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1. Introduction

Spinal cord injury
disability and 31gn1ﬁca
stantial financia

tic event that leads to permanent

injury and secondary injury. Primary mechanical insults, such as
traumas (accidents, sports injuries and falls), spinal stenosis, osteoar-
thritis, abscess and tumors, lead to primary damage at the injury epi-
center [4]. Then, a cascade of events such as oxidative stress,

demyelination, apoptosis and inflammation are triggered, and if those
events are poorly controlled, more extensive damages may be induced
[5]. Since the primary injury is abrupt and irreversible, accumulating
evidence aims to treat SCI through preventing or delaying secondary
injury. For instance, chlorogenic acid ameliorates SCI through in-
hibiting inflammatory response in rat SCI models [6]. Interleukin-33
has also been reported to improve functional recovery after SCI via
decreasing secondary injury [7].

Tanshinone IIA (Tan IIA) is a natural phenanthrene-quinone that is
isolated from the dried roots of Salvia miltiorrhiza [8]. Despite of the
traditional application in coronary heart diseases and cerebrovascular
diseases, recent literatures revealed its potential function in tumor
therapy [9,10]. Moreover, the anti-oxidant, anti-inflammatory and anti-
apoptotic properties of Tan IIA have been well documented in more and
more reports. Tan IIA has been proved to repress inflammation and
oxidative stress in a rat model of cirrhosis [11]. Another study also

* Corresponding author at: School of Public Health Jilin University, No.1163, Xinmin Street, Changchun 130021, Jilin, China.

E-mail address: juanli0112@sohu.com (J. Li).

https://doi.org/10.1016/j.1fs.2018.11.046

Received 13 July 2018; Received in revised form 19 November 2018; Accepted 20 November 2018

Available online 22 November 2018
0024-3205/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/00243205
https://www.elsevier.com/locate/lifescie
https://doi.org/10.1016/j.lfs.2018.11.046
https://doi.org/10.1016/j.lfs.2018.11.046
mailto:juanli0112@sohu.com
https://doi.org/10.1016/j.lfs.2018.11.046
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lfs.2018.11.046&domain=pdf

G. Gong et al.

reported the protective role of Tan IIA in renal damage through re-
pressing oxidative stress and inflammation [12]. However, literatures
focused on the functional roles of Tan IIA in SCI are limited. A previous
literature once demonstrated the anti-inflammatory and anti-apoptotic
roles of Tan IIA in rats with SCI [13]. Whether there is an inhibitory
effect of Tan IIA on oxidative stress after SCI is not clear.

MicroRNAs (miRNAs) are a group of small and endogenous RNA
transcripts in cells without protein-coding activity [14]. It is demon-
strated that miRNAs play critical roles in the regulation of multiple
cellular biological processes and participate in the pathogenesis of
many human diseases, including SCI [14,15]. miRNA-124 (miR-124) is
abundantly expressed in neurons in the mammalian central nervous
system and involved in the regulation of gene expression during em-
bryonic neurogenesis and postnatal neural differentiation [16]. Xu et al.
indicated that miR-124 in neurons was reduced after SCI, while over-
expression of miR-124 could promote the repair of SCI [17].

In our study, we explored the effects of Tan IIA on SCI in vitro and in
vivo. In vitro, the rat pheochromocytoma (PC-12) cells were treated by
H,0, to stimulate oxidative injury. The possible regulatory mechanism
about the anti-injury role of miR-124 was also investigated. In vivo,
Sprague-Dawley rats were induced SCI using a weight drop device. In
our opinion, the findings of our research will be helpful for further
understanding the therapeutic mechanism of Tan IIA for SCI prevention
and treatment.

2. Materials and methods
2.1. Cell culture and treatments

Rat PC-12 cells (Cell Bank of Type Culture Collection, Chj
Academy of Science, Shanghai, China) were cultivated in flasks
density of 1 x 10*cells/mL. The basal medium was Dulb
Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, CA, USA)
plemented with 10% (v/v) fetal bovine serum (FBS; Invijuese

For treatment with Tan IIA, ce
concentrations of Tan IIA (O,
36 h prior to H,O, treatme

(CCK-8) assay. Briefly, 5 x 10° cells were plated into the each well of
96-well plates, followed by incubation at 37 °C overnight. After desired
treatments, the culture medium was replaced by fresh DEME containing
10% CCK-8 solution (Dojindo Molecular Technologies, Gaithersburg,
MD, USA). After that, cells were incubated at 37 °C for 1 h. A Microplate
Reader (Bio-Rad, Hercules, CA, USA) was utilized for measurements of
the absorbance at 450 nm.

