattie-Bresna-
han (BBB) motor scale was used to evaluate the 
motor function of SD rats after SCI once a week 
for a total of 7 weeks. The BBB score ranges from 
0 point (complete paralysis) to 21 points (no inju-
ry). To obtain accurate experimental results, the 
SCI of all SD rats was evaluated by three well-
trained personnel using the double-blind method.

Isolation and Culture of Primary 
Spinal Neurons14

After SD the rats were sacrificed, the spi-
nal cord tissues were isolated, cut into pieces, 
and fully disintegrated using papain (Invitrogen, 
Carlsbad, CA, USA). The primary cells were in-
oculated into the 100 mm culture dish at a density 
of 3×104 for Western blotting and flow cytometry. 
The primary cells were cultured using 10% fetal 
bovine serum and 0.6% glucose, and an appro-
priate amount of poly-D-lysine was used to help 
cells adhering to the wall. The original medium 
was discarded at 1 d after neural activation, and 
then the cells were cultured in the neural sub-
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strate medium containing B27, GlutaMAX, and 
penicillin/streptomycin (Invitrogen, Carlsbad, 
CA, USA) in an incubator with 5% CO2 at 37°C. 
After 8-10 d, the cells were used for experiments.

Cell Experimental Schemes
MiR-124 mimic (miR-124), miRNA control 

(miR-con), miR-124 inhibitor, shRNA targeting 
GCH1 (sh-GCH1), and shRNA control (sh-con) 
were purchased from Shanghai GenePharma Co., 
Ltd. (Shanghai, China). The full-length sequenc-
es of GCH1 were cloned into the pLenti6/V5-D-
TOPO (Invitrogen, Carlsbad, CA, USA) lentiviral 
vector to construct the GCH1 recombinant plas-
mid (GCH1), with the empty plasmid as a control.

GCH1 was knocked down using shRNA (Qia-
gen, Cambridge, MA, USA). The primary neurons 
were transfected with GCH1-targeted shRNA at 
a concentration of 30 nM using the Lipofect-
amineTM 2000 transfection reagent (Invitrogen, 
Carlsbad, CA, USA). After 6 h, the medium con-
taining the transfection reagent was discarded. 
Then, the primary neurons were further cultured 
in the fresh medium for 48 h. The cells with low 
expression of GCH1 were incubated and used for 
subsequent experiments.

In the first experiment, all cells were random-
ly divided into 3 groups: (1) miR-con group, (2) 
miR-124 group, and (3) miR-124 inhibitor group.

In the second experiment, all cells were divid-
ed into 4 groups: (1) control group, (2) LPS (100 
ng/mL) group (Sigma-Aldrich, Saint Louis, MO,  
USA), (3) LPS + miR-124 mimic group, in which 
the cells were treated with LPS (100 ng/mL) and 
miR-124 mimic (10 μM), and (4) LPS + miR-124 
inhibitor group, in which the cells were treated with 
LPS (100 ng/mL) and miR-124 inhibitor (10 μM).

In the third experiment, all cells were divid-
ed into 2 groups: (1) LPS + sh-GCH1 group, in 
which the cells were transfected with sh-GCH1 
and treated with LPS (100 ng/mL), and (2) LPS + 
sh-con group.

In the subsequent experiments, all cells were 
randomly divided into 3 groups: (1) LPS + miR-
con group, (2) LPS + miR-124 mimic group, in 
which the cells were treated with LPS (100 ng/
mL) and miR-124 mimic (10 μM), and (3) LPS + 
miR-124 mimic + GCH1 group, in which the cells 
overexpressing GCH1 were treated with LPS 
(100 ng/mL) and miR-124 mimic (10 μM).

Luciferase Reporter Assay
In this experiment, the wild-type and mu-

tant-type GCH1 genes in the 3’UTR were am-

plified and cloned into psiCHECKTM-2 luciferase 
plasmid (Promega, Madison, WI, USA) to gen-
erate the wild-type and mutant-type plasmids. 
The primary spinal neurons were cultured in the 
24-well plate, and co-transfected with miR-124 or 
miR-con and wild-type or mutant-type plasmids. 
Finally, the luciferase activity was determined at 
48 h after transfection using the Dual-Luciferase 
reporter reagent (Promega, Madison, WI, USA).

