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Abstract
To investigate the role of miR-372/Beclin-1 on nerve cell apoptosis induced by spinal cord ischemia/reperfusion injury (SCII).
We established in vivo and in vitro SCII model. MiR-372 and Beclin-1 expressions in spinal cord tissues of SCII rats and SCII
nerve cells were measured. The cell apoptosis was detected by flow cytometry. MiR-372 inhibitor was used to reduce miR-372
expression. Dual luciferase reporter assay was used to confirm the interaction between miR-372 and Beclin-1. MiR-372 expres-
sion in spinal cord tissues of SCII rats and SCII nerve cells was increased, while Beclin-1 expression was decreased. Knockdown
of miR-372 could inhibit SCII nerve cell apoptosis. In addition, MiR-372 could negatively regulate Beclin-1 expression.
Autophagy inhibitor could inhibit autophagy to promote the apoptosis of SCII nerve cells through decreasing Beclin-1, while
interference of miR-372 changed the effect of autophagy inhibitor. Interference of miR-372 could reduce nerve cell apoptosis in
SCII via increasing autophagy by up-regulating Beclin-1.
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Introduction

Spinal cord ischemia/reperfusion injury (SCII) is a common
complication in vascular surgery, thoracic surgery, and spinal
surgery, which can cause limb movement and sensory dys-
function in the injured spinal cord segment and seriously
threatens human health and life (Wang et al. 2018b). SCII is
also a serious nervous system injury, and nerve cell apoptosis
is one of the pathological features of SCII (Liu et al. 2015).
Therefore, exploring the mechanism of nerve damage in SCII
may provide new ideas for the treatment of SCII.

Autophagy, also known as type II programmed cell death,
can remove redundant or damage organelles in the process of
cell growth and aging, which plays an important role in main-
taining cell homeostasis (Fan et al. 2014). Recent studies have
shown that autophagy is closely related to the apoptosis of

nerve cells induced by SCII (Baba et al. 2009). However,
the mechanism remains to be elucidated. Beclin-1 is the ho-
molog of yeast ATG6 and is also called BECN1 (Glover et al.
2017). Beclin-1 is a key regulator of autophagy and plays an
important role in autophagy activation by interacting with the
class III-type phosphoinositide 3-kinase (Maejima et al.
2016). For example, Chang et al. (2017a) showed that lutein
could induce autophagy by up-regulating Beclin-1 in intesti-
nal epithelial cells. In addition, a previous study revealed that
overexpression of Beclin-1 reduced spinal cord neurons apo-
ptosis induced by mechanical injury through increasing au-
tophagy (Wang et al. 2014), which indicated that Beclin-1-
mediated autophagy might be associated with nerve cell
apoptosis.

MicroRNAs (miRNAs) are small non-coding RNAs with
17–24 nucleotides in length (Chang et al. 2017b) that play
important roles in cell proliferation, apoptosis, and differenti-
ation (Ge et al. 2018). Recently, miRNAs have been shown to
be closely regulated with autophagy in ischemia/reperfusion
(I/R) injury. For instance, miR-17 up-regulated autophagy to
aggravate hepatic I/R injury via suppressing Stat3 expression
(Li et al. 2016); hydrogen sulfide protected spinal cord and
induced autophagy via down-regulating miR-30c in SCII rat
model (Li et al. 2015). MiR-372, a regulator of cancers, is also
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involved in autophagy. Chen et al. (2017) found that miR-372
could inhibit the autophagy of human pancreatic adenocarci-
noma cells. However, little is known about the effect of miR-
372 on autophagy in SCII. Zhou et al. (2017) showed an
increased expression of miR-372 in spinal cord tissues of
SCI and overexpression of miR-372 could inhibit SCI recov-
ery. In addition, Bioinformatics software (TargetScan) pre-
dicts that miR-372 has binding sites with Beclin-1.
Therefore, we suspected that miR-372 and Beclin-1 might
have a certain regulatory relationship with autophagy of SCII.

In the current study, we investigated the role of miR-372/
Beclin-1 in the nerve cell apoptosis and autophagy in SCII,
aiming to provide therapeutic insights for SCII.

