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Abstract. The aim of the present study was to investigate the
function and mechanism of sirtuin 1 (SIRT1) in spinal cord
injury (SCI). Reverse transcription-quantitative polymerase
chain reaction was used to measure the expression levels of
microRNA (miR)-494. MTT assay, lactate dehydrogenase
activity assay and flow cytometry were used to analyze the
effects of miR-494 on cell growth and apoptosis in a model of
SCI. The present study demonstrated that SIRT1 expression
was reduced; whereas miR-494 expression was increased in
a rat model of SCI. Overexpression of miR-494 suppressed
the protein expression levels of SIRT1, and induced p53
protein expression. Conversely, knockdown of miR-494
induced SIRT1 protein expression in an in vitro model of
SCI. Furthermore, overexpression of miR-494 promoted cell
apoptosis and decreased cell growth in an in vitro model of
SCI; however, miR-494 knockdown enhanced cell growth and
inhibited cell apoptosis. Administration of a SIRT1 agonist
reduced the effects of miR-494 overexpression on cell apop-
tosis in an SCI model, whereas treatment with a p53 agonist
reduced the effects of miR-494 knockdown on cell apoptosis
in an SCI model. Together, these findings suggested that SIRT1
may inhibit apoptosis of SCI in vivo and in vitro through the
p53 signaling pathway, whereas miR-494 suppressed SIRT1
and induced apoptosis.

Introduction

Spinal cord injury (SCI) leads to severe motor and sensory
dysfunction, and severely affects patients both mentally and
physically (1). SCI is one of the major causes of disability (2),
the clinical treatment of which is complex. At present, there
is no available interventional treatment that is completely
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effective for SCI (3). The pathophysiological process of SCI
includes primary and secondary injuries (4). Secondary injury
generally occurs within several hours, days or weeks after the
primary injury (4). It comprises post-traumatic inflammatory
response, neuronal apoptosis and necrosis, local tissue micro-
circulatory ischemia and hypoxia, oxidative stress response,
and the excessive production of peroxide and reactive oxygen
species (2). Secondary injury further damages the spinal cord
and can lead to akinesthesia (5); however, the mechanism
underlying secondary injury is currently unclear. It is known
that secondary injury induces recruitment of a large number
of inflammatory cells at the early stage, which is accompanied
by a strong inflammatory response, and neuronal necrosis and
apoptosis (5).

Silent information regulator 2 (Sir2)-associated enzymes
are highly conserved NAD*-dependent histone deacety-
lases (6). There are seven Sir2 homologous genes in the
human body, namely, sirtuin (SIRT)1-7 (6). SIRT1 has been
the focus of much research in recent years. The SIRT1 protein
has been revealed to exert anti-inflammatory and antioxida-
tive effects, and can alleviate cell injury. In addition, SIRT1
is able to markedly reduce the amyloid-f protein-induced
nuclear factor (NF)-kB pathway and decrease the production
of inflammatory factors (7). It can also suppress inflamma-
tory response-induced injury to protocortical neurons. A
possible underlying mechanism for these effects is that SIRT1
acts on the NF-«kB subunit, RelA/p65, through deacetylation;
therefore, SIRT1 can participate in regulating NF-xB active
genes. In particular, SIRT1 can reduce the binding of NF-xB
with intranuclear inflammatory genes, and can thus reduce
the production of inflammatory factors, such as TNF-a and
IL-1B (8).

MicroRNAs (miRNAs/miRs) are gene expression regu-
latory factors, which were discovered >20 years ago (3).
Expression of numerous miRNAs is altered in response to
SCI. It has previously been reported that miRNAs participate
in the regulation of post-SCI gene expression; such gene
expression alterations are closely associated with certain
pathological processes (3), including ischemia and swelling
of the spinal cord, the inflammatory response and neuronal
necrosis. Molecular biology has developed rapidly; as a result,
research regarding miRNA has attracted increasing atten-
tion. It has previously been indicated that miRNAs serve
vital regulatory roles in spinal development, spinal plasticity,


https://www.spandidos-publications.com/10.3892/ijmm.2019.4106
https://www.spandidos-publications.com/10.3892/ijmm.2019.4106

