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Abstract

Autophagy has been shown to have a protective effect against brain damage. Ligustilide (LIG) is a bioactive substance isolated from Ligu-
sticum chuanxiong, a traditional Chinese medicine. LIG has a neuroprotective effect; however, it is unclear whether this neuroprotective
effect involves autophagy. In this study, PC12 cells were treated with 1 x 10°—1 x 10 M LIG for 0, 3, 12 or 24 hours, and cell proliferation
was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Treat-
ment with 1 x 10 M LIG for 3 hours had the greatest effect on cell proliferation, and was therefore used for subsequent experiments. PC12
cells were pre-treated with 1 x 10° M LIG for 3 hours, cultured in 95% N,/5% CO, in Dulbecco’s modified Eagle’s medium without glucose
or serum for 4 hours, and then cultured normally for 16 hours, to simulate oxygen-glucose deprivation/reoxygenation (OGD/R). Cell
proliferation was assessed with the MTS assay. Apoptosis was detected by flow cytometry. The expression levels of apoptosis-related pro-
teins, Bcl-2 and Bax, autophagy-related proteins, Beclin 1 and microtubule-associated protein 1light chain 3B (LC3-II), and liver kinase Bl
(LKB1)-5"-adenosine monophosphate-activated protein kinase (AMPK)-mammalian target of rapamycin (mTOR) signaling pathway-re-
lated proteins were assessed by western blot assay. Immunofluorescence staining was used to detect LC3-II expression. Autophagosome
formation was observed by electron microscopy. LIG significantly decreased apoptosis, increased Bcl-2, Beclin 1 and LC3-II expression,
decreased Bax expression, increased LC3-II immunoreactivity and the number of autophagosomes, and activated the LKB1-AMPK-mTOR
signaling pathway in PC12 cells exposed to OGD/R. The addition of the autophagy inhibitor 3-methyladenine or dorsomorphin before
OGDI/R attenuated the activation of the LKB1-AMPK-mTOR signaling pathway in cells treated with LIG. Taken together, our findings
show that LIG promotes autophagy and protects PC12 cells from apoptosis induced by OGD/R via the LKB1-AMPK-mTOR signaling
pathway.
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Introduction

Stroke is the main cause of neurological disability (Sinis-
calchi et al., 2014), and ischemic cerebral infarction (ICI)
com-prises approximately 80-85% of all strokes (Qian et al.,
2018). The current standard treatment for ischemia is rapid
reperfusion; however, ischemia/reperfusion aggravates brain
tissue damage. Studies show that autophagy and apoptosis
play critical roles in hypoxia-induced ICI (Yousuf et al.,
2009; Descloux et al.,, 2015). In the central nervous system,
autophagy is activated by various factors, including ischemia
and hypoxia (Gabryel et al., 2012). Deficiency of the auto-
phagy-related gene Atg7 causes massive neuronal loss in the
cerebral and cerebellar cortices, which exacerbates neurode-
generation (Komatsu et al., 2006). Recent studies show that
enhancing autophagy has a protective effect against brain
damage (Shen et al., 2016; Dai et al., 2017). However, exces-
sive autophagy can induce cellular dysfunction or cell death
(Rami et al., 2008).

Ligustilide (LIG) is a bioactive substance isolated from
Ligusticum chuanxiong. LIG protects cells and functions
as an autophagy inhibitor to overcome chemoresistance in
breast cancer cells by regulating the autophagic process (Shi
et al., 2015; Qi et al., 2017). LIG has been found to have a
neuroprotective effect as well (Yu et al., 2015; Qi et al., 2017;
Byun et al,, 2018). LIG protects against Alzheimer’s disease
by inducing autophagy via inhibition of the protein kinase B
(PKB/Akt)/mammalian target of rapamycin (mTOR) path-
way (Kuang et al., 2017).