Methods

Animals and Groups

Adult Sprague-Dawley (SD) rats (200–220 g) were obtained
from Shanghai Experimental Animal Research Center. All
experimental procedures complied with the Animal Care and
Use Committee of The First Affiliated Hospital, Zhejiang
University. Rats were divided into sham group, SCII group,
negative control (NC; the control of miR-372 inhibitor) group,
and miR-372 inhibitor group. Each group had 12 rats. Rats in
NC group and miR-372 inhibitor group: 5 min after SCII, the
bilateral injections (100 nmol/l, 2 injections/side, 1 μl/injec-
tion, total 4 μl) of the NC or miR-372 inhibitor were made
intrathecally at 1 mm from the mid-line. There was a 2-mm
distance between the two injections on each side.

SCII Model

The SCII model was established as described previously (Li
et al. 2015). Briefly, rats were anesthetized by intraperitoneal
injection of 10% chloral hydrate. The aortic arch was then
exposed through a cervicothoracic approach and cross-
clamped between the left common carotid artery and the left
subclavian artery for 14 min to induce ischemia. A 90% de-
crease in the blood flow measured at the femoral artery was
considered as ischemia and confirmed using a Doppler mon-
itor (Moor Instruments, Axminster, UK). Then, the clamps
were removed, and reperfusion was allowed to continue for
60 h. The rats in sham group underwent the same procedure
without aortic arch occlusion.

Assessment of Neurologic Function

The hind limb motor function of rats at five time points (1, 6,
12, 24, and 48 h) after the SCII was scored by the Basso,
Beattie, and Bresnahan (BBB) locomotor rating scale. The
BBB scores range from 0 (complete paralysis) to 21 (normal

hind limbmotor locomotion). After the BBB score evaluation,
rats were sacrificed and the spinal cord tissues (between L2
and L5 levels) were obtained and stored at − 80 °C. Spinal
cord tissues in each rat were divided into parts for different
purposes.

SCII Cell Model

Nerve cell line (PC12) was purchased from American Type
Culture Collection (Shanghai, China). PC12 cells were cul-
tured in hypoxia condition to establish an in vitro SCII cell
model (Wang et al. 2018a). Cells were maintained in
Dulbecco’s modified Eagle’s medium (Gibco, USA) contain-
ing 5% fetal bovine serum (Gibco), 10% horse serum (Gibco),
penicillin (100 U/ml), and streptomycin (100 μg/ml). After
incubated at 37 °C in a humidified atmosphere of 5% CO2

for 24 h, PC12 cells were cultured in an oxygen-free incubator
(Thermo Fisher Scientific, USA) with an atmosphere of 95%
N2 and 5% CO2.

Transient Transfection

MiR-372 mimic, miR-372 inhibitor, si-Beclin-1, and the cor-
responding negative controls were synthesized by
GenePharma (Shanghai, China). PC12 cells were transiently
transfected with them using the Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. After transfection for 24 h, cells were proc-
essed for further analysis.

Quantitative Real-Time PCR (qRT-PCR)

According to the manufacturer’s protocol, TRIzol reagent
(Invitrogen) was used to extract total RNA from spinal cord
tissues or PC12 cells. Then, cDNAwas synthesized by using a
cDNA Synthesis Kit (Takara, Shiga, Japan). SYBR Green
Reagents of ABI Prism 7700 System (Takara) was used to
analyze the data. The 2−ΔΔCt method was used to calculate
the relative expression of miR-372.