YU et al: EFFECTS OF SIRT1 ON SPINAL CORD INJURY

and post-SCI pathogenesis and developmental processes (9).
Therefore, some miRNAs may be considered effective targets
for post-SCI therapeutic intervention, and investigating the
function and role of miRNAs in the pathological develop-
ment of SCI may aid understanding of the pathogenesis of
secondary SCI. Furthermore, research into miRNAs may
provide novel therapeutic targets and intervention strategies
for SCI treatment and rehabilitation (1). The present study
aimed to investigate the function and mechanism of SIRT1 in
SCI. In the present study, an in vivo model was used to study
primary SCI injury, and an in vitro model was used to study
secondary SCI injury

Materials and methods

Experimental animals and establishment of an animal model.
The present study was approved by the Scientific Review
Committee and the Institutional Review board of Dalian
University (Dalian, China). Healthy male Sprague-Dawley
rats (weight, 200-250 g; age, 9-11 weeks, n=12) were obtained
from the Animal Center of Dalian University. All rats were
maintained under a 12-h dark/light cycle at 22-24°C (rela-
tive humidity 55-60%), and received ad libitum access to a
standard laboratory diet and water. The rats were randomly
assigned into the following two groups: Control group (n=6)
and SCI model group (n=6). All rats in the SCI model group
were anesthetized with an intraperitoneal (i.p.) injection of
30 mg/kg pentobarbital sodium, after which T8-T9 spinous
processes and lamina were uncovered, and paraspinal muscles
were stripped. Subsequently, the T8 and T9 spinous processes
were clamped with forceps and lamina was removed to expose
the dura mater. The underlying cord was exposed to contusion
injury without disrupting the dura (10). All rats in the control
group were anesthetized with an i.p. injection of 30 mg/kg
pentobarbital sodium; however, they did not undergo SCI.
A total of 1 day after induction of the SCI model, rats were
anesthetized with an i.p. injection of 30 mg/kg pentobarbital
sodium and were sacrificed by decapitation. Subsequently,
spinal cord samples were collected and stored at -80°C.

Basso, Beattie, Bresnahan (BBB) score and water content
analysis. The BBB score of the rats was determined after 4 min
in an open field (1), and was scored between 0 (no observable
hind-limb movements) and 21 (normal locomotion). For water
content analysis of the spinal cord, spinal cord samples were
weighed, dried at 80°C for 24 h and were then weighed again.
The following formula was used to calculate the spinal cord
water content: [(Wet weight-dry weight)/wet weight] x100%.

Hematoxylin and eosin staining. Spinal cord samples were
fixed with 4% paraformaldehyde for 48 h at room tempera-
ture, embedded in paraffin and cut into 10-ym sections. The
tissue samples were then stained with hematoxylin and eosin
for 10 min, and examined under a fluorescence microscope
(BX53; Olympus Corporation, Tokyo, Japan).

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). Total RNA was isolated from spinal
cord tissues and transfected cells using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,

1759

USA), according to the manufacturer's protocol. cDNA was
obtained using the ImProm-II Reverse Transcription system
(Promega Corporation, Madison, WI, USA), according to
manufacturer's protocol. RT-qPCR was performed with
SYBR Green PCR Mater Mix (Applied Biosystems; Thermo
Fisher Scientific, Inc.) on an ABI 7900HT fast real-time PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The primer sequences were as follows: SIRT1, forward 5'-TCA
GTGTCATGGTTCCTTTGC-3', reverse 5'-AATCTGCTC
CTTTGCCACTCT-3"; GAPDH, forward 5'-CCCCTGGCC
AAGGTCATCCA-3, reverse 5-CGGAAGCCATGCCAG
TGAG-3"; miR-494, forward 5'-CATAGCCCGTGAAACATA
CACG-3), reverse 5'-GTGCAGGGTCCGAGGT-3"; and U6
forward 5'-CGCTTCGGCAGCACATATACTA-3' and reverse
5'-GCGAGCACAGAATTAATACGAC-3'. The qPCR thermo-
cycling conditions were as follows: 95°C for 10 min; followed
by 40 cycles at 95°C for 25 sec, 60°C for 25 sec and 72°C for
25 sec, and a final extension step at 4°C for 10 min. Relative
expression levels were calculated using the 2-24°4 method (11).

Gene microarray hybridization. Total RNA (500 ng) was
labeled with Cyanine-5-CTP (cat. no. NEL474001EA;
PerkinElmer, Inc., Waltham, MA, USA) and hybridized using
the SurePrint G3 Mouse Whole Genome GE Microarray
G4852A platform (cat. no. G4851A; Agilent Technologies,
Inc., Santa Clara, CA, USA) with an equimolar concentration
of cyanine-3-cTP-labelled universal rat reference (Stratagene;
Agilent Technologies, Inc.). Images were analyzed using
Agilent Feature Extraction 10.7.3.1 software (Agilent
Technologies, Inc.).