The PC12 cell line is derived from a pheochromocytoma
of the rat adrenal medulla, and exhibits characteristics of
neural cells (Zhu et al., 2010). Oxygen-glucose deprivation/
reoxygenation (OGD/R) is widely used to simulate neuronal
ischemia/reperfusion injury (Ecker et al., 2010). At present,
it is not clear whether LIG can inhibit apoptosis through au-
tophagy. Therefore, in this study, we investigated the effect of
LIG on autophagy in PC12 cells exposed to OGD/R.

Materials and Methods

Cell lines and culture

PC12 cells were kindly provided by the Experimental center
of Affiliated Hospital of Liaoning University of Traditional
Chinese Medicine, Shenyang, China. PC12 cells were main-
tained in 75-mL vented culture flasks using high-glucose
Dulbeccos modified Eagle’s medium with pyruvate and sup-
plemented with 5% (v/v) fetal bovine serum, 10% (v/v) horse
serum, 100 U/mL penicillin and 100 pg/mL streptomycin
at 37°C in a humidified incubator with a 5% CO,/95% air
atmosphere (Ahn et al., 2004). PC12 cells were incubated
with 50 ng/mL nerve growth factor (Gibco, Grand Island,
NY, USA) for 24 hours to induce neurite formation to mimic
neuronal cells (Klein et al., 2007). The medium was changed
every 3 days. Cells reached 60-70% confluence after 5-6 days
of incubation in the flask. To investigate whether LIG could
induce autophagy, the cells were divided into five groups:
control, OGD/R, LIG + OGD/R, 3-methyladenine (3-MA) +
OGD/R, and LIG + 3-MA + OGD/R. Addition of 3-MA, an
autophagy inhibitor, was used to evaluate whether LIG exerts
neuroprotective effects by regulating autophagy.
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Production of the OGD/R model

To model ischemia/reperfusion-like conditions in vitro,
PC12 cells were incubated in an anaerobic chamber, HER-
Acell 150 (Biotech, Oxford, UK), and maintained in pre-
warmed, glucose and serum-free Dulbecco’s modified Eagle’s
me-dium at 37°C and 52 mmHg partial oxygen pressure. The
residual oxygen was removed with an anaerobic gas mix (95%
N,, 5% CO,) bubbled for 30 minutes into the chamber. To
produce the OGD/R model, the cells were incubated in this
solution at 37°C for a 4-hour period, and then re-oxygenated
(returned to the normal aerobic environment for another 16
hours) (Klein et al., 2007).

3-MA, dorsomorphin and LIG treatment

The cells were treated with 3-MA (5 mM; Selleck, Houston,
TX, USA) for 1 hour, which inhibits autophagy. The cells
were treated for 0, 3, 12 or 24 hours with 1 x 10°-1 x 10~°
M LIG. The 5'-adenosine monophosphate-activated protein
kinase (AMPK) inhibitor dorsomorphin (10 pM; Selleck;
treated for 30 minutes) was added to inhibit the AMPK
pathway (Rao et al., 2016). In the LIG + 3-MA + OGD/R
group, the cells were pretreated with 3-MA (5 mM) for 1
hour, followed by a 3-hour treatment with LIG (1 x 10° M),
and then subjected to OGD/R. For cells used for apoptosis
detection, we added dorsomorphin to assess the role of the
AMPK pathway. In the 3-MA + dorsomorphin + LIG +
OGD/R group, the cells were pretreated with 3-MA (5 mM)
for 1 hour, followed by LIG (1 x 10° M) for 3 hours, and
then dorsomorphin (10 pM) for 30 minutes. These cells were
thereafter subjected to OGD/R.

3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay

The proliferative activity of cells was detected with an MTS
kit (CellTiter 96 AQueous One Solution Cell Proliferation
Assay, #G5421, Promega, Madison, WI, USA). The PC12
cells were seeded at a density of 5 x 10’ cells into two sterile
96-well plates. After treatment with LIG prior to OGD/R in-
cubation, 10 uL MTS was added to each well. The cells were
treated with 5% CO, for 2 hours at 37°C, and then, the plate
was placed on a shaker for 1 minute, and the optical density
was measured at 450 nm.