Western Blot

Total proteins were extracted from spinal cord tissues or PC12
cells using RIPA buffer (Beyotime, Shanghai, China) on the
ice for 15 min and centrifuged at 12,000 rpm for 15 min. The
concentrations of total proteins were then determined by BCA
Protein Assay kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Samples contained same amount of
proteins were separated on 10% SDS-PAGE and transferred to
PVDF membranes. Afterward, the membranes were blocked
with 5% skim milk for 1 h at room temperature and incubated
overnight at 4 °C with the primary antibodies, including anti-
microtubule-associated protein 1 light chain 3 (LC3-I)
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antibody, anti-LC3-II antibody, anti-Beclin-1 antibody, anti-
sequestosome-1 (p62) antibody, anti-Bcl-2-associated X pro-
tein (Bax) antibody, and anti-β-actin antibody (all in 1:1000,
Cell Signaling Technology). Then, the membranes were incu-
bated with horseradish peroxidase-conjugate anti-human or
anti-rabbit secondary antibody (1:2000, Santa Cruz) at room
temperature for 1 h. Protein-antibody complexes were detect-
ed by the enhanced chemiluminescence system (ECL, Roche
Molecular Biochemicals).

Cell Apoptosis Assay

The cell apoptotic was detected by flow cytometry. Briefly,
PC12 cells were collected and centrifuged at 1500 rpm for
5 min. Then, cells were washed with PBS for three times
and stained in PI/Annexin-V at room temperature for
15 min. The apoptotic cells were measured using flow cytom-
etry. Percentage of apoptosis rate (%) = (number of apoptotic
cells/number of all cells) × 100%.

Dual Luciferase Reporter Assay

According to the binding sites predicted by bioinformatics
software (TargetScan), PCR amplification primers were de-
signed and the wild type (WT) or mutant (Mut) of Beclin-1
3′-UTR fragment containing miR-372 sequence was con-
structed. PC12 cells were transfected with Beclin-1-WT (or
Beclin-1-Mut) and miR-372 mimics (or miR-372 inhibitor)
using Lipofectamine 2000 reagent (Invitrogen). After trans-
fection for 24 h, luciferase activity was detected by dual
Luciferase detection system (Promega).

Statistical Analysis

SPSS 20.0 software was used to for data analysis. All exper-
iments were performed at least three times, and all data are
expressed as mean ± standard deviation (SD). Student’s t test
was performed to compare the difference between two groups.
One-way ANOVA followed by the Bonferroni post hoc test
was used to evaluate the statistical significance between dif-
ferent groups. P < 0.05 was considered statistically
significant.

Results

MiR-372 Expression Was Increased and Beclin-1
Expression Was Decreased in Both In Vivo and In Vitro
SCII Model

SCII rat model was established, and the hind limbmotor func-
tion of rats was assessed via the BBB score at five time points

(1, 6, 12, 24, and 48 h) after operation. Compared to the sham
group, the SCII group showed a significant decreased
BBB scores in each time points (Fig. 1a). The sham
and SCII model group were sacrificed at 48 h post-
operation, and the spinal cord tissues were obtained
for analyzing the miRNA level via qRT-PCR. The
miR-372 level of spinal cord tissues from SCII rat
models was greatly increased (Fig. 1b). And increased
miR-372 level was accompanied by decreased protein
level of Beclin-1 (Fig. 1c). Then, to investigate the
interplay between miR-372 and nerve cell apoptosis
in SCII, we established SCII cell model. Being consis-
tent with the previous finding in SCII rat model, the
miR-372 level was greatly up-regulated while the
Beclin-1 protein level was greatly down-regulated in SCII
group (Fig. 1d, e).

Interference of miR-372 Ameliorated Nerve Cell
Apoptosis in SCII

In previous data, we found that miR-372 level was sig-
nificantly increased in both in vivo and in vitro SCII
models. Thus, we doubted that if miR-372 might be a
cell apoptosis mediating factor in the post-SCII pathol-
ogy. We inhibited miR-372 via transfecting miR-372
inhibitor into PC12 SCII cell model (Fig. 2a), and the
cell apoptosis were accessed by flow cytometry. Results
showed that the protein level of Bax (a pro-apoptosis
regulator) was decreased after miR-372 inhibition (Fig. 2b).
Moreover, interference of miR-372 reduced the apoptosis
of PC12 cells after SCII (Fig. 2c).

