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Abstract. MicroRNAs (miRs) play an important role in the 
development and progression of spinal cord injury (SCI). The 
role of miR‑138‑5p in SCI was investigated in the present study. 
The anti‑inflammatory effects of miR‑138‑5p and underlying 
mechanisms were investigated in an SCI rat model and in vitro 
model. Reverse transcription‑quantitative PCR (RT‑qPCR) 
was used to examine the expression of miR‑138‑5p in the SCI 
in vivo and in vitro models, as well as patients with SCI; it 
was found that miR‑138‑5p was significantly upregulated in 
SCI. Bioinformatics and dual‑luciferase reporter assays were 
performed to predict and confirm the binding sites between 
miR‑138‑5p and the 3'untranslated region of sirtuin 1 (SIRT1). 
Then, the expression of SIRT1 was detected via RT‑qPCR 
and western blotting, indicating downregulation of SIRT1 in 
SCI. PC12 cells were transfected with miR‑138‑5p inhibitor, 
inhibitor control or miR‑138‑5p inhibitor + SIRT1 small 
interfering RNA for 48 h, and then subjected to lipopolysac-
charide (100 ng/ml) treatment for 4 h. Then, MTT assay, flow 
cytometry and ELISA experiments were performed to analyze 
cell viability, apoptosis, and the levels of tumor necrosis 
factor‑α, interleukin (IL)‑1β and IL‑6. Findings suggested that 
downregulation of miR‑138‑5p increased PC12 cell viability, 
inhibited cell apoptosis and attenuated proinflammatory 
responses, which may result in amelioration of SCI. However, 
all these effects were reversed by SIRT1 knockdown. Finally, 
it was observed that miR‑138‑5p altered the related protein 
expression of the PTEN/AKT pathway. These results indicated 
that miR‑138‑5p could regulate inflammatory responses and 
cell apoptosis in SCI models by modulating the PTEN/AKT 
signaling pathway via SIRT1, thus playing an important role in 
the development of SCI. Collectively, the present study demon-
strated that miR‑138‑5p may be a novel therapeutic target for 
the treatment of SCI.

Introduction

Spinal cord injury (SCI) results from neurological damage 
in the spinal cord and leads to serious impairment of senso-
rimotor functions, along with other side effects (1), such as 
paraplegia and tetraplegia (2,3). Patients with SCI suffer from 
pain (4). There has been substantial research exploring patho-
physiological changes that occur post‑SCI (5). However, it is 
not clear how to most effectively promote spinal cord repair 
following damage. The systemic inflammatory response has 
received substantial attention as a major factor contributing 
to the development of SCI‑induced immunological dysfunc-
tion (6,7). Moreover, the role of inflammatory response in SCI 
remains unclear. Therefore, it is important to further clarify 
the molecular mechanisms of SCI in order to develop novel 
therapeutic strategies. 

MicroRNAs (miRNAs/miRs) are a class of non‑coding RNA 
that regulate gene expression through translational cleavage 
or repression (8) at the post‑transcriptional level (9). miRNAs 
directly bind to the 3'untranslated region (3'UTR) of mRNAs, 
resulting in translational repression or mRNA degradation (10). 
Mounting evidence has revealed that miRNAs are involved in 
various biological processes (11‑13), including cell growth, cell 
apoptosis and cell differentiation (11,14‑19). Altered expression 
of various miRNAs following traumatic SCI has been observed 
in adult rats (20). miR‑138‑5p, a miRNA that has been studied 
in a variety of tumors (21‑23), has also been found to play an 
important role in Parkinson's disease (24). However, so far, the 
role of miR‑138‑5p in SCI has not been reported. 

Sirtuin 1 (SIRT1) is a NAD+‑dependent deacetylase impor-
tant in regulating cell apoptosis (25). Studies have also indicated 
that SIRT1 plays critical roles in the regulation of inflammatory 
responses  (26‑29). Notably, potential binding sites between 
SIRT1 and miR‑138‑5p were detected in the present study via 
bioinformatics software analysis. Thus, it was hypothesized 
that they may interact and in doing so affect SCI progression. 
As the expression or regulatory mechanisms of miR‑138‑5p in 
modulating SCI remain largely unexplored, the purpose of the 
present study was to determine the role of miR‑138‑5p in SCI by 
evaluating its expression and molecular mechanisms.