Cell line, and cell culture and transfection. PC12 cells were
used to study SCI in vitro, as previously reported (12-14).
PC12 cells were purchased from the American Type Culture
Collection (Manassas, VA, USA) and were maintained
in Dulbecco's modified Eagle's medium (DMEM; Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.)
in a humidified atmosphere containing 5% CO, at 37°C.
miR-494 mimics (5'-UGAAACAUACACGGGAAACCUC-3",
anti-miR-494 mimics (5'-GGUUUCCCGUGUAUGUUU
CAUU-3") and a negative control (5'-UUCUCCGAACGU
GUCACGU-3") were obtained from Shanghai GenePharma
Co., Ltd. (Shanghai, China). Cell transfection (1x10° cells/ml)
was performed using Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) at 37°C with 100 ng miR-494
mimics, anti-miR-494 or negative control mimics. A total of
4 h post-transfection, DMEM was removed and replaced with
FBS-free DMEM; the cells were then treated with 100 ng/ml
lipopolysaccharide (Beyotime Institute of Biotechnology,
Haimen, China) to induce an in vitro SCI model, as reported
in the literature (15), or with 10 xuM CAY10602 at 37°C for
48 h. After 4 h of transfection, cells were treated with the
p53 agonist, 20 nM Nutlin 3 (MCE China, Shanghai, China),
for 44 h at 37°C. In addition, to confirm that LPS induced
an in vitro SCI model, PC12 cells were separated into the
following two groups: The control group, in which cells
were not treated with LPS; and the LPS group, in which
cells were treated with 100 ng/ml LPS (Beyotime Institute
of Biotechnology).
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ELISA kit. Cell supernatants were collected at 1,000 x g for
10 min at 4°C and were used to measure tumor necrosis factor
(TNF)-a (cat. no. H052), interleukin (IL)-1f3 (cat. no. H002),IL-6
(cat. no. HOO7) and IL-18 (cat. no. HO15) levels using ELISA
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), according to the manufacturer's protocol. Absorbance
was detected using an automatic multi-well spectrophotometer
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 450 nm.

MTT assay and LDH activity assay. At different time points
(24 and 48 h) post-transfection, 20 1 MTT solution (5 mg/ml)
was added to each well and incubated at 37°C for 4 h. The
culture medium was then removed and dimethyl sulfoxide was
added to dissolve formazan for 20 min at 37°C. The absorbance
was detected using an automatic multi-well spectrophotometer
(Bio-Rad Laboratories, Inc.) at 492 nm.

A total of 48 h post-transfection, LDH activity was analyzed
using LDH activity kits (cat. no. C0016, Beyotime Institute
of Biotechnology), according to manufacturer's protocol,
and absorbance was detected using an automatic multi-well
spectrophotometer (Bio-Rad Laboratories, Inc.) at 450 nm.

miR-494 target prediction and dual-luciferase reporter assay.
miR-494 target prediction was conducted using TargetScan
(http://www.targetscan.org/index.html) and miRanda
(http://www.microrna.org). SIRT1 luciferase reporter plas-
mids containing the 3' untranslated region targeting miR-494
(100 ng) were co-transfected into the cells (1x10° cell/ml) with
100 ng of miRNA-494 mimics using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C. Cells were
plated in 24-well plates and were transfected for 48 h. The
Dual Luciferase Assay system (Promega Corporation) was
used to measure luciferase reporter activities.

Apoptosis assay. Cells were washed with PBS for 5 min
and fixed with 4% paraformaldehyde for 15 min at room
temperature. Subsequently, cells were stained with 5 ul
Annexin V-phycoerythrin conjugate and 5 ul propidium iodide
(BD Biosciences, Franklin Lakes, NJ, USA) for 15 min in the
dark at room temperature. Flow cytometry was performed
using BD AccuriC6 (BD Biosciences) and data were analyzed
by FlowlJo 7.6.1 (FlowJo, LLC, Ashland, OR, USA).