Quantitative Reverse 
Transcription-Polymerase Chain 
Reaction (qRT-PCR)

The expressions of miR-124 and GCH1 mR-
NA in primary spinal neurons were detected via 
reverse transcription (RT) and quantitative PCR. 
500 ng of RNA samples in RT were divided into 
three pieces, the total RNA was diluted (10-fold), 
and 3 μL of total RNA was taken for PCR ampli-
fication. The amplification level of the target gene 
was verified via 5% agarose gel electrophoresis. 
The data were quantified and processed using 
LabWorks 4.0 image acquisition and analysis 
software. In this study, U6 was selected as an 
internal reference. The primers of miR-124 were 
purchased from ABM (Peterborough, ON, Cana-
da). To obtain reliable data, the experiment was 
repeated for 3 times in each group. In this study, 
the relative expression level of the target gene 
was analyzed using the 2-ΔΔCt method. The primer 
sequences used are shown in Table I.

Apoptosis Assay
The changes in the apoptosis after treatment 

were detected using the Annexin V/propidium 
iodide (PI) double-staining kit. 5×105 cells were 
digested with tyrosine and washed twice with 
phosphate-buffered saline (PBS) at 4°C. After 
centrifugation, the cells were resuspended in 500 
μL of staining buffer, and added with 5 μL of 
Annexin V-FITC and 5 μL of PI dye, followed 
by staining in a dark place at 37°C for 15 min. 
Finally, the cells were detected using Guava flow 
cytometer.

Table I. Primer sequences.

 Primer  Primer sequence (5’-3’)

GCH1 5’-ACGAGCTGAACCTCCCTAAC-3’
 5’-GAACCAAGTGATGCTCACACA-3’
U6 5’-CGCTTCGGCAGCACATATACTA-3’
 5’-CGCTTCACGAATTTGCGTGTCA-3’
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Determination of BH4 Content
BH4 and oxidized biopterin (BH2 and biopter-

in) were separated via high-performance liquid 
chromatography (Shimadzu LC; 10A high-perfor-
mance liquid chromatography, Shimadzu, Kyoto, 
Japan), and detected at the excitation wavelength 
of 350 nm and emission wavelength of 450 nm 
using the electrochemical and fluorescence assay. 
The cells were repeatedly frozen and thawed for 
3 times in cold resuspension buffer (50 mM of 
phosphate buffered saline, 1 mM of dithioeryth-
ritol and 1 mM of ethylenediaminetetraacetic 
acid (EDTA), pH 7.4), and centrifuged at 13,200 
rpm at 4°C for 10 min. After the supernatant was 
discarded, the cold acid precipitation buffer (1 
M phosphoric acid, 2 M trichloroacetic acid and 
1 mM dithioerythritol) was added, followed by 
centrifugation at 13,200 rpm at 4°C for 10 min. 
After the supernatant was discarded, the solution 
was loaded using the high-performance liquid 
chromatography system, and BH2 and biopter-
in were quantified using the external standard 
method. 

Determination of Nitrite Content
The cells in each group were cultured in 

the 96-well plate, and the culture solution was 
aspirated. The culture supernatant was mixed 
with Griess reagent (1:1; Promega, Madison, WI, 
USA), and the content of sodium nitrite produced 
in the medium was quantitatively determined 
using the standard curve.

Determination of Activity of iNOS
In this experiment, the activity of NOS in 

each group was determined using the iNOS 
activity kit (S0025; Beyotime, Shanghai, Chi-
na). The cells in each group were cultured in 
the 96-well plate, and the culture solution was 
aspirated. 100 μL of iNOS assay buffer and 100 
μL of reaction solution were added and mixed 
evenly, followed by incubation in an incubator at 
37°C for 60 min. Finally, the cells were detect-
ed at the excitation wavelength of 495 nm and 
emission wavelength of using a fluorescence mi-
croplate reader (Multiskan Sky, Thermo Fisher, 
Waltham, MA, USA). 