Materials and methods

Clinical samples. A total of 18 serum specimens from patients 
with SCI (age range, 27‑58 years; 12 male patients and 6 female 
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patients) and 18 serum specimens from healthy controls (age 
range, 25‑60 years; 12 male patients and 6 female patients) 
were collected at the First People's Hospital of Lianyungang 
between June 2015 and November 2017. Serum samples 
were isolated from blood samples by centrifugation at 4˚C 
at 1,000 x g for 15 min. Patients with SCI were diagnosed 
according to American Spinal Injury Association (30). Written 
informed consent was obtained from each patient. The present 
study was approved by the Ethics Committee of the First 
People's Hospital of Lianyungang.

Animals. A total of 20 adult male Sprague‑Dawley rats 
(6‑8 weeks, 200‑300 g) were obtained from the Animal Center 
of Nanjing Medical University, housed in a standard animal 
room (23±1˚C, relative humidity 40‑60%, under a 12:12‑h 
light/dark cycle) with free access to standard rodent chow 
and water. No animals exhibited any neurological disorder 
prior to the SCI induction protocol. All protocols of animal 
experiments were performed according to the guidelines for 
Institutional Animal Care and Use of Laboratory Animals 
by the National Institutes of Health (31). The present study 
was approved by the Animal Ethics Committee of the First 
People's Hospital of Lianyungang. 

Establishment of the rat model of SCI. Animals in were 
randomly divided into two groups: The control group (n=10) 
and the SCI group (n=10). In the control group, the surgical 
area was exposed without SCI induction. In the SCI model 
group, rats were shaved and treated aseptically to construct 
the SCI model as described previously (32). Briefly, all rats 
were anesthetized via intraperitoneal injection of pentobar-
bital (30 mg/kg). After anesthesia, the rat skin was shaved, 
opened and cleaned with betadine carefully. Then, a 20‑mm 
midline incision was made to expose the vertebral column in 
the thoracic region. After a thoracic‑level (T8‑T11) midline 
skin incision, the paravertebral muscle was dissected and 
a laminectomy of T10 was undertaken in order to expose 
the dorsal cord surface without disrupting the dura. 
Subsequently, SCI was induced by dropping a 10 g rod from 
a height of 5.0 cm onto the T10 level of the spinal cord. 
Finally, the incision was sutured and all rats were allowed 
to recover from anesthesia in warm boxes. At 12 h after SCI 
induction, animals were anesthetized with pentobarbital 
(40 mg/kg) through intraperitoneal injection and sacrificed 
via cervical dislocation, following which specimens were 
obtained.

Cell lines and cell culture. PC12 cells were obtained from 
American Type Culture Collection, cultured in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% peni-
cillin/streptomycin, and maintained at 37˚C in a humidified 
atmosphere with 5% CO2.

PC12 cells (1x106 cell/ml) were transfected with 100 nM 
miR‑138‑5p inhibitor (5'‑CGG​CCU​GAT​TCA​CAA​CAC​CAG​
CT‑3'; Shanghai GenePharma Co., Ltd.), 100 nM inhibitor 
control (5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3'; Shanghai 
GenePharma Co., Ltd.), 0.2  µM control‑small interfering 
(si)RNA (cat. no.  Sc‑36869; Santa Cruz Biotechnology, 
Inc.), 0.2 µM SIRT1‑siRNA (cat. no. Sc‑40986; Santa Cruz 

Biotechnology, Inc.) or 100 nM miR‑138‑5p inhibitor + 0.2 µM 
SIRT1‑siRNA using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufactur-
er's protocol. The efficiency of cell transfection was evaluated 
via reverse transcription‑quantitative PCR (RT‑qPCR) and 
western blot analysis at 48 h after transfection.