Flow cytometry analysis

Apoptosis was analyzed by flow cytometry (BD Biosciences,
Franklin Lakes, NJ, USA). The cells were rinsed with cold
phosphate-buffered saline and resuspended in 1x binding
buffer solution to a concentration of 1 x 10° cells/mL. Then,
5 uL fluorochrome-labeled Annexin V and 5 pL propidium
iodide were added to the cells in a final volume of 100 pL (1
x 10° cells) in a 5 mL culture tube. The cells were gently vor-
texed and placed at room temperature (25°C) in the dark for
15 minutes. Thereafter, 400 uL of 1x binding buffer solution
was added to each tube, and the cells were analyzed by flow
cytometry (BD Biosciences) within 1 hour.

Immunofluorescence staining
Briefly, the cells in each group were plated onto coverslips
and cultured overnight with or without LIG. Afterwards, the
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cells were fixed with 4% paraformaldehyde (Beyotime, Wu-
han, China) for 40 minutes at room temperature and washed
with phosphate-buffered saline containing 0.1% Triton X-100
(Beyotime). The cells were incubated with primary antibod-
ies (rabbit anti-microtubule-associated protein | light chain
3B (LC3-II) polyclonal antibody; 1:400; #ab48394, Abcam,
Cambridge, UK) overnight, followed by Cy3-conjugated
goat anti-rabbit IgG (1:400; #A0516, Beyotime) at 37°C for
1 hour. The cells were imaged under a confocal microscope
(Olympus, Tokyo, Japan) and analyzed using Image J soft-
ware (NIH, Bethesda, Maryland, USA).

Western blot analysis

The PC12 cells were extracted in RIPA lysis buffer (Beyotime)
according to the manufacturer’s instructions. The lysates
were then centrifuged at 12,000 r/min for 10 minutes at 4°C,
and the supernatants were collected. The concentration of the
protein was quantified with a bicinchoninic acid protein assay
kit (Beyotime). Equal amounts of protein were mixed with
loading buffer (4:1) and heated at 95-100°C for 20 minutes.
The samples were then resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to polyvi-
nylidene difluoride membranes (Millipore, Burlington, MA,
USA). The membranes were blocked with 5% nonfat milk in
phosphate-buffered saline for 1 hour at room temperature
and then incubated with primary antibodies (rabbit anti-rat
AMPK monoclonal antibody (1:600; #ab32047), rabbit an-
ti-rat p-AMPK monoclonal antibody (1:600; #ab131357),
rabbit anti-rat liver kinase B1 (LKB1) monoclonal antibody
(1:600; #ab199970), rabbit anti-rat p-LKB1 monoclonal anti-
body (1:600; ab199970), rabbit anti-rat Beclin 1 monoclonal
antibody (1:500; #ab210498), rabbit anti-rat p-LKB1 mono-
clonal antibody (1:500; #ab210498), rabbit anti-rat LC3-I/
II monoclonal antibody (1:500; #ab168831), rabbit anti-rat
p-LKB1 monoclonal antibody (1:500; #ab168831), rabbit an-
ti-rat mMTOR monoclonal antibody (1:500; #2972), rabbit an-
ti-rat p-mTOR monoclonal antibody (1:500; #5536) or rabbit
anti-rat f-actin monoclonal antibody (1:1,000; #3700); all an-
tibodies were from Cell Signaling Technology, Danvers, MA,
USA) overnight at 4°C. Immunoreactive bands were detected
by incubating with horseradish peroxidase-conjugated sec-
ondary antibodies (goat anti-rabbit IgG; 1:1,000; #ab205718,
Abcam) at room temperature for 1 hour. The blots were
developed with a chemiluminescent substrate reagent kit (In-
vitrogen, Carlsbad, CA, USA). The absorbance ratio of each
protein to the internal reference was used to represent the
relative amount of the target protein. The optical density of
each band was analyzed with a Gel Pro Analyzer 6.0 (Media
Cybernetics, Bethesda, MD, USA).