Western Blotting
The cells were added with an appropriate 

amount of radio immunoprecipitation assay 
(RIPA) lysis buffer and the protease inhibi-
tor phenylmethanesulfonyl fluoride (PMSF; RI-
PA:PMSF = 100:1) and mixed evenly (Beyotime, 

Shanghai, China). After the cells were digested 
with trypsin, the lysis buffer was added, and 
the lysate was collected and transferred into an 
Eppendorf (EP) tube, followed by centrifuga-
tion at 14,000 rpm at 4°C for 30 min using the 
refrigerated high-speed centrifuge. Then, the 
protein supernatant was collected and subjected 
to a heating bath at 95°C for 10 min for pro-
tein denaturation. The protein samples prepared 
were placed in a refrigerator at -80°C for later 
use, and the protein was quantified using the 
bicinchoninic acid (BCA) kit (Pierce, Rockford, 
IL, USA). After that, the dodecyl sulfate and the 
sodium salt-polyacrylamide gel electrophoresis 
(SDS-PAGE) gel was prepared, and the protein 
samples were loaded into the gel loading well 
for electrophoresis under the constant pressure 
of 80 V for 2.5 h. Then, the protein was trans-
ferred onto a polyvinylidene difluoride (PVDF) 
membranes (Millipore, Billerica, MA, USA) 
using a semi-dry transfer method. The PVDF 
membrane was immersed in Tris-Buffered Sa-
line Tween (TBST) containing 5% skim milk 
powder and shaken slowly for 1 h on a shaking 
table to be sealed. Then, the protein was incu-
bated with the primary antibody diluted with 
5% skim milk powder, rinsed with TBST for 3 
times (10 min/time), incubated again with the 
secondary antibody at room temperature for 2 
h and rinsed again with TBST twice and with 
TBS once (10 min/time). Finally, the protein 
was detected using the enhanced chemilumines-
cence (ECL) reagent, followed by exposure in a 
dark room. Finally, the relative expression level 
of the protein was analyzed using Image-Pro 
Plus v6 (Media Cybernetics, Silver Spring, MD, 
USA). The antibodies used in this study in-
cluded Caspase3 (ab2302; Abcam, Cambridge, 
MA, USA), Caspase9 (ab2324; Abcam, Cam-
bridge, MA, USA), Bax (ab32503; Abcam, Cam-
bridge, MA, USA), Bcl-2 (ab196495; Abcam, 
Cambridge, MA, USA), iNOS (ab15323; Abcam, 
Cambridge, MA, USA) and GCH1 (ab106826; 
Abcam, Cambridge, MA, USA).

Statistical Analysis
All data were expressed as mean ± standard 

deviation. The statistical analysis was performed 
between the two groups using the unpaired Stu-
dent’s t-test. The comparison between groups was 
done using One-way ANOVA test followed by the 
post-hoc test (Least Significant Difference). The 
statistical difference in the BBB score was ana-



S. Yuan, Y.-X. Wang, P.-H. Gong, C.-Y. Meng

4568

lyzed using the Mann-Whitney U test. Statistical 
Product and Service Solutions (SPSS) 17.0 (SPSS 
Inc., Chicago, IL, USA) software was used for the 
statistical analysis in this study.

Results

Agomir-124 Treatment Significantly 
Promoted Motor Function Recovery of 
SD Rats After SCI 

To explore the role of miR-124 in the SCI 
model rats, the overexpression of agomir-124 in 
spinal cord tissues was detected via qRT-PCR 
at 1, 7, 14, 21 and 28 d after intrathecal injection 
of agomir-124. Compared with that in the model 
group, the relative expression level of miR124 in 
spinal cord tissues was significantly increased 
at 7-28 d and reached the peak at 21 d in the 
agomir-124 group. There were statistically sig-
nificant differences (p<0.05) (Figure 1A). In this 
study, the effect of agomir-124 on motor function 
recovery of the SD rats after SCI was evaluated 
using the BBB score. It was found that, compared 
with that in the model group, the BBB score was 
significantly increased in the agomir-124 group 
at 21, 28, 35 and 42 d. There were statistically 
significant differences (p<0.05) (Figure 1B).

The Expression of MiR-124 was 
Increased and the Expression of 
GCH1 Was Decreased in SCI Rat Model

To explore the effect of the agomir-124 on 
GCH1 in the SCI rat model, the levels of miR-124 
and GCH1 mRNA were detected via qRT-PCR. 