An in vitro cell model of SCI in PC12 cells was established 
according to a previous study (33). In brief, PC12 cells were 
subjected to lipopolysaccharide (LPS; 100 ng/ml) for 4 h at 
37˚C. Control cells were left untreated.

miRNA target analysis and dual‑luciferase reporter assay. 
TargetScan (version 7.1; www.targetscan.org/vert_71) was 
used to predict the potential targets of miR‑138‑5p. The results 
showed that SIRT1 was a potential target of miR‑138‑5p. In 
order to investigate the direct target binding sites between 
miR‑138‑5p and SIRT1, the wild‑type 3'UTR (WT‑SIRT1) 
and mutant 3'UTR (MUT‑SIRT1) of SIRT1 were cloned into 
a pMIR‑RB‑Report™ dual luciferase reporter gene plasmid 
vector (Guangzhou RiboBio Co., Ltd.) according to the manu-
facturer's protocols; a QuikChange Site‑Directed Mutagenesis 
kit (Stratagene; Agilent Technologies, Inc.) was used 
according to the manufacturer's instructions to point‑mutate 
the miR‑138‑5p binding domain in the 3'UTR of SIRT1. 
PC12 cells (5x104 cells/well) were co‑transfected with 1 ng 
reporter vector containing WT‑SIRT1 or MUT‑SIRT1, as well 
as 50 nM miR‑138‑5p mimic (5'‑AGC​UGG​UGU​UGU​GAA​
UCA​GGC​CG‑3'; Shanghai GenePharma Co., Ltd.) or 50 nM 
mimic control (5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3'; 
Shanghai GenePharma Co., Ltd.) using Lipofectamine® 
2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according 
to the manufacturer's protocol. The luciferase activity was 
analyzed at 48 h after co‑transfection using a dual‑luciferase 
reporter assay system (Promega Corporation), according to 
the manufacturer's protocol. Firefly luciferase activities were 
normalized to Renilla luciferase activities. The experiment 
was performed at least three times.

RNA extraction and RT‑qPCR. Total RNA was isolated from 
rat spinal cord tissues or PC12 cells using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocols. Spinal cord specimens isolated 
from control and SCI model rats were divided into three 
equal segments to detect gene expression. NanoDrop™ 
ND‑1000 spectrophotometer (NanoDrop Technologies; 
Thermo Fisher Scientific, Inc.) was used to measure the 
RNA concentrations at 260 and 280 nm. A cDNA Synthesis 
Kit (Invitrogen; Thermo Fisher Scientific, Inc.) was used to 
perform RT, according to the manufacturer's protocol. qPCR 
was performed using a Prism 7000 Real‑Time PCR system 
with Power SYBR Green Master mix (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The amplification condi-
tions were as follows: 35 cycles of denaturation at 94˚C for 
60 sec, annealing at 60˚C for 60 sec and chain extension at 
72˚C for 1 min, followed by a final extension step at 72˚C for 
10 min. The expression levels of miR‑138‑5p and SIRT1 were 
normalized to the expression levels of the control genes U6 
and GAPDH, respectively. Primer sequences (Sangon Biotech 
Co., Ltd.) were as follows: miR‑138‑5p forward, 5'‑AGC​TGG​
TGT​TGT​GAA​TCA​GGC​CG‑3' and reverse, 5'‑TGG​TGT​



Molecular Medicine REPORTS  22:  328-336,  2020330

CGT​GGA​GTC​G‑3'; SIRT1 forward, 5'‑AAT​CCA​GTC​ATT​
AAA​GGT​CTA​CAA‑3' and reverse, 5'‑TAG​GAC​CAT​TAC​
TGC​CAG​AGG‑3'; U6 forward, 5'‑GCT​TCG​GCA​GCA​CAT​
ATA​CTA​AAA​T‑3' and reverse, 5'‑CGC​TTC​ACG​AAT​TTG​
CGT​GTC​AT‑3'; GAPDH forward, 5'‑CTT​TGG​TAT​CGT​
GGA​AGG​ACT​C‑3' and reverse, 5'‑GTA​GAG​GCA​GGG​ATG​
ATG​TTC​T‑3'. The relative expression levels of genes were 
calculated using the 2‑∆ΔCq method (34).