Caspase-3/9 activity. Total protein was extracted using
radioimmunoprecipitation assay buffer (Beyotime Institute
of Biotechnology) and protein concentration was evaluated
using the bicinchoninic acid assay (Beyotime Institute of
Biotechnology), according to the manufacturer's protocols.
Protein (10 ug) was then used to measure caspase-3/9 activity
using the Caspase-3/9 activity Kkits (cat. nos. C1115 and C1158;
Beyotime Institute of Biotechnology), according to the manu-
facturer's protocol.

Western blot analysis. Total protein was extracted using
radioimmunoprecipitation assay buffer (Beyotime Institute
of Biotechnology) and protein concentration was evaluated
using the bicinchoninic acid assay (Beyotime Institute of
Biotechnology), according to the manufacturer's protocols.
Proteins (50 ug) were separated by 10% SDS-PAGE and
were transferred to polyvinylidene difluoride membranes.
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The membranes were then blocked with 5% non-fat dry
milk in Tris-buffered saline-0.1% Tween for 1 h at 37°C,
and were incubated with primary antibodies against SIRT1
(cat. no. sc-135792, 1:1,000), cyclin E (cat. no. sc-48420,
1:1,000), p53 (cat. no. sc-47698, 1:1,000), Bax (cat. no. sc-20067,
1:1,000), p21 (cat. no. sc-817, 1:1,000) and GAPDH
(cat. no. sc-51631, 1:5,000) (all Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) at 4°C overnight. After washing with
PBST for 15 min, membranes were incubated with a horse-
radish peroxidase-conjugated anti-mouse secondary antibody
(cat. no. sc-2005, 1:5,000; Santa Cruz Biotechnology, Inc.) for
1 hat 37°C. Proteins were visualized using an enhanced chemi-
Iuminescence kit (Pierce; Thermo Fisher Scientific, Inc.) and
were analyzed using Image Lab 3.0 (Bio-Rad Laboratories,
Inc.).

Immunofluorescence staining. Cells were washed with PBS
for 5 min and fixed with 4% paraformaldehyde for 15 min at
room temperature. Subsequently, cells were penetrated with
0.25% Triton X-100 in PBS for 15 min at room temperature,
washed with PBS for 15 min, and blocked with 5% bovine
serum albumin (Beyotime Institute of Biotechnology) in PBS
for 1 h at 37°C. The cells were then incubated with anti-SIRT1
(cat. no. sc-135792, 1:100; Santa Cruz Biotechnology, Inc.) at
4°C overnight, washed with PBS for 15 min, and incubated
with goat anti-mouse immunoglobulin G-CruzFluor™ 555
(cat. no. sc-362267, 1:5,000; Santa Cruz Biotechnology, Inc.)
for 1 h at room temperature. Finally, cells were washed for
15 min and incubated with DAPI in the dark. Cells were
observed using confocal microscopy (Leica SP5, Argon laser;
Leica Microsystems, Inc., Buffalo Grove, IL, USA).

Statistical analysis. All data are presented as the means =+ stan-
dard deviation (n=3), and were analyzed using SPSS 17.0
(SPSS, Inc., Chicago, IL, USA). Data were compared using
two-tailed Student's t-test or one-way analysis of variance
and Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

SIRTI and miR-494 expression in the SCI rat model. The
present study evaluated the expression levels of SIRT1 in SCI
tissues using qPCR. Hematoxylin and eosin staining indicated
that inflammation was markedly increased in SCI tissues
compared with in the control group (Fig. 1A). Furthermore,
water content in the spinal cord was increased, and the BBB
score was reduced in SCI tissues, compared with in the control
group (Fig. 1B and C). As shown in Fig. 1D-F, the mRNA
and protein expression levels of SIRT1 in SCI tissues were
significantly inhibited compared with in the control group.
Subsequently, a gene chip was used to analyze the altera-
tions in miRNA expression in SCI tissues; it was revealed
that miR-494 expression was increased in rats in the SCI
group compared with in the control group (Fig. 1G and H).
These results indicated that an association may exist between
miR-494 and SIRT1 in SCI.

miR-494 regulates SIRTI expression in an SCI model.
Initially, it was revealed that LPS induced an increase in
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Figure 1. SIRT1 and miRNA-494 expression in the SCI rat model. (A) Hematoxylin and eosin staining of the spinal cord (magnification, x100) and (B) water
content of the spinal cord. (C) BBB score. (D) SIRT1 mRNA and (E and F) protein expression. (G) Gene chip analysis of miRNA expression. (H) miRNA-494
expression, as determined by quantitative polymerase chain reaction. “P<0.01 compared with the control group. miRNA-494, microRNA-494; SCI, spinal
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Figure 2. LPS induces inflammation in PC12 cells. (A) TNF-a, (B) IL-1f, (C) IL-6 and (D) IL-18 levels in PC12 cells. Control, PC12 cell without LPS group;
LPS, LPS-treated PC12 cell group. “P<0.01 compared with the control group. IL, interleukin; LPS, lipopolysaccharide; TNF-a, tumor necrosis factor-a.