MiR-372 Regulated Beclin-1 Expression

In this experiment, we investigated whether miR-372
would be a regulator of Beclin-1. To study the relation-
ship between miR-372 and Beclin-1, we first utilized
the computational analyze the nucleotide sequences and
result showed that miR-372 could potentially bind to the
3′-UTR of Beclin-1 (Fig. 3a). Next, to confirm this, we
performed dual luciferase reporter assay. The results
showed that miR-272 mimic inhibited the luciferase ac-
tivity of Beclin-1-WT in PC12 cells, while miR-372
inhibitor increased the luciferase activity of Beclin-1-
WT (Fig. 3b). Finally, we further confirmed the regula-
tory role of miR-372 on Beclin-1 by assessing Beclin-1
protein expression after PC12 cells transfected with
miR-372 mimic or miR-372 inhibitor. The results
showed that miR-272 mimic down-regulated Beclin-1
expression, and miR-372 inhibitor up-regulated Beclin-1
expression (Fig. 3c).
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Fig. 1 The expression of miR-372 and Beclin-1 in both in vivo and
in vitro SCII model. Rats were divided into two groups, namely sham
group (n = 12) and SCII group (n = 12). In SCII group, in vivo
SCII rat models were established. The hind limb motor function
of rats was assessed via the BBB score at five time points (1, 6,
12, 24, and 48 h) after operation. The rats were sacrificed at 48 h
post-operation, and the spinal cord tissues were collected for qRT-

PCR and western blot. PC12 cells were divided into sham group
and SCII group. In SCII group, PC12 cells were treated with
hypoxia to establish an in vitro SCII cell model. a BBB scores in each
time points. b The miR-372 level in the spinal cord tissues of rats. c
Beclin-1 expression in the spinal cord tissues of rats. d MiR-372
expression in PC12 cells. e Beclin-1 expression in PC12 cells.
*P < 0.05 vs sham group

Fig. 2 The role of miR-372 on nerve cell apoptosis in SCII. PC12
cells were divided into NC group and miR-372 inhibitor group.
MiR-372 inhibitor was used to reduce miR-372 expression in

PC12 cells. a MiR-372 expression in PC12 cells. b Beclin-1
expression in PC12 cells. c The apoptosis of PC12 cells.
*P < 0.05 vs NC group
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Interference of miR-372 Enhanced Autophagy
to Reduce Nerve Cell Apoptosis by Up-regulating
Beclin-1

In this experiment, we explored the mechanism of miR-372/
Beclin-1 in nerve cell apoptosis. PC12 SCII cell models were
treated with 10 mM 3-methyladenine (3-MA; a common
inhibitor of PI3Kmediated autophagy) for 24 h after transfected
with miR-372 inhibitor and si-Beclin-1. Autophagy protein
(LC3I, LC3II, p62) expression and apoptosis protein (Bax) ex-
pression wasmeasured using western blot. As shown in Fig. 4a,
b, miR-372 inhibitor reversed the decrease of Beclin-1

expression induced by 3-MA, the decrease of LC3-II/LC3-I
ratio, and the increase expression of Bax and p62, while si-
Beclin-1 countered its effect. In addition, interference of miR-
372 inhibited PC12 cell apoptosis, and knockdown of Beclin-1
promoted the cell apoptosis (Fig. 4c).

Interference of miR-372 Enhanced Autophagy
to Inhibit Nerve Cell Apoptosis Induced by SCII
In Vivo via Increasing Beclin-1

The rescuing effects of miR-372 inhibition in in vitro experi-
ments may imply a possible strategy to relieve SCII. We then

Fig. 3 MiR-372 regulated Beclin-1 expression. a The bind sites between miR-372 and Beclin-1. b The luciferase activity of Beclin-1 in PC12 cells. c
Beclin-1 expression in PC12 cells. *P < 0.05 vs pre-NC or NC
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further confirmed the protective role of miR-372 inhibi-
tion in animal models. MiR-372 inhibitor was injected
into the spinal cord injury region of the rat SCII models.
Compared to NC group, injecting miR-372 inhibitor could

lead better functional recovery after SCII (Fig. 5a).
After the BBB score evaluation, the rats were sacrificed
and the spinal cord tissues were obtained to measure the
miR-372 level as well as the targeting protein levels.
The miR-372 level was greatly decreased in the miR-
372 inhibitor injection group (Fig. 5b). Moreover, both
p62 and Bax were decreased after miR-372 inhibitor
injection (Fig. 5c).