Western blot analysis. Tissues and cells were treated with 
RIPA buffer (Beyotime Institute of Biotechnology) and centri-
fuged at 1,000 x g for 30 min at 4˚C to extract the total protein. 
Protein concentration was determined with a bicinchoninic 
acid protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). 
Then, equal quantities of protein were separated by 10% 
SDS‑PAGE, followed by transferring onto PVDF membranes. 
The membranes were blocked with 5% skimmed milk for 
1 h at room temperature and incubated overnight at 4˚C with 
anti‑SIRT1 (1:1,000; cat. no. 9475), anti‑PTEN (1:1,000; cat. 
no. 9188), anti‑phosphorylated (p)‑AKT (1:1,000; cat. no. 4060), 
AKT (1:1,000; cat. no. 9272) and anti‑β‑actin (1:1,000; cat. 
no. 4970; all Cell Signaling Technology, Inc.) antibodies. After 
five washes in PBS‑0.1% Tween 20, the membranes were incu-
bated with horseradish peroxidase‑conjugated goat anti‑rabbit 
secondary antibody (1:2,000; cat. no. 7074) for 1 h at 37˚C. 
Finally, the protein bands were detected using chemilumines-
cent ECL reagent (EMD Millipore). Protein expression levels 
were quantified using Image Lab Software (v.6.0; Bio‑Rad 
Laboratories, Inc.). 

MTT assay. In order to determine the viability of PC12 cells, 
cells were seeded (10,000 cells/well) into 96‑well plates (BD 
Biosciences) and cultured for 24 h at 37˚C. Then, the culture 
medium was removed, and miR‑138‑5p inhibitor, inhibitor 
control or miR‑138‑5p inhibitor + SIRT1‑siRNA were 
subsequently transfected into the cells for 48 h at 37˚C as 
previously described. PC12 cells were then subjected to LPS 
(100 ng/ml) treatment for 4 h. Subsequently, MTT solution 
(10 µl) was added to the medium and cultivated at 37˚C for 4 h 
according to the manufacturer's instructions. DMSO (100 µl; 
Nanjing KeyGen Biotech Co., Ltd.) to dissolve the formazan 
crystals. The 96‑well plates were placed in a multifunctional 
plate reader (VICTOR3™; PerkinElmer, Inc.) to measure the 
absorbance at 490 nm.

ELISA. After transfection, PC12 cells were treated with LPS 
(100 ng/ml) for 4 h. Then the cells were collected and centri-
fuged for measurement of tumor necrosis factor‑α (TNF‑α; 
cat. no. 430207), interleukin (IL)‑1β (cat. no. 437007) and IL‑6 
(cat. no. 430507) secretion using ELISA kits according to the 
manufacturer's instructions (BioLegend, Inc.). The absorbance 
was measured at 450 nm using a microplate reader (Model 
550; Bio‑Rad Laboratories, Inc.) and the levels were calculated 
using standard curves.

Flow cytometric assay. To determine cell apoptosis, PC12 cells 
were transfected with miR‑138‑5p inhibitor, inhibitor control 
or miR‑138‑5p inhibitor + SIRT1‑siRNA for 48 h as aforemen-
tioned, and then treated with LPS (100 ng/ml) for 4 h at 37˚C. 
After treatments, the PC12 cells (1x106 cells/well) were tryp-

sinized, washed with PBS, and stained with Annexin V‑FITC 
and propidium iodide (PI) for 30 min at 37˚C. An Annexin 
V‑FITC/PI cell apoptosis detection kit (Beyotime Institute of 
Biotechnology) was used to detect the early and late apoptosis 
of PC12 cells via flow cytometry using a FACSCalibur flow 
cytometer (BD Biosciences) and FlowJo software (version 
7.6.1; FlowJo LLC). 