Electron microscopy

PC12 cells were fixed with 2% glutaraldehyde for 2 hours,
and then fixed with 1% OsO, for 1.5 hours at 48°C. The
samples were washed and dehydrated with a graded alcohol
series. The cells were infiltrated and embedded in 618 epoxy
resin after dehydration, stained with uranyl acetate and lead
citrate, and then examined under the transmission electron
microscope (H7650, Hitachi, Tokyo, Japan).

Statistical analysis

Statistical analysis was performed using the SPSS 17.0 soft-
ware package (SPSS Inc., Chicago, IL, USA). All data were
presented as the mean + standard deviation (SD). Statistical
analyses were performed using one-way analysis of variance.
Further comparisons between two groups were performed
with Dunnett’s test. P < 0.05 was considered sta-tistically
significant.

Results

LIG promotes the proliferation of PC12 cells

To assess the effect of LIG on the proliferation of PC12 cells,
the cells were treated with different concentrations of LIG
for 0, 3, 12 and 24 hours. MTS results showed that LIG treat-
ment increased cell growth and viability at the dif-ferent time
points (P < 0.01, vs. control group). A 3- and 12-hour inter-
vention with LIG (1 x 107, 1 x 10, 1 x 10”7 M) significantly
increased cell proliferative activity. Notably, treatment with 1
x 10° M LIG for 3 hours resulted in the highest proliferation
rate (Figure 1). Therefore, a 3-hour pre-treatment with LIG (1
x 107° M) was used for the fol-lowing experiments.

LIG reduces the OGD/R-induced inhibition of PC12 cell
proliferative activity

MTS results showed that the proliferation of PC12 cells was
inhibited by OGD/R in a time-dependent manner. After 3
hours of OGD/R, cell proliferative activity was inhibited by
20 + 1.4% (P < 0.05, vs. control group), and after 24 hours,
it was inhibited by 50 + 1.8% (P < 0.01, vs. control group).
Pre-treatment with LIG (1 x 10° M, 3 hours) significantly
diminished this OGD/R-induced inhibition of cell prolifera-
tive activity. We used 3-MA to examine the role of autopha-
gy in this process. The inhibition of cell proliferation was in-
creased by 3-MA (P < 0.05, vs. control group). Furthermore,
3-MA reduced the ability of LIG to mitigate the inhibition of
cell proliferative activity, although it remained higher than in
cells treated with 3-MA alone (P < 0.05). The results showed
that autophagy participated in the cytoprotective effect of
LIG (Figure 2).

LIG reduced OGD/R-induced PC12 cells apoptosis

The morphological changes of PC12 cells after OGD/R were
observed by inverted phase contrast microscopy. The normal
PC12 cells showed neuron cell morphology, long spindle
shape, and the cell body became polygonal. The longer pro-
cesses of cells were interwoven into a network. The cells have
uniform light transmittance and closely ad-hered to the bot-
tom of the culture bottle (Mo et al., 2017; Zhang et al., 2017).
After 3 hours of OGDV/R, the light transmittance of the cells
began to decrease, the antennae of the cells were slightly
retracted, and the degree of attachment to the bottom of the
bottle decreased significantly. With the prolong of OGD/R
incubation, the light transmittance of the cells was further
reduced, the dead cells became round and floated off the
bottom in the medium (Figure 3).

Flow cytometry detected the PC12 cells apoptosis. The
results showed that PC12 cells began to apoptosis after
in-duction of 3 hours, and OGD/R can induce the apoptosis
of PC12 cells in a time dependent manner. LIG significantly
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reduced the apoptosis of OGD/R-induced PCI12 cells (P <
0.05, vs. non-LIG group; Figure 4).