The results revealed that in the agomir-124 group, 
the relative expression level of miR124 in spinal 
cord tissues was significantly increased at 7-28 d 
and reached the peak at 21 d, while the mRNA 
level of GCH1 in spinal cord tissues declined and 
touched the bottom at 21 d (Figure 2A and 2B). 
Besides, the changes in the protein expression 
of GCH1 in spinal cord tissues in the agomir124 
group were explored via Western blotting, and it 
was found that the protein expression of GCH1 
showed an overall decreasing trend and touched 
the bottom at 21 d (Figure 2C and 2D). Then, the 
correlation between the expression of miR-124 
and the mRNA expression of GCH1 was detected 
using the Pearson correlation coefficient at 1, 7, 
14, 21 and 28 d, and the results showed that there 
was a significant negative correlation between 
them (r = -0.87, p = 1.5e-6) (Figure 2E).

MiR-124 Negatively Regulated the 
Expression of GCH1 by Directly Binding 
to the 3’UTR of GCH1 mRNA

In this study, it was found in the prediction 
using TargetScan software that GCH1 might be 
a potential target for miR-124 (Figure 3A). In 
order to further confirm the interaction between 
miR-124 and GCH1, the responses of the wild-
type GCH1 and mutant-type GCH1 in primary 
neurons to miR-124 and miR-con were detected 
via luciferase reporter assay (Figures 3B and 
3C). The results manifested that the fluores-
cence response intensity significantly declined 
in miR-124-transfected primary spinal neurons 
with wild-type GCH1, while it had no signifi-
cant changes in the primary spinal neurons with 

Figure 1. Agomir-124 treatment significantly promotes motor function recovery of SD rats after SCI. A, Expression of miR-
124 in spinal cord tissues at 1, 7, 14, 21, and 28 d after intrathecal injection of agomir-NC and agomir-124. B, Evaluation of 
changes in motor function of rats in the three groups with time using the BBB score. *p<0.05 model group vs. agomir-124 
group, **p<0.01 model group vs. agomir-124 group.
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mutant-type GCH1. To obtain further evidence, 
qRT-PCR and Western blotting were performed, 
and it was found that the transfection of miR-124 
significantly increased the mRNA and the protein 
levels of GCH1, while the knockdown of miR-124 
enhanced the GCH1 expression (Figure 3D and 
3E). The above findings indicate that miR-124 
negatively regulates the expression of GCH1 by 
binding to the 3’UTR of GCH1 mRNA.

MiR-124 Reduced LPS-Induced Spinal 
Neuronal Apoptosis

To investigate the effect of miR-124 on LPS-in-
duced spinal neuronal apoptosis, the primary spi-
nal neurons were transfected with miR-124 mimic 
or miR-124 inhibitor and then treated with LPS, 
and the changes in the apoptotic rate were detect-
ed via flow cytometry. The results demonstrated 
that miR-124 significantly reduced LPS-induced 
apoptosis of primary spinal neurons, while miR-
124 inhibitor remarkably increased the apoptosis 
of primary spinal neurons (Figure 4A). Then, the 
effects of miR-124 mimic or miR-124 inhibitor 
on the apoptosis proteins Bax/Bcl-2, Caspase3 
and Caspase9 were detected via Western blotting. 
As shown in the Figures 4B, 4C, 4D and 4E, the 

Bax/Bcl-2, Caspase3, and Caspase9 protein ex-
pressions significantly declined after treatment 
with miR-124 mimic, while they were increased 
by miR-124 inhibitor, displaying statistically sig-
nificant differences (p<0.01).

Knockout of GCH1 Reduced LPS-Induced 
Spinal Neuronal Apoptosis

To explore the effect of GCH1 on LPS-induced 
spinal neuronal apoptosis, the GCH1 expression 
was knocked down through transfection with sh-
GCH1 (Figure 5A). The results of flow cytometry 
and Western blotting showed that the apoptotic 
rate and Bax/Bcl-2 expression in LPS + sh-GCH1 
group were remarkably lower than those in LPS + 
sh-con group, and the differences were statistical-
ly significant (p<0.01) (Figures 5B, 5C and 5D).