Statistical analysis. Experiments were repeated at least 
three times. Data were expressed as the mean ± SD and all 
statistical analyses were conducted using SPSS 18.0 software 
(SPSS, Inc.). Differences between groups were determined 
by two‑tailed Student's t‑test or one‑way ANOVA followed 
by Tukey's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Expression of miR‑138‑5p is increased in SCI tissues and 
in vitro SCI cell models. miR‑138‑5p belongs to the miR‑138 
family that has previously been shown to play an important 
role in various cancers (21‑23). The levels of miR‑138‑5p in 
the blood of patients with SCI and the spinal tissues of SCI 
rats were assessed by RT‑qPCR. It was found that the levels 
of miR‑138‑5p were upregulated in the blood of patients 
with SCI compared with healthy controls, and in the spinal 
cord tissues of the SCI rats compared with the control group 
(Fig. 1A and B). Next, RT‑qPCR was used to measure the 
levels of miR‑138‑5p in an in vitro SCI cell model compared 
with normal control cells (Fig. 1C). It was demonstrated that 
in LPS‑induced PC12 cells, the expression of miR‑138‑5p was 
significantly upregulated compared with the control group. 
These results indicated that miR‑138‑5p may be involved in 
the progression of SCI.

SIRT1 is a direct target of miR‑138‑5p. To analyze the 
molecular mechanisms underlying the role of miR‑138‑5p in 
PC12 cells, potential targets were predicted using TargetScan. 
A binding region of miR‑138‑5p in the 3'UTR of SIRT1 was 
predicted by, suggesting that SIRT1 was a potential target 
of miR‑138‑5p (Fig. 2A). A luciferase reporter assay was 
performed to validate this prediction. It was demonstrated 
that miR‑138‑5p mimic significantly enhanced miR‑138‑5p 
levels in PC12 cells (Fig. 2B). Subsequently, PC12 cells were 
co‑transfected with luciferase vector plasmids containing the 
3'UTR of SIRT1, along with miR‑138‑5p mimic or mimic 
control for 48 h. The results showed that the luciferase activity 
of luciferase vectors harboring WT‑SIRT1 were signifi-
cantly reduced in the miR‑138‑5p mimic co‑transfection 
group, whereas no significant inhibition was found in the 
MUT‑SIRT1 + miR‑138‑5p mimic co‑transfection group 
(Fig. 2C) These results indicated that SIRT1 was a direct 
target of miR‑138‑5p.

Expression of SIRT1 in SCI rat and in vitro SCI cell models 
is reduced. Based on these observations, it was hypothesized 
that SIRT1 may be involved in the effects of miR‑138‑5p 
in SCI. To test this hypothesis, western blot and RT‑qPCR 
analyses were performed to detect the protein and mRNA 
expression levels of SIRT1 in the spinal cord tissues of SCI 
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rats and LPS‑treated PC12 cells, and it was revealed that 
SIRT1 expression was downregulated in SCI model spinal 
tissues compared with the control group (Fig. 3A and B). 

Additionally, compared with the untreated PC12 cells, SIRT1 
expression was significantly downregulated in LPS‑treated 
PC12 cells (Fig. 3C and D).

Figure 2. (A) miR‑138‑5p directly targets SIRT1. Predicted binding site of miR‑138‑5p in the 3'UTR of WT‑SIRT1. The sequence of the mutant 3'UTR of 
SIRT1 is also shown. (B) PC12 cells were transfected with miR‑138‑5p mimic or mimic control for 48 h, then the level of miR‑138‑5p in PC12 cells was 
detected via reverse transcription‑quantitative PCR. (C) PC12 cells were co‑transfected with WT‑SIRT1 or MUT‑SIRT1 3'UTR reporter plasmids, along with 
miR‑138‑5p mimic or mimic control. After 48 h, luciferase activity were examined by dual‑luciferase reporter assays. Data are presented as the mean ± SD. 
**P<0.01 vs. mimic control. miR‑138‑5p, microRNA‑138‑5p; SIRT1, sirtuin 1; 3'UTR, 3'untranslated region; WT, wild‑type; MUT, mutant.