LIG reduces OGD/R-induced apoptosis of PC12 cells
through the mitochondrial pathway

To further elucidate the mechanisms by which LIG inhibits
apoptosis of PC12 cells induced by OGD/R, we examined
the expression of Bcl-2 and Bax. Bax expression gradually
increased after OGD/R, but was inhibited by LIG (P < 0.05
or P < 0.01, vs. non-LIG-group). The expression of Bcl-2
decreased after OGD/R, but was increased by LIG (P < 0.05
or P < 0.01, vs. non-LIG-group). These findings indicate that
LIG inhibits apoptosis of PC12 cells induced by OGD/R
through the mitochondrial pathway (Figure 5).

LIG simultaneously increases autophagy and inhibits
apoptosis

Given that LIG inhibits OGD/R-induced PC12 cell apopto-
sis, we investigated the role of autophagy in this process by
examining expression of LC3-II and Beclin 1. In the groups
not treated with LIG, the expression of LC3-II protein in-
creased slightly and gradually over time after OGD/R. In
the LIG group, the expression of LC3-II, the main autoph-
agy protein (Zhu et al., 2018), increased significantly (P <
0.05, vs. non-LIG-group). These results suggest that OGD/R
weakly induces autophagy in PC12 cells, and that pretreat-
ment with LIG significantly increases autophagy (Figure 6).
Beclin 1 has a critical role in signaling the onset of autopha-
gy (Kaverina et al., 2018). We found that Beclin 1 expression
in the LIG group also increased significantly compared with
the OGD/R group (P < 0.05, vs. non-LIG-group) (Figure 6).
Thus, LIG simultaneously increases autophagy and reduces
apoptosis.

To assess whether LIG increases LC3-II expression by
increasing autophagy, we treated the cells with 5 mM 3-MA
for 1 hour and then measured LC3-1I expression. LC3-1I lev-
els were increased in the OGD/R and LIG + OGD/R groups
(P < 0.05, vs. control group), and after 3-MA treatment, the
expression of LC3-II diminished compared with the LIG +
OGDI/R group (P < 0.01). When 3-MA was combined with
LIG, the expression of LC3-II diminished compared with
the LIG + OGD/R group, but was higher than in the OGD/R
group (Figure 7).

To further confirm that LIG regulates autophagy, immuno-
fluorescence staining for LC3-II was performed to detect au-
tophagosomes. This revealed accumulation of LC3-II around
the nucleus following OGD/R. The expression of LC3-II was
notably enhanced by LIG treatment. The autophagy inhibitor
3-MA reduced LC3-1I immunolabeling compared with the
OGD/R group. When 3-MA was combined with LIG, LC3-1II
immunolabeling was reduced compared with the LIG group.
In summary, these findings demonstrate that LIG increases
LC3-1I release (Figure 8).

LIG increases the formation of autophagosomes

Transmission electron microscopy was used to examine the
structure of the autophagosomes. The LIG group had more
autophagosomes, which are double-membrane structures,
compared with the OGD/R, 3-MA + OGD/R or LIG + 3-MA

476

+ OGD/R group (P < 0.01 or P < 0.05). These results show that
LIG upregulates autophagy in the PC12 cell line (Figure 9).

LIG attenuates OGD/R-induced apoptosis by upregulating
autophagy

PC12 cells underwent apoptosis following OGD/R for 12 h.
Pretreatment with LIG significantly decreased apoptosis (P
< 0.01, vs. control, OGD/R and 3-MA + OGD/R groups).
After inhibition of autophagy with 3-MA (5 mM, 1 hour),
the apoptosis rate increased significantly, and the protective
effect of LIG against OGD/R diminished, compared with
the OGD/R group. Next, we used the AMPK inhibitor dor-
somorphin to examine the role of the LKB1-AMPK-mTOR
signaling pathway in OGD/R-induced apoptosis. After
treatment with 10 uM dorsomorphin for 30 minutes, the
apoptosis rate significantly increased (P < 0.01, dorsomor-
phin + OGD/R group vs. OGD/R group). The apoptosis rate
in the Dor + 3-MA + LIG + OGD/R group was up by 8.5 +
0.08%, and the protective effect of LIG was diminished (P
< 0.01, vs. LIG + OGD/R group). These results demonstrate
the key role of autophagy in the neuroprotective effect of
LIG (Figure 10).