MiR-124 Inhibited Spinal Neuronal 
Apoptosis through Suppressing the 
Expression of GCH1

To further study whether miR-124 reduces 
the LPS-induced apoptosis by targeting GCH1, 
miR-124 and GCH1 overexpression plasmid were 
co-transfected into primary spinal neurons (Fig-
ure 6A). The results of Western blotting showed 

Figure 2. The expression of miR-124 is increased and the expression of GCH1 is decreased in the SCI rat model. A, B, 
Expressions of miR-124 and GCH1 mRNA in spinal cord tissues at 1, 7, 14, 21, and 28 d after injection of agomir-124. C, D, 
Protein expression of GCH1 in spinal cord tissues at 1, 7, 14, 21, and 28 d after injection of agomir-124. E, Changes in protein 
expression of GCH1 with miR-124 in spinal cord tissues at 1, 7, 14, 21, and 28 d after injection of agomir-124 (r = -0.87, p = 
1.5e-6), *p<0.05 other groups vs. rats at 1 d after injection.
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that the GCH1 overexpression plasmid remark-
ably reversed the miR-124-induced decline in 
protein expression of GCH1, and the difference 
was statistically significant (p<0.01) (Figure 6B). 
Besides, the results of flow cytometry showed 
that the apoptotic rate in the LPS + miR-124 + 
GCH1 group was remarkably higher than that in 
the LPS + miR-124 group (Figure 6C).

MiR-124 Decreased the 
Expression of GCH1 and iNOS 
Activity to Inhibit Apoptosis 

To further investigate the molecular mecha-
nism of miR-124 in the inhibition of the apop-

tosis by reducing the expression of GCH1, the 
effects of LPS + miR-con, LPS + miR-124 and 
LPS + miR-124 + GCH1 were detected via 
Western blotting. It was found that the three 
different treatments had little effect on the pro-
tein expression of iNOS (Figure 7A). However, 
the BH4 content in primary spinal neurons, the 
nitrite level in cell supernatant, and the iNOS 
activity remarkably declined in LPS + miR-124 
group compared with those in LPS + miR-con 
group, while they were remarkably increased in 
LPS + miR-124 + GCH1 group, showing statis-
tically significant differences (p<0.01) (Figure 
7B,7C and 7D).

Figure 3. MiR-124 negatively regulates the expression of GCH1 by directly binding to the 3’UTR of GCH1 mRNA. A, It is 
predicted using TargetScan database that miR-124 directly binds to the 3’UTR of GCH1 mRNA. B, The responses of wild-type 
GCH1 and mutant-type GCH1 in primary neurons to miR-124 and miR-con detected via luciferase reporter assay. C, D, E, The 
effects of transfection of miR-con, miR-124, and miR-124 inhibitor on mRNA and protein levels of GCH1 detected via Western 
blotting and qRT-PCR. **p<0.01 miR-124 group vs. miR-con group, &&p<0.01 miR-124 inhibitor group vs. miR-con group.
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Figure 4. MiR-124 reduces LPS-induced spinal neuronal apoptosis. A, Effects of LPS, LPS + miR-124 and LPS + miR-124 
inhibitor on apoptosis of primary spinal neurons detected via flow cytometry. B, C, D, E, The effects of LPS, LPS + miR-124 
and LPS + miR-124 inhibitor on apoptosis of primary spinal neurons detected via Western blotting. **p<0.01 miR-124 group 
vs. miR-con group, &&p<0.01 miR-124 inhibitor group vs. miR-con group.

Figure 5. The knockout of GCH1 reduces LPS-induced spinal neuronal apoptosis. A, The mRNA expression of GCH1 is 
inhibited through transfection with sh-GCH1 in primary neurons. B, The effects of LPS + sh-con and LPS + sh-GCH1 on 
apoptosis of primary spinal neurons detected via flow cytometry. C, D, The effects of LPS + sh-con and LPS + sh-GCH1 on 
apoptosis of primary spinal neurons detected via Western blotting. **p<0.01 LPS + sh-GCH1 group vs. LPS + sh-con group.
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Discussion

SCI-induced cell death in organisms is di-
vided into two stages. Firstly, the destruction 
of the integrity of spinal cord tissues accom-
panied by cell membrane damage and axonal 
rupture induces the first stage of cell death. A 
large number of intracellular protein kinases, 
biomacromolecules with degradation function 
and neurotransmitters are released from cells, 
and these cytokines damage the normal cell 
function and induce apoptosis by inducing the 
inflammatory response and promoting the pro-
duction of reactive oxygen species15. Apoptosis, 
also known as programmed cell death, is the 
primary difficulty in the treatment of SCI, and 
it plays a key role in the physical and function-
al defects of patients after SCI16. Therefore, it 

is urgently necessary to develop a new thera-
peutic method that can effectively inhibit the 
apoptosis after SCI.