tumor necrosis factor (TNF)-a, interleukin (IL)-1p, IL-6
and IL-18 levels in PCI12 cells compared with in the control
group (Fig. 2). Subsequently, in the in vitro model, SIRT1 was
identified as a direct target of miR-494 and inhibited luciferase
activity (Fig. 3A and B). miR-494 mimics and anti-miR-494

mimics were separately transfected into cells, and increased or
decreased miR-494 expression compared with in the control
group, respectively (Fig. 3C and D). Following miR-494
overexpression, a gene chip analysis was conducted, which
revealed that SIRT1 mRNA expression was suppressed in the
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apoptosis were increased by miR-494 overexpression. (E) Cell growth was increased, and (F) LDH activity and (G and H) cell apoptosis were decreased by
miR-494 knockdown. “P<0.01 compared with the negative mimics group. LDH, lactate dehydrogenase; miR-494, microRNA-494; OD, optical density.

in vitro model compared with in the control group (Fig. 3E).
Western blotting and immunofluorescence revealed that
miR-494 overexpression suppressed SIRT1 protein expression
in vitro, in comparison with the control group (Fig. 3F-H).
However, miR-494 downregulation induced SIRT1 mRNA
and protein expression in vitro compared with in the control
group (Fig. 3I-L).

miR-494 regulates cell apoptosis in an in vitro model of
SCI. To determine the effects of miR-494 on the SCI model,
cell apoptosis and cell growth were analyzed. As shown in
Fig. 4A-D, overexpression of miR-494 promoted cell apoptosis
and LDH activity, and inhibited cell growth compared with in
the negative control group. Conversely, miR-494 knockdown
promoted cell growth, and inhibited cell apoptosis and LDH
activity in the SCI model compared with in the negative
control group (Fig. 4E-H).

miR-494 regulates the p53 signaling pathway in an in vitro
model of SCI. To further explore the mechanism underlying
the effects of miR-494 on SCI, the p53 signaling pathway was
analyzed in the SCI model. As shown in Fig. 5, overexpression
of miR-494 induced the protein expression of p53, Bax, and
p21, suppressed cyclin E protein expression, and increased
caspase-3/9 activity in the SCI model compared with in the
negative control group. Conversely, miR-494 knockdown

suppressed the protein expression of p53, Bax and p21, induced
cyclin E protein expression, and decreased caspase-3/9 activity
in the SCI model compared with in the negative control group
(Fig. 6). Collectively, these results indicated that miR-494 may
mediate nerve cell apoptosis in SCI through the p53 signaling
pathway via SIRTI.

SIRTI agonist attenuates the effects of miR-494 on cell apop-
tosis in SCI. The present study explored the role of SIRT1
in the effects of miR-494; the in vitro model of SCI was
treated with a SIRT1 agonist, CAY10602 (10 M), following
miR-494 transfection. As shown in Fig. 7, the SIRT1 agonist
increased the protein expression levels of SIRT1 and cyclin
E, and suppressed p53, Bax and p21 protein expression in the
SIRT1 + miR-494 group compared with in the miR-494 group.
Treatment with the SIRT1 agonist also decreased cell apop-
tosis, LDH activity and caspase-3/9 activity, and increased
cell growth in the SIRT1 + miR-494 group compared with in
the miR-494 group (Fig. 8). Overall, these results indicated
that SIRT1 may be a direct target gene of miR-494, which
regulates nerve cell apoptosis in SCI.

p33 agonist attenuates the effects of anti-miR-494 on cell
apoptosis in SCI. Finally, a p53 agonist, 20 nM Nutlin 3,
was revealed to increase the protein expression levels of p53,
Bax and p21, and suppress cyclin E protein expression in the



A= SPANDIDOS .
PUBLICATIONS INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 43: 1758-1768, 2019