LIG upregulates autophagy through the
LKB1-AMPK-mTOR pathway

AMPK is a positive regulator of autophagy via mTOR or
ULK]1 (Ecker et al., 2010). AMPK activation (phosphoryla-
tion) was significantly increased in the LIG + OGD/R group
(P < 0.01, vs. control and 3-MA + OGD/R groups). The ac-
tivity of AMPK is known to be regulated by an upstream ki-
nase, LKB1. We therefore examined LKB1 phosphorylation,
and found that similar to AMPK, LKB1 phosphorylation
was also significantly enhanced in the LIG + OGD/R group.
This suggests that LIG upregulates the activities of LKB1 and
AMPK. Additionally, mTOR phosphorylation was reduced
in the LIG + OGD/R group (Figure 11). These findings
further suggest that LIG increases autophagy via the LKB1-
AMPK-mTOR signaling pathway.

Discussion

ICI is caused by insufficient oxygen supply to the nervous
system (Kuang et al., 2017; Qiao et al., 2018; Rana et al,,
2018; Long et al., 2019), and is accompanied by a series of
neurological events (Tobin et al., 2014; Li et al., 2017b; Suda
and Kimura, 2019) that lead to irreversible damage of neural
cells through autophagy, necrosis and apoptosis (Fayaz et al.,
2014; Fan et al.,, 2016). LIG is the main fat-soluble compo-
nent of Ligusticum chuanxiong, a Chinese herbal medicine,
and can quickly cross the blood-brain barrier (Shi et al.,
2015). LIG has antioxidant and anti-apoptotic activities,
which are thought to contribute to the neuroprotective effect
of the compound (Yu et al., 2015; Byun et al., 2018). LIG
protects neuronal fibers, overcomes chemoresistance and
protects against AD by regulating the autophagic process
(Kuang et al., 2017; Qi et al., 2017).

In this study, we investigated whether LIG regulates neu-
ronal apoptosis through autophagy, thereby protecting neu-
rons in ICI. We found that LIG reduced OGD/R-induced
inhibition of PC12 cell proliferation and inhibited OGD/
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Figure 4 Effect of LIG on the apoptosis of PC12 cells exposed to OGD/R.
(A) Flow cytometry detection of PC12 cell apoptosis. (B) Quantitation of the apoptotic data. Data are expressed as the mean + SD. *P < 0.05 (one-
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Figure 1 LIG promotes the proliferation of
PC12 cells.

The cells were treated with different concen-
trations (1 x 10°~1 x 10”°) of LIG for 0, 3, 12
or 24 hours. Data are expressed as the mean
+ SD. *P < 0.05, **P < 0.01, vs. control group
(one-way analysis of variance followed by Dun-
nett’s test). Experiments were repeated at least
three times. LIG: Ligustilide; MTS: 3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium; OD:
optical density.

Figure 2 LIG reduces the OGD/R-induced inhibition
of PC12 cell proliferative activity.

The four experimental groups included control, LIG,
3-MA and LIG + 3-MA groups. The cells were sub-
jected to OGD/R for 0, 3, 12 or 24 hours. Data are
expressed as the mean + SD. #P < 0.05, ##P < 0.01,
vs. LIG group (one-way analysis of variance followed
by Dunnett’s test). Experiments were repeated at least
three times. 3-MA: 3-Methyladenine; LIG: ligustilide;
MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; OD:
optical density; OGD/R: oxygen-glucose deprivation/
reoxygenation.

Figure 3 Effect of LIG on the morphological
changes in PC12 cells exposed to OGD/R.