In the current study, the main findings are 
as follows: Firstly, agomir-124 significantly im-
proved the motor function recovery of SD rats 
at 21, 28, 35 and 42 d after intrathecal injection 
of agomir-124. Secondly, it was pointed out in 
in vivo experiments that there was a significant 
negative correlation between the expression of 
miR-124 and the mRNA expression of GCH1, 
and the in vitro experiments also showed that 
miR-124 negatively regulated the expression of 
GCH1 by directly binding to the 3’UTR of GCH1 
mRNA. Thirdly, in in vitro experiments, miR-124 
reduced LPS-induced spinal neuronal apoptosis, 
while the overexpression of GCH1 significantly 
increased the apoptotic rate of primary spinal 

Figure 6. MiR-124 inhibits spinal neuronal apoptosis by suppressing the expression of GCH1. A, B, Effects of transfection 
with miR-con, miR-124 and GCH1 + miR-124 on protein expression of GCH1 in primary neurons. C, Effects of LPS + 
miR-con, LPS + miR-124 and LPS + miR-124 + GCH1 on apoptosis of primary spinal neurons detected via flow cytometry. 
**p<0.01 LPS + miR-con group vs. LPS + miR-124 group, &&p<0.01 LPS + miR-con group vs. LPS + miR-124 + GCH1 group.
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neurons. Finally, miR-124 treatment remarkably 
reduced the BH4 content in primary spinal neu-
rons, nitrite level in cell supernatant, and iNOS 
activity without affecting the protein expression 
of iNOS. The concrete mechanism of miR-124 in 
promoting motor function recovery after SCI was 
further explored in this study.

According to current studies, miR-124 plays a 
key role in SCI. At 7 d after SCI, the expression 
level of miR-124 significantly declined, indicat-
ing that the expression level of miR-124 is signifi-
cantly correlated with the severity of SCI in rats. 
Wang et al17 studied and showed that miR-124 
affects the apoptosis of brain vascular endothelial 
cells and ROS production by regulating PI3K/
AKT signaling pathway. Moreover, miR-124 is 
able to greatly reduce the oxidative damage in-
dexes after SCI in both in vitro and in vivo ex-
periments18, thus protecting the spinal cord. The 

above research results prove the reliability of the 
conclusion in this study that miR-124 promoted 
the motion function recovery of rats.

NO, a multi-directional cytokine, possesses 
many different physiological functions in the 
body, such as immunoregulation, neurotransmis-
sion, and vasodilation. NO itself is non-toxic, and 
it can bind to superoxide anion to become ONOO- 
in the nervous system injury. ONOO- is a major 
free radical able to nitrificate the intracellular 
DNA, thereby activating PARP-1 and inducing 
cell death19. In addition, NO can also nitrificate 
the GAPDH protein, and the nitrificated GAPDH 
can bind to a large number of Siah1 proteins. 
Then the GAPDH-Siah1 protein translocates into 
the nucleus to increase the activity of CREB, 
ultimately inducing the P53-dependent apopto-
sis20. NOs can catalyze the L-arginine into NO 
with the aid of BH4. Besides, a large number of 

Figure 7. MiR-124 decreases the expression of GCH1 and iNOS activity to inhibit apoptosis. A, Effects of LPS + miR-con, 
LPS + miR-124 and LPS + miR-124 + GCH1 on protein expression of iNOS detected via Western blotting. B, C, D, Effects of 
LPS + miR-con, LPS + miR-124 and LPS + miR-124 + GCH1 on BH4, nitrite and iNOS activity in primary spinal neurons. 
**p<0.01 LPS + miR-con group vs. LPS + miR-124 group, &&p<0.01 LPS + miR-con group vs. LPS + miR-124 + GCH1 group.
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studies have demonstrated that iNOS plays a key 
role among various NOSs. In the present study, 
the BH4 content in primary spinal neurons, ni-
trite level in cell supernatant, and iNOS activity 
were remarkably decreased by LPS + miR-124, 
while they were remarkably increased in rats with 
GCH1 overexpression, suggesting that miR-124 
reduces the activity of iNOS by binding to GCH1, 
ultimately inhibiting neuronal apoptosis in SCI.

Conclusions

We demonstrated that miR-124 inhibits neu-
ronal apoptosis in SCI by binding to GCH1. The 
results in the present study may provide a new 
mechanism for the therapeutic effect of miR-124, 
and miR-124 may have potential therapeutic val-
ue in the treatment of SCI in the future.
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