Figure 1. Expression of miR‑138‑5p in patients with SCI, and rodent and cell SCI models. (A) Expression of miR‑138‑5p in the blood of patients with SCI and 
healthy controls. (B) Expression of miR‑138‑5p in the spinal cord tissues of control and SCI model rats were quantified by RT‑qPCR. (C) miR‑138‑5p expression 
levels in control and LPS‑induced PC12 cells were assessed by RT‑qPCR. Data are presented as mean ± SD and the experiments were performed in triplicate. 
**P<0.01 vs. Control. miR‑138‑5p, microRNA‑138‑5p; SCI, spinal cord injury; LPS, lipopolysaccharide; RT‑qPCR, reverse transcription‑quantitative PCR.
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Downregulation of miR‑138‑5p results in SIRT1 accumula‑
tion. In order to evaluate whether miR‑138‑5p can interfere 
with SIRT1 expression in an SCI model in vitro, PC12 cells were 
transfected with control‑siRNA, SIRT1‑siRNA, miR‑138‑5p 
inhibitor, inhibitor control, or SIRT1‑siRNA + miR‑138‑5p 
inhibitor for 48 h. As presented in Fig. 4A, miR‑138‑5p levels 
were significantly decreased in PC12 cells transfected with 
miR‑138‑5p inhibitor compared with the inhibitor control. 
Additionally, SIRT1‑siRNA significantly reduced the mRNA 
levels of SIRT1 in PC12 cells (Fig. 4B). Compared with the 
control group, the mRNA and protein levels of SIRT1 were 
significantly enhanced by miR‑138‑5p inhibitor; this increase 
was reversed by SIRT1‑siRNA (Fig. 4C and D). The find-
ings indicated that miR‑138‑5p negatively regulates SIRT1 
expression in PC12 cells.

Inhibition of miR‑138‑5p attenuates inflammatory injury in 
the SCI model in vitro. In order to evaluate the function of 
miR‑138‑5p in an in vitro SCI model, miR‑138‑5p inhibitor, 
inhibitor control, or SIRT1‑siRNA + miR‑138‑5p inhibitor 
were transfected into PC12 cells for 48 h. Then, the PC12 

cells were subjected to 100 ng/ml LPS for 4 h. Subsequently, 
the viability of cells was assessed using an MTT assay. 
The results indicated that cell viability was significantly 
decreased in the LPS treatment group compared with the 
control group (Fig. 5A). However, compared with LPS treat-
ment alone, miR‑138‑5p inhibitor significantly promoted 
PC12 cell viability, which was significantly reversed by 
SIRT1‑siRNA (Fig. 5A). Then, the apoptosis of cells was 
analyzed via flow cytometry. Compared with the control 
group, LPS treatment significantly enhanced PC12 cell 
apoptosis; however, miR‑138‑5p inhibitor significantly 
reduced the effect of LPS on apoptosis (Fig. 5B and C). 
This in turn was reversed by SIRT1‑siRNA co‑transfection. 
Additionally, inf lammatory factors were detected via 
ELISA. The results demonstrated that the levels of TNF‑α, 
IL‑1β and IL‑6 were significantly upregulated in the LPS 
treatment group compared with the control group. Inhibition 
of miR‑138‑5p significantly attenuated the expression of 
inflammatory factors compared with LPS treatment alone; 
this reduction was significantly attenuated by SIRT1 
silencing (Fig. 5D‑F).

Figure 3. Expression of SIRT1 in SCI tissues and cells. (A) Protein and (B) mRNA expression levels of SIRT1 in the spinal cord tissues of control and 
SCI model rats were analyzed by western blotting and RT‑qPCR, respectively. (C) Protein and (D) mRNA expression levels of SIRT1 in control and 
LPS‑induced PC12 cells were detected by western blotting and RT‑qPCR, respectively. Data are presented as the mean ± SD. The experiments were 
performed in triplicate. **P<0.01 vs. Control. miR‑138‑5p, microRNA‑138‑5p; SIRT1, sirtuin 1; SCI, spinal cord injury; LPS, lipopolysaccharide; RT‑qPCR, 
reverse transcription‑quantitative PCR.
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Role of miR‑138‑5p in the PTEN/AKT pathway in an in vitro 
SCI model. To further investigate the molecular mechanisms 
of miR‑138‑5p in SCI, after treatments, the protein levels of 
PTEN, AKT and p‑AKT were measured in PC12 cells via 
western blotting. Results indicated that compared with the 
control group, LPS treatment significantly increased PTEN 
expression (Fig. 6A and B) and decreased AKT phosphorylation 
(Fig. 6A and C). miR‑138‑5p inhibitor significantly reversed 
these effects, which was attenuated by SIRT1 silencing. These 
results suggested that miR‑138‑5p modulated the PTEN/AKT 
signaling pathway by targeting SIRT1 in in vitro SCI cell model.