AS 3 BS 25
% 5 25 = g ° I s
ez £° a=£ 2
@« Ig. 5 2 o C‘\)I- S 15
o & Eoue O 0
30215 §C g
5 W= B2z 1
SeF aey
£ 2os 22205
% 0 N B = 0 i ),
s Negative miR-484 & Megative miR-494
Cs 25 "
2 E
2 5 2 p53
531
£ % 8 " .
ggs !
;E % 0.5 Bax
b 0 .
K Negative miR-494 “
c
D % 12 p21
2Ws 1
gcE
33807 |
= 3% os o Cyclin E
e
a% o 04 [
2z 02 GAPDH
k] 0
@ . .
i MNegative miR-494 . )
Negative miR-494
5
F - B85 - G;
Z 3 s 4
8o 2,3 z23
°F iy
=l 1.5 28 2
w
m = 1 g <
o 05 @ 1
o . o
[&] 0 © o0
Negative miR-494 Negative miR-494

Figure 5. Overexpression of miR-494 regulates the p53 signaling pathway in spinal cord injury. (A) p53, (B) p21, (C) Bax and (D) cyclin E protein expression
levels were semi-quantified following (E) western blotting. (F and G) Caspase-3/9 activity levels were detected. “P<0.01 compared with the negative mimics
group. Bax, B-cell lymphoma 2-associated X protein; miR-494, microRNA-494.

L= B 1=
A _é 12- -% 1.2

o = | g = 1

=8 1 5B

22 € gsl 53 E 08

co8 28

25206 3520°

ggao.a- - g§§0.4

o

5 0 = 0 !

E Negative Anti-miR-494 g Negative Anti-miR-494
Cs 12 E

4 1

ERE ol - p53

S3Eo08

c28 06+

222

zog 02 [

= c

g 0 '

3 Negative Anti-miR-494 - - 2

(v p
Ds 3r

w

Smg 25 Cyclin E

fog 2! - -

] S s

=4 L= |

gL @ 1.5

g2 41

agy GAPDH

23 & o0s5f

= 0 X Negative Anti-miR-494

£ Negative Anti-miR-494
F 1.2 G 1.2

01 2 1

£ o8 £ o8

Seo ER- -

wE 06 2% 06

28 04 . 28 04

g =4 g c v

@ 02 & 02

(4] 0 L Q 0 . )

Negative Anti-miR-494 Negative Anti-miR-494
Figure 6. Knockdown of miR-494 regulates the p53 signaling pathway in spinal cord injury. (A) p53, (B) p21, (C) Bax and (D) cyclin E protein expression levels
were semi-quantified following (E) western blotting. (F and G) Caspase-3/9 activity levels were detected. “P<0.01 compared with the negative mimics group.
Bax, B-cell lymphoma 2-associated X protein; miR-494, microRNA-494.


https://www.spandidos-publications.com/10.3892/ijmm.2019.4106
https://www.spandidos-publications.com/10.3892/ijmm.2019.4106

YU et al: EFFECTS OF SIRT1 ON SPINAL CORD INJURY 1765

= -
A 5 1.2 Bs .
% =5 1r B4 g e
5 2 ¢ _ 525
Sk E 08f %E g
£E2 S 06 eag 2
£82 5015 ##
a% ‘g 0.4+ - CELE g 1
[=}
2382 o02f 288 ¢
k) 0 . . . s 0 . .
5} [}
o« Megative miR-494 SIRT1+494 D o MNegative miR-494 SIRT1+494
c
(=]
o 25
2
Cs 25 " £.3 2
3 g3 § 1.5 #H
58 2 §%a
SRE . g2
c E‘ 8 ' ## o a %
2,2 1 % =205
52805 o 0 : :
2=2 0 Negative miR-494 SIRT1+494
3
[+

Negative miR-494 SIRT1+494

c
E 2 12
L.
ﬂg_l.u s 1
5< ‘5 0.8 i
£ o 06 . :
=0 .2 "
P4 T
028 02 - . .
£s2 0 . : “ S Ccin E
° Negative miR-494 SIRT1+494

Negative miR-494 SIRT1+494

Figure 7. SIRT1 agonist reduces the effects of miR-494 on the SIRT1 signaling pathway in spinal cord injury. (A) SIRT1, (B) Bax, (C) p53, (D) p21 and
(E) cyclin E protein expression levels were semi-quantified following (F) western blotting. “P<0.01 compared with the negative mimics group; *P<0.01
compared with the miR-494 group. Bax, B-cell lymphoma 2-associated X protein; miR-494, microRNA-494; SIRT1, sirtuin 1.