2.4. Apoptosis assay

Apoptosis of PC-12 cells was assessed by double staining with pro-
pidium iodide (PI) and fluorescein isothiocyanate (FITC)-conjugated
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Annexin V. Briefly, after desired treatments, cells were collected in
phosphate buffered saline (PBS). Then, after rinsing, cells were sus-
pended in binding buffer from the FITC Annexin V/Dead Cell Apoptosis
Kit (Invitrogen). According to the recommended protocols, cells were
stained with FITC-Annexin V and PI at room temperature for 15 min.
Cells were washed with binding buffer, and then were subjected to flow
cytometry analysis using a FACS can (Beckman Coulter, Fullerton, CA,
USA). Percentage of apoptotic cells was analyzed by using FlowJo
software (Tree Star, San Carlos, CA, USA).

2.5. Quantitative reverse transcription PCR (qRT-PCR)

Total RNAs of PC-12 cells were extra

min. The relative expression

of miR-124. e 274C method [18]. U6 was

tments, cells or tissues were lysed in RIPA buffer
logy, Shanghai, China). Supernatants of cell ly-

using the BCA™ Protein Assay Kit (Pierce, Appleton,
). Proteins were then separated by SDS-PAGE, followed by
the polyvinylidene difluoride (PVDF) membranes. Then,
ese PVDF membranes were blocked by 5% skimmed milk powder in
TBST (25 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.05% Tween-20) for
1h, followed by incubation with primary antibodies against B cell
lymphoma-2 (Bcl-2; ab196495), Bcl-2-associated X protein (Bax;
ab182733), cleaved caspase-3 (ab49822), pro caspase-3 (ab90437),
microtubule-associated protein 1 light chain-3B (LC3B; ab48394),
Beclin-1 (ab62557), p62/sequestosome 1 (p62; ab155686), B-actin
(ab8229, all Abcam, Cambridge, UK), caspase-9 (9508), c-Jun N-
terminal kinase (JNK; 9252), phospho (p)-JNK (9251), c-Jun (9165), p-
c-Jun (2993), p38MAPK (9212) or p-p38MAPK (9211, all Cell Signaling
Technology, Beverly, MA, USA) at 4 °C overnight. After rinsing in TBST,
membranes were incubated with secondary antibodies (goat anti-
rabbit, ab205718; goat anti-mouse, ab205719, both Abcam) marked by
horseradish peroxidase for 1 h at room temperature. The proteins in the
PVDF membranes were visualized by using the Immobilon Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA).

2.7. SCI model in adult rats

Thirty Sprague-Dawley rats (7-8 weeks, 218-257 g) were obtained
from the Experimental Animal Center of Jilin University (Chuangchun,
China). After being fed in our facility for 1 week, except 10 rats were
used as control (Sham group), all others were induced SCI using a
weight drop device as previously described [19] and randomly divided
into SCI group or SCI + Tan IIA group with 10 rats in each group. The
rats were kept in a temperature-controlled house under a 12h light/
dark cycle with free access to food and water. In the SCI group, the rats
were subjected to SCI using an impactor. In the SCI + Tan IIA group,
the rats were subjected to SCI and treated with an intraperitoneal in-
jection of Tan IIA. Tan ITA was administered 1h before operation
(50 mg/kg). From day 1 to 7 post-SCI, Tan IIA was administered
(20 mg/kg) once a day at the same time. At day 1 (24 h after SCI), three
rats in each group were sacrificed using cervical dislocation and the
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damaged tissues (T9-T10) was cut to detect the myeloperoxidase (MPO)
activity. At day 3, four rats in each group were sacrificed and the da-
maged tissues were also cut. Western blotting was conducted to detect
the protein levels of main factors involved in cell apoptosis and cell
autophagy. TUNEL assay was conducted to assess the rate of apoptotic
cells. A motor function recovery test (n = 3) was performed every two
days from day O to day 10. After experiment, all rats were sacrificed.

Experiments using rats were performed in according with the
National Institute of Health's Guide for the Care and Use of Laboratory
Animal and were approved by the Ethics committee of China-Japan
Union Hospital of Jilin University (Changchun, China).

2.8. MPO activity

MPO activity was measured in the spinal cord tissue as previously
described [20]. Briefly, each tissue sample was weighted, homogenized
in homogenate medium [0.5% (w/v) hexadecyltrimethyl-ammonium
bromide dissolved in 10 mM potassium phosphate buffer (PH 7)] and
centrifuged at 20,000g for 30 min at 4 °C. Then, an aliquot of the su-
pernatant was incubated with a solution of 1.6mM tetra-
methylbenzidine and 0.1 mM peroxide (H205). The rate of change in
absorbance was measured spectrophotometrically at 460 nm. The MPO
activity was defined as the quantity of enzyme required to degrade
1 mmol of H,O, per min at 37 °C, expressed as units of MPO/g wet
tissue.