Discussion

There has been substantial focus into the importance of miRNAs. 
Several studies have reported that miRNAs altered the response 
to SCI by regulating the expression of various key factors in cell 
growth and apoptosis (35‑37). SCI refers to primary mechanical 
damage in the spinal cord exacerbated by subsequent biological 
processes, including inflammation, apoptosis and altered gene 
expression (38). However, an association between miR‑138‑5p 
and the proliferation and apoptosis of SCI cells has not previ-
ously been identified, to the best of our knowledge. The biological 

function and underlying mechanisms of miR‑138‑5p in SCI 
model rats and cells remain to be further explored.

In the present study, damage was induced at T10 to 
generate a rodent SCI model. An SCI in vitro cell model was 
also established by subjecting PC12 cells to LPS exposure for 
4 h. Then, RT‑qPCR was performed to detect the expression of 
miR‑138‑5p in patients with SCI, rats and LPS‑induced cells. 
The results indicated that miR‑138‑5p was significantly upreg-
ulated in SCI. In addition, it was further identified that SIRT1 
was a potential target of miR‑138‑5p. SIRT1 has been impli-
cated as a target of miR‑138‑5p in various studies (24,39,40). 
For example, overexpression of miR‑138‑5p has been reported 
to suppress manganese‑induced autophagy by targeting SIRT1 
in SH‑SY5Y cells (24). miR‑138‑5p  enhances TNF‑α‑induced 
apoptosis in human intervertebral disc degeneration by 
targeting  SIRT1 (39). miR‑138‑5p has also been found to prevent 
autophagy in pancreatic cancer by targeting  SIRT1 (40). 

The present study again demonstrated that SIRT1 was 
a direct target of miR‑138‑5p, and further investigated the 
expression and roles of miR‑138‑5p and SIRT1 in SCI. In 
order to further explore the relationship between miR‑138‑5p 
and SIRT1, the expression of SIRT1 was detected in an SCI rat 
model and in vitro cell model. The present study demonstrated 

Figure 4. miR‑138‑5p inhibitor affects the expression of miR‑138‑5p and SIRT1. (A) RT‑qPCR was performed to detect the relative level of miR‑138‑5p 
in PC12 cells transfected with miR‑138‑5p inhibitor or inhibitor control. (B) mRNA expression of SIRT1 in PC12 cells transfected with control‑siRNA or 
SIRT1‑siRNA was detected via RT‑qPCR. (C) RT‑qPCR and (D) western blotting were performed to measure the mRNA and protein expression levels of 
SIRT1 in PC12 cells transfected with miR‑138‑5p inhibitor, inhibitor control or miR‑138‑5p inhibitor + SIRT1‑siRNA. Data are presented as the mean ± SD. 
The experiments were performed in triplicate. **P<0.01 vs. Control; ##P<0.01 vs. inhibitor. miR‑138‑5p, microRNA‑138‑5p; SIRT1, sirtuin 1; siRNA, small 
interfering RNA; RT‑qPCR, reverse transcription‑quantitative PCR.
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high expression of miR‑138‑5p and low expression of SIRT1 
in SCI tissues and cells, suggesting a relationship between the 
expression levels of miR‑138‑5p and SIRT1 in the develop-

ment of SCI. Additionally, it was found that the expression of 
SIRT1 in PC12 cells was negatively regulated by miR‑138‑5p. 
To explore the underlying mechanisms of miR‑138‑5p in SCI, 