B 771
A 1.4 - —-+—Negative o 6 i
12t 4 —+miR-494 3 5t
E 1t ~ & =SIRTIH94 241
o 0.8F . 2 ##
?’_l; 0.6 / = — E 3r
o 0.4 ——— I 2t
(]
i “ oL -
0 . . . . .
Oh 24 h 48 h 0 Negative miR-494 SIRT1+494
C ® 30 . D Prew QTS UR| TOTS T L;‘:)‘il i
*q-; 251
© 20+ -
o 15F
w
g 10} L
- Ll o Rt S
.( 0 ) ) ) T y T it i T - e T
Negati iR-494 SIRT1+494
Negative miR-494 SIRT1+494 Fo o m !
E g 35 I 45 %
| w 2 4t
g £ 36}
£ 25¢ 2 3F u
2 2t S 05t #
= 15} ## E 2t
s @ 156}
@ ® 1t
8_ 0 ; . . L % 0 . N . R
@ Negative miR-494 SIRT1+494 o Negative miR-494 SIRT1+494
o

Figure 8. SIRT1 agonist reduces the effects of miR-494 on cell apoptosis in spinal cord injury. (A) Cell growth, (B) LDH activity, (C and D) cell apoptosis, and
(E and F) caspase-3/9 activity were analyzed. “P<0.01 compared with the negative mimics group; #P<0.01 compared with the miR-494 group. LDH, lactate
dehydrogenase; miR-494, microRNA-494; OD, optical density; SIRT1, sirtuin 1.



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

As ,g

n g 1.2

%0

sg ! ##

o w 0.8

c o -

T 206

ggﬁ 0.4

2 w 0.2

Te 0 ' . y

2 % Negative Anti-miR-494 p53+anti-494
Cce

=]

® 8 1.2

@ [&]

ag 1

8% 08 i

£?

@ 2 06

gg 0.4 =

2502 -

Two 0 1 . ;

D“:’ g Negative Anti-miR-494 p53+anti-494

Relative protein expression
levels of cyclin E/negative control

Anti-miR-494

Negative

p53-+anti-494

Relative protein expression

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 43: 1758-1768, 2019

-
-

0.8 iy

06

0.4 z

‘A m
0 L L

levels of p21/negative control

Negative Anti-miR-494

E
-

- - -
-

.- .- Cyclin E
- . W GAPDH

Negative Anti-miR- p53+anti-
494 494

p53+anti-494

Figure 9. p53 agonist reduces the effects of anti-miR-494 on sirtuin 1 signaling in spinal cord injury. (A) p53, (B) p21, (C) Bax and (D) cyclin E protein expres-
sion levels were semi-quantified following (E) western blotting. “P<0.01 compared with the negative mimics group; “/P<0.01 compared with the anti-miR-494
group. Bax, B-cell lymphoma 2-associated X protein; miR-494, microRNA-494.

[3+]

—+—Negative
—=—Anti-miR-494
——p53+anti-494

-
- w»

OD (492 nm)
o
(#]

(=]

- -
[\
™

T

##

T

T

Apoptosis rate (%)
[ \C I S s I e ¢ 5

Negative Anti-miR-494 p53+anti-494

0.8
0.6
0.4
0.2

L - 1 1

Anti-miR-494  p53+anti-494

Caspase-3 activity/negative

Negative

B

1.

H activity level
o o e

LD
o

Caspase-9 activity/negative

2 -

T #

8t

6 -

4 L

2r

0 , : pp— : , :
Negative Anti-miR-494 p53+anti-494

il

Vg
Negative Anti-miR-494 p53+anti-494
121
1 L
0.8} ##
0.6
0.4r *
=
D 1 1 ]

Negative Anti-miR-494 p53+anti-494

Figure 10. p53 agonist reduces the effects of anti-miR-494 on cell apoptosis in spinal cord injury. (A) Cell growth, (B) LDH activity, (C and D) cell apoptosis,
and (E and F) caspase-3/9 activity were analyzed. “P<0.01 compared with the negative mimics group; *P<0.01 compared with the anti-miR-494 group.