2.9. TUNEL assay

The paraffin-embedded tissue slices were dewaxed, washed with
PBS, and digested with proteinase K in a wet box for 30 min at 3
After washing with PBS, the slides were dipped in TUNEL ré
mixture, and incubated for 1 h at 37 °C. Then, followed by washin;
sections were incubated with converter-AP for 30 min at 37 °C
washed with PBS. Subsequently, the sections were staja
BCIP substrate solution for 1h, and the signals werg
microscope (Nikon, Japan). The cells with pu
sidered dead. The number of TUNEL positive &

2.10. Behavioral examination

A motor function recovery te
rules of Basso, Beattie and Br
criteria for the movement
complete mobility. Two

which comprise 21
lete paralysis to

Each
sented a
analysis

3 aphpad Prism 5 software (GraphPad
San Diego, CA

The P-values between two groups were calculated
using t-test and es between more than three groups were calcu-
lated using the one- analysis of variance (ANOVA). AP < 0.05 was
considered as a significant difference.

3. Results

3.1. Tan IIA mitigates H,0-induced decreases of cell viability and increase
of apoptosis in PC-12 cells

First of all, the adequate dosage of H,O, to induce oxidative stress
was explored. PC-12 cells were stimulated with diverse concentrations
of H50,, followed by measurements of cell viability. Compared with
non-treated cells, cell viability was significantly reduced by 100 uM
H,0, (F = 13.72, P < 0.05) and 200 uM H,0- (P < 0.01, Fig. 1A).

149

Life Sciences 216 (2019) 147-155

However, 12.5-50 uM H,0, had no significant effects on PC-12 cell
viability. Accordingly, 200 pM H,0, was used to induce oxidative stress
in subsequent experiments. Then, the effects of H,O, on cell apoptosis
were examined. Results by flow cytometry presented that percentage of
apoptotic cells was markedly enhanced by H,O, treatments as relative
to the control (P < 0.01, Fig. 1B). Western blotting results showed that
H,0, down-regulated the expression of Bcl-2 while up-regulated the
expressions of Bax, c/p-caspase-9 and c/p-caspase-3 (F = 313,
P < 0.0l or P < 0.001, Fig. 1C), which was consistent with the results
by flow cytometry assay. Those above results indicated that H,O, re-
duced cell viability and enhanced apoptosis in PC-12 cells. Afterwards,
PC-12 cells were stimulated with diverse cong ions of Tan IIA, and
the results in Fig. 1D showed that 4 uM &

(F = 43.69,
e following
on cell via-

nd ably alleviated the
in a time-dependent
”Fig. 1G and H displayed
expression of apoptosis-re-

pression of autophagy markers after treatments with
2 d/or Tan IIA was investigated. Results in Fig. 2 presented that
s of LC3B-II and Beclin-1 were observably up-regulated,
v hereas expression of p62 was down-regulated by H,O, treatments
(F =105.9, P < 0.01 or P < 0.001). Alteration of those proteins in-
duced by H,0, was found to be mitigated by co-stimulation with Tan
ITA (1-2uM, P < 0.05, P < 0.01 or P < 0.001). Thus, we concluded
that Tan IIA could ameliorate the oxidative stress-induced autophagy in
PC-12 cells.

3.3. Tan IIA up-regulates miR-124 expression

miR-124 is abundantly expressed in neurons and plays critical roles
in SCI (Zhao, Zhang, 2015b). So, we detected the expression of miR-124
in PC-12 cells after H,O, and/or Tan IIA treatment. In Fig. 3A, miR-124
level in the H,0, group was notably lower than that in the control
group (P < 0.05). In Fig. 3B, miR-124 level in the H,O, + Tan IIA
group was dramatically higher than that in the H,O, group (F = 53.11,
P < 0.01). Those results indicated that Tan IIA could reverse the H,Oo-
induced down-regulation of miR-124 and implied that miR-124 might
participate in the effects of Tan IIA on H,O,-treated PC-12 cells.