Figure 5. Downregulation of miR‑138‑5p or SIRT1 knockdown alter cell viability, apoptosis and the expression of inflammatory factors. PC12 cells were transfected 
with inhibitor control, miR‑138‑5p inhibitor or miR‑138‑5p inhibitor + SIRT1‑siRNA for 48 h; then, these cells were subjected to LPS treatment (100 ng/ml) for 
4 h. (A) Cell viability was measured by MTT assays. (B) Histogram of the percentage of early and late apoptotic cells. (C) Flow cytometric analysis was conducted 
to evaluate cell apoptosis using Annexin V/PI double staining. Inflammatory factors including (D) TNF‑α, (E) IL‑1β and (F) IL‑6 were detected via ELISA. Data 
are presented as the mean ± SD. The experiments were performed in triplicate. **P<0.01 vs. Control; ##P<0.01 vs. LPS; &&P<0.01 vs. LPS + inhibitor. miR‑138‑5p, 
microRNA‑138‑5p; SIRT1, sirtuin 1; siRNA, small interfering RNA; LPS, lipopolysaccharide; IL, interleukin; TNF, tumor necrosis factor; PI, propidium iodide.

Figure 6. Effects of miR‑138‑5p and SIRT1 on the expression of PTEN/AKT signaling pathway proteins. PC12 cells were transfected with inhibitor control, miR‑138‑5p 
inhibitor or miR‑138‑5p inhibitor + SIRT1‑siRNA for 48 h; then, these cells were subjected to LPS treatment (100 ng/ml) for 4 h. (A) Western blot analysis was 
performed to determine the protein expression of PTEN, AKT and p‑AKT in different groups. (B) Protein expression of PTEN was calculated and presented as fold of 
the control group. (C) p‑AKT/AKT was calculated. Data are presented as the mean ± SD. The experiments were performed in triplicate. **P<0.01 vs. Control; ##P<0.01 
vs. LPS; &&P<0.01 vs. LPS + inhibitor. miR‑138‑5p, microRNA‑138‑5p; SIRT1, sirtuin 1; siRNA, small interfering RNA; LPS, lipopolysaccharide; p, phosphorylated.
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PC12 cells were transfected with inhibitor control, miR‑138‑5p 
inhibitor or SIRT1‑siRNA + miR‑138‑5p inhibitor for 48 h, then 
the cells were subjected to 100 ng/ml LPS for 4 h. The present 
findings showed that knockdown of miR‑138‑5p upregulated 
SIRT1 and further reduced the apoptosis of SCI model cells. 

Results from a previous study indicated that overexpression 
of proinflammatory factors can promote apoptosis and further 
aggravate SCI (41). In the present study, the levels of the proin-
flammatory factors IL‑1β, TNF‑α and IL‑6 were detected via 
ELISA. The results demonstrated that inhibition of miR‑138‑5p 
significantly attenuated the expression of inflammatory factors 
compared with the inhibitor control group. 

Finally, the expression of PTEN and p‑AKT was investi-
gated via western blotting. The results indicated that compared 
with the control group, LPS treatment significantly increased 
PTEN protein expression and decreased AKT phosphoryla-
tion. miR‑138‑5p inhibitor significantly decreased PTEN 
protein expression and increased p‑AKT protein expression; 
these changes were attenuated by SIRT1 silencing. Of note, 
all effects of miR‑138‑5p inhibitor on LPS‑induced PC12 
cells were significantly reversed by co‑transfection with 
SIRT1‑siRNA. These results suggested that miR‑138‑5p modu-
lated the PTEN/AKT signaling pathway by targeting SIRT1 in 
an in vitro model of SCI. Thus, it is hypothesized miR‑138‑5p 
inhibitor may suppress SCI‑associated biological process by 
inhibiting the PTEN/AKT signaling pathway, highlighting it 
as a potential therapeutic target in SCI. 

In conclusion, to the best of our knowledge, this was the 
first study to investigate the relationship between miR‑138‑5p 
and SIRT1 following SCI. Further study into miRNAs in SCI 
is urgently required to develop effective and safe therapeutic 
strategies for patients with SCI, and to improve the prognosis of 
SCI. However, the present study is a preliminary study into the 
role of miR‑138‑5p in SCI, with further experiments required. 
For example, the expression of SIRT1, PTEN, p‑AKT and AKT 
in patients with SCI should be detected in order to validate 
the conclusions of the present study in humans. Additionally, 
time course studies were not performed for either in vivo or 
in vitro experiments in the present study; this will be explored 
in future studies.
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