LDH, lactate dehydrogenase; miR-494, microRNA-494; OD, optical density.


https://www.spandidos-publications.com/10.3892/ijmm.2019.4106
https://www.spandidos-publications.com/10.3892/ijmm.2019.4106

YU et al: EFFECTS OF SIRT1 ON SPINAL CORD INJURY

— MicroRNA-494

B Apoptosis

» Cell cycle

Figure 11. SIRT1 inhibits apoptosis of spinal cord injury in vivo and in vitro,
whereas microRNA-494 can suppress SIRT1 and induce apoptosis. Bax,

B-cell lymphoma 2-associated X protein; SIRT1, sirtuin 1.

p53 + anti-miR-494 group compared with in the anti-miR-494
group (Fig. 9). The p53 agonist also decreased cell growth,
and induced cell apoptosis, LDH activity and caspase-3/9
activity in the p53 + anti-miR-494 group, compared with in
the anti-miR-494 group (Fig. 10). Taken together, these find-
ings suggested that p53 may promote nerve cell apoptosis in
SCI via SIRT1/miR-494.

Discussion

SCI induces the cellular oxidative stress response, necrosis
and apoptosis. Furthermore, a large number of inflamma-
tory mediators are locally produced in response to SCI, thus
resulting in the immune inflammatory response (4). In such
secondary injury, the inflammatory response serves a crucial
role in post-SCI recovery (13). Control and inhibition of the
inflammatory response therefore affects post-SCI recovery.
miRNAs are small RNA molecules that regulate target gene
expression (14). In addition, miRNAs have a vital role in gene
expression during spinal development and SCI (15); therefore,
they may be considered a novel target for therapeutic interven-
tion in post-SCI nerve regeneration and repair. Furthermore,
miRNAs may be potential biological markers of SCI. The
present study demonstrated that overexpression of miR-494
promoted cell apoptosis and LDH activity, and inhibited
cell growth in an SCI model compared with in the negative
control group. Kang et al (16) revealed that microRNA-494
promotes apoptosis in degenerative human nucleus pulposus
cells. Zhan et al (17) suggested that miR-494 inhibits breast
cancer progression and induces apoptosis by directly targeting
p21 (RACI)-activated kinase 1.

The SIRT1 anti-inflammatory mechanism is complex and
involves numerous pathways, including the mitogen-activated
protein kinase and NF-kB pathways (8). Furthermore, it has
been suggested that the cyclooxygenase pathway may also be
involved (8). At present, the NF-«kB pathway has been most
extensively studied. However, the inflammatory pathway is
a multi-channel reticular structure (18), as a result, it is not
determined by a certain pathway. The mechanism underlying
inflammation will become increasingly clear with research on
each pathway, and the reticular structure of the inflammatory
pathway will be elucidated (19); therefore, it will be more easily
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controlled. SIRT1 can downregulate the proapoptotic effects
of p53 through its deacetylation. At present, p53 is one of the
most extensively and profoundly studied tumor suppressor
genes in human research (20). Furthermore, p53 participates
in cell differentiation, proliferation, aging and mortality (20),
and is involved in gene transcription, DNA damage and repair,
genomic stability and cell cycle control (21). The present study
demonstrated that overexpression of miR-494 suppressed
SIRT]1 protein expression in an in vitro model compared with
in the control group. Liu er al (22) indicated that miR-494
inhibits the proliferation, invasion and chemoresistance of
pancreatic cancer through SIRT1.

Neuronal apoptosis is suppressed following nervous system
injury (23). However, several proteins and nuclear transcription
factors are specifically expressed in adelayed manner; pS3is one
of the key molecules in the cell apoptosis pathway. Upregulated
p53 expression can directly induce cell apoptosis (23). In
addition, it can induce cell apoptosis through regulating the
expression of other apoptosis-associated genes (19). The
present study demonstrated that overexpression of miR-494
induced p53, Bax and p21 protein expression, suppressed
cyclin E protein expression, and increased caspase-3/9 activity
in an SCI model. Comegna et al revealed that direct targets of
miR-494 are involved in senescence of human diploid fibro-
blasts via pS3 protein expression (24).

In conclusion, the present study indicated that SIRT1 may
inhibit apoptosis of SCI in vivo and in vitro through the p53
signaling pathway, whereas miR-494 may suppress SIRT1 and
induce apoptosis (Fig. 11). Mechanistically, the present study
demonstrated that miR-494 promoted neurocyte apoptosis
through directly targeting the SIRT1/p53 signaling pathway.
These results suggested that the miR-494/SIRT1/p53 signaling
pathway may be a potential clinical biomarker and therapeutic
target in SCI.
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