The morphological changes in PC12 cells after
OGD/R were observed by inverted phase contrast
microscopy. With the increase in OGD/R time,
the dead cells became round and floated off the
bottom of the culture dish. The cells were subject-
ed to OGD/R for 0, 3, 12, 24 or 48 hours. Original
magnification, upper panel: 10x, lower panel:
40x. LIG: Ligustilide; OGD/R: oxygen-glucose
deprivation/reoxygenation.
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477



Zhao DY, Yu DD, Ren L, Bi GR (2020) Ligustilide protects PC12 cells from oxygen-glucose deprivation/reoxygenation-induced apoptosis via the
LKBI1-AMPK-mTOR signaling pathway. Neural Regen Res 15(3):473-481. doi:10.4103/1673-5374.266059

A

0h

Bcl-2

B-Actin

OGD/R

12h 24h

O0h

LIG+OGD/R B
12h 24h

21kDa 15
c
2 10
(%]
[l
g

26 kDa 5
£ 5
9
o

42 kDa 0

Oh 12h 24 h

kok

sk

Bcl-2

Figure 5 LIG downregulates mitochondrial pathway apoptosis-related proteins in PC12 cells exposed to OGD/R.

(A) Western blotting for apoptosis-related proteins in PC12 cells exposed to OGD/R. (B) Quantitative results. Data are expressed as the mean + SD.
*P < 0.05, **P < 0.01 (one-way analysis of variance followed by Dunnett’s test). Experiments were repeated at least three times. LIG: Ligustilide;
OGD/R: oxygen-glucose deprivation/reoxygenation.

A Oh
LC3-l
LC3-II
Beclin 1
B-Actin
B 2.5
c 20
]
2
o 15
o
x
[}
£ 10
[}
S
& 05
A ocDR -
LIG (1x10°M) —
3-MA (5 mM) -
LC3-I
LC3-II
B-Actin

OGD/R

3h 12h

24h

OGD/R LIG+OGD/R OGD/R LIG+OGD/R

LC3-lI

*

LIG+OGD/R
Oh 3h 12h 24h
14 kDa
16 kDa
52 kDa
42 kDa
Oh 3h
12h 24 h
*
3k
*
Beclin 1
Control
B OGD/R
2.0

k% Kk

-
o

14 kDa
16 kDa

o
o

LC3-II/I protein expression
>

0
42 kDa OGDIR - + + +
LIG (1x10°M) — - + -
3-MA (5 mM) — - - +

Figure 7 LIG increases LC3-II expression and upregulates autophagy.
(A) Western blot was used to detect levels of the autophagy-related protein LC3-II. (B) Quantitative results of protein expression. Data are ex-
pressed as the mean + SD. *P < 0.05, **P < 0.01 (one-way analysis of variance followed by Dunnett’s test). Experiments were repeated at least three
times. 3-MA: 3-Methyladenine; LC3-II: microtubule-associated protein I light chain 3B; LIG: ligustilide; OGD/R: oxygen-glucose deprivation/reox-

ygenation.
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Figure 6 Effect of LIG on autophagy in
OGD/R-exposed PC12 cells.

(A) Western blotting was used to mea-
sure autophagy-related proteins (LC3-
II and Beclin 1) in PCI12 cells exposed
to OGD/R. (B) Quantitative results of
protein expression. Data are expressed
as the mean + SD. *P < 0.05 (one-way
analysis of variance followed by Dun-
nett’s test). Experiments were repeated
at least three times. LC3-II: Microtu-
bule-associated protein 1 light chain 3B;
LIG: ligustilide; OGD/R: oxygen-glu-
cose deprivation/reoxygenation.
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R-induced apoptosis of these cells. Bcl-2 inhibits apoptosis
and Bax promotes apoptosis (Cregan et al., 1999; Renault et
al., 2013). Here, Bcl-2 protein expression was decreased in
PC12 cells exposed to OGD