3.4. Tan IIA affects PC-12 cells through up-regulating miR-124 expression

Following experiments were performed to verify whether Tan IIA
affect PC-12 cells through regulating miR-124 expression. miR-124 in-
hibitor was transfected into PC-12 cells to down-regulated the expres-
sion of miR-124. qRT-PCR results in Fig. 4A showed miR-124 level in
cells transfected with miR-124 inhibitor was significantly lower than
that in cells transfected with NC (F = 79.05, P < 0.01), indicating that
miR-124 inhibitor could successfully silenced miR-124. Then, cells
(transfected or non-transfected) were treated with HO, and/or Tan IIA,
followed by assessments of cell viability, apoptosis and autophagy. We
found that Tan ITA-induced increase of cell viability (F = 135.96,
P < 0.05, Fig. 4B), decrease of apoptotic cells (F = 40.22, P < 0.05,
Fig. 4C), alterations of proteins related to apoptosis (F = 51.36,
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Fig. 1. Effects of HyO, on PC-12 cell viability and apoptosis were attenuated by Tanshinone IIA (Tan IIA) treatments. (A) Cell viability was tested by CCK-8 assay
after 12.5-200 uM H,0, treatment for 6 h. (B) Cell apoptosis was detected by flow cytometry assay after 200 pM H,O,, treatment for 6 h. (C) The protein levels of Bcl-
2, Bax, Caspase 3 and Caspase 9 in cells were measured by western blot analysis after 200 uM H,O, treatment for 6 h. (D) After Tan IIA (1-4 pM) treatment for 18 h,
cell viability was tested by CCK-8 assay. (E) After Tan ITA (1-2 pM) pre-treatment for 18 h and/or 200 uM H,O, treatment for 6 h, cell viability was detected by CCK-8
assay. (F) After 2puM Tan IIA pre-treatment for 9-36 h and/or 200 uM H,O, treatment for 6 h, cell viability was detected by CCK-8 assay. (G-H) After Tan IIA
(1-2 puM) pre-treatment for 18 h and/or 200 uM H,0,, treatment for 6 h, cell apoptosis were assessed by flow cytometry assay; the protein levels of Bcl-2, Bax, Caspase
3 and Caspase 9 in cells were tested by western blot analysis. Non-treated cells were served as control. Data were presented as the mean + SEM of at least three
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

LC3B-I
LC3B-II

Beclin-1

p62

B-actin

Relative protein expression

experiments.

>

1.5+

1.0

Relative miR-124
expression /U6

0.0

-+ g
T D — —

T ——

Control HZO2 1 2
H,0,*+Tan lIA (uM)

Kekk f ¥k !
o @ Control
@ H,0,

@ H,0,+Tan lIA (1 uM)
H,0,+Tan IIA (2 uM)

LC3-lIN Beclin-1 p62

¥ P < 0.001.

W

ted by Tanshinone
uM) pre-treatment for 18 h and/or
of LC3, Beclin-1 and p62 in
reated cells were served as
of at least three independent

P < 0.05o0r P < 0.01, Fig. 4D) and autophagy (F = 75.45, P < 0.05
or P < 0.01, Fig. 4E) were all notably reversed by miR-124 inhibition,
as compared to the H,O, + Tan IIA + NC g Bose results implied
that Tan IIA affected PC-12 cells via up-ig 24 expression.

he JNK and p38MAPK
Tan IIA treatment or miR-

K and p38MAPK pathways were reversed by miR-
8.40 and 75.6, respectively, P < 0.05, P < 0.01
A-B). Therefore, we concluded that Tan IIA could
P38MAPK pathways through up-regulating miR-
PC-12 cells under oxidative stress.

6. IIA dlleviated oxidative stress, apoptosis and autophagy after SCI
in adult rats

Finally, to explore the effects of Tan IIA on SCI in vivo, Sprague-
Dawley rats were subjected to SCI using a weight drop device. Fig. 6A
showed that compared to SCI group, the rats in SCI + Tan IIA group
have higher BBB scores (F = 34.22, P < 0.01). Fig. 6B displayed that
the MPO activity was significant increased after SCI (F = 115.4,
P < 0.001), while Tan IIA treatment notably alleviated the SCI-in-
duced increase of MPO activity (P < 0.01). The rate of TUNEL positive
(+) cells in SCI + Tan IIA group was lower than in SCI group
(F = 143.6, P < 0.05, Fig. 6C). Moreover, the results of western blot-
ting in Fig. 6D presented that Tan IIA treatment remarkably alleviated
the SCI-induced up-regulations of Bax, ¢/p-caspase 3 and c/p-caspase 9,
as well as down-regulation of Bcl-2 (F = 105.8, P < 0.01). Fig. 6E il-
lustrated that Tan IIA treatment also obviously attenuated the SCI-in-
duced up-regulations of LC3-II/LC3-I and Beclin-1, as well as down-
regulation of p62 (F = 153.3, P < 0.05 or P < 0.01). Taken together,
these above findings suggested that Tan IIA also could relieve SCI in
vivo.

Fig. 3. Effects of H,O, on miR-124 level in PC-12
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mage due to oxidative stress. We found that Tan IIA could notably al-
leviate the H,O5-induced PC-12 cell viability inhibition, cell apoptosis
and cell autophagy. Meanwhile, we found that Tan IIA could up-reg-
ulate the expression of miR-124 in H,Os-treated PC-12 cells.
Suppression of miR-124 could alleviate the effects of Tan IIA on H;O--
induced PC-12 cell viability inhibition, cell apoptosis and cell autop-
hagy, as well as JNK and p38MAPK pathways activation. In vivo, we
revealed that Tan IIA also could mitigate SCI by reducing MPO activity,
inhibiting cell apoptosis and autophagy and promoting motor function
recovery.

As a major contributor to secondary damage in SCI, oxidative stress
is a promising therapeutic target [24,25]. After the primary injury,
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elevated intracellular calcium causes increase of reactive oxygen spe-
cies (ROS) production, resulting in oxidative stress [26]. H,O,, which is
membrane-permeable, is an important ROS, and high level of H,O, was
observed in mitochondria following SCI [27]. Therefore, we con-
structed in vitro cell model to mimic secondary injury of SCI using H,O5
stimulation.

Due to SCI, not only the spinal cord neurons but also the white
matter axons which transfer signals between body and brain are im-
paired, and the axons in adult central nervous system (CNS) are failed
to regenerate spontaneously since the supportive milieu is lost [28].
Therefore, the neuronal cell growth after SCI is of great importance.
Accordingly, we studied the effects of Tan IIA on PC-12 cell viability
and apoptosis. Results showed that H,O,-induced decrease of cell via-
bility and increase of apoptosis were both attenuated by Tan IIA
treatments. Mitochondrion is susceptible to oxidative stress, and the
mitochondrial dysfunction is interrelated with oxidative damage,
leading to catalysis of other secondary injury in SCI [27]. In mi-
tochondria-dependent apoptosis pathway, Bcl-2 family members (Bax
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ulation of p62 ind g that oxidative stress induced autophagy in PC-
12 cells. Those altera¥fons were attenuated by Tan IIA, presenting that
Tan IIA could decrease oxidative stress-induced autophagic damage in
PC-12 cells.

miRNAs are small regulatory RNAs that cannot code protein while
can interact with mRNA transcripts of target-genes. Recently, an ex-
tensive body of evidence supports that miRNAs are involved in func-
tional recovery after SCI [34,35]. miR-124 is an essential regulator
abundantly expressed in the nervous system [36]. Zhao et al. have re-
ported that miR-124 expression in neurons is down-regulated within
7 days after SCI [37]. Gong et al. have proved that silence of miR-124
can promote cell apoptosis and induce expression of autophagy-asso-
ciated proteins [38]. Therefore, we next explored the relationship
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between Tan IIA and miR-124 expression. Herein, we interestingly
found miR-124 expression was down-regulated by oxidative stress, and
the down-regulation was revered by Tan IIA. Moreover, we also found
miR-124 inhibition could reverse the effects of Tan IIA on PC-12 cells.
Those results indicated that Tan IIA might up-regulate miR-124 ex-
pression thereby affect PC-12 cells.

The JNK pathway can transduce extra-cellular signals, and it can be
activated in response to a range of stresses, including oxidative stress
[39]. When the JNK is phosphorylated and activated, the downstream
c-Jun was phosphorylated in the amino-terminal domain [40]. To-
gether, the p38MAPK pathway is also consolidated to be another oxi-
dative stress-sensitive pathway in rat nucleus pulposus cells [41].
Therefore, we finally explored the involvements of these two pathways.
Results in our study demonstrated that the JNK and p38MAPK path-
ways were both inhibited by Tan IIA through up-regulating miR-124
expression in PC-12 cells.

Finally, we also assessed the effects of Tan IIA on SCI in vivo. We
demonstrated that Tan IIA exhibited a protective effect against SCI in
rats. The administration of Tan ITA promoted motor function recovery
of the hind limbs, inhibited MPO activity, cell apoptosis and cell au-
tophagy in damaged tissues.

In conclusion, we found Tan IIA could attenuate oxidative stress
after SCI in vitro and in vivo. Tan IIA alleviated H,O,-induced decrease
of cell viability, and increases of apoptosis and autophagy in PC-12 cells
at least in part via up-regulating miR-124 and then inactivating the JNK
and p38MAPK pathways. Our study revealed an innovative regulatory
mechanism of Tan IIA in protection against oxidative stress, which
might provide novel therapeutic strategies for SCI treatments.
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