Discussion

The nerve cell apoptosis is one of the main causes of
nerve injury during spinal cord I/R (Gokce et al. 2016).
Unfortunately, there is no effective therapy for neuro-
protection following SCII. To our knowledge, miRNAs
play key roles in nerve cells apoptosis induced by SCII.
MiR-221 relieved the inflammatory response and neuro-
nal cell apoptosis by targeting TNFAIP2 in SCII (Zhao
et al. 2018). Knockdown of miR-448 inhibited the apo-
ptosis of nerve cells by up-regulating SIRT1 in SCII
(Wang et al. 2018b). MiR-372, a novel miRNA, is closely
related with various cancers. Cheng et al. (2018) found that
miR-372 promoted the proliferation of breast cancer cell
by targeting LATS2. Wang et al. (2017) reported that
miR-372 induced cell growth and metastasis in lung
squamous cell carcinoma by targeting FGF9. In neuro-
nal damage following SCI, previous study revealed that
knockdown of miR-372 might provide benefits for SCI
treatments. However, the relationship between miR-372
and SCII has not been studied.

In this study, we found a significantly increased expression
of miR-372 in spinal cord tissues of SCII rats and SCII nerve
cells, and the nerve cell apoptosis was inhibited after down-
regulating miR-372 expression using miR-372 inhibitor.
These results indicated a relation between miR-372 and nerve
cells apoptosis induced by SCII. To understand the specific
mechanism of miR-372 in the process, we conducted further
research.

Bioinformatics software (TargetScan) results showed that
miR-372 and Beclin-1 had binding sites. Beclin-1 is the key
autophagy gene (Valente and Morani 2014). It has been re-
ported that knockdown of Beclin-1 could inhibit autophagy
(Wang et al. 2014). Our results also showed that interfering
with Beclin-1 inhibited autophagy. These results indicated that

�Fig. 4 Interference of miR-372 enhanced autophagy to reduce nerve cell
apoptosis by up-regulating Beclin-1. SCII cell models were treated with
10 mM 3-MA (a common inhibitor of PI3K-mediated autophagy) for
24 h after transfected with miR-372 inhibitor and si-Beclin-1. a Beclin-
1 expression in PC12 cells. b The expression of LC3-II, LC3-I, Bax, and
p62 in PC12 cells. c The apoptosis of PC12 cells. *P < 0.05 vs control
group; #P < 0.05 vs 3-MA+NC group; &P < 0.05 vs 3-MA+miR-372
inhibitor+si-control group

442 J Mol Neurosci (2018) 66:437–444



si-Beclin-1 might be an autophagy inhibitor. As a form of
programmed cell death, autophagy plays a very important role
in balancing cell energy and promoting cell survival
(Divac Rankov et al. 2017). Fang et al. (2017) revealed that
electroacupuncture suppressed neurocyte apoptosis and
neuroinflammation induced by SCII through enhancing
autophagy in rats. In the current study, we found that Beclin-1
expression was markedly reduced in spinal cord tissues of
SCII rats and SCII nerve cells, and 3-MA (an inhibitor of
autophagy) could inhibit autophagy to promote the apoptosis
of SCII nerve cells through decreasing Beclin-1. As expected,
knockdown of miR-372 could change the effect of autophagy
inhibitor on Beclin-1 expression and SCII nerve cells apopto-
sis. In addition, the mechanism of miR-372 on SCII has been
verified in in vivo experiment.

In summary, our data demonstrated that interference of
miR-372 could increase autophagy to reduce nerve cell

apoptosis in SCII by up-regulating Beclin-1. This is
the first time to report the effect of miR-372 on SCII,
which might provide a novel insight for SCII treat-
ments. However, this study had limitations. First, there
is a lack of detection of clinical samples. Second, only
one cell line was studied. But we also did in vivo stud-
ies to verify the mechanism. In further studies, these
limitations need to be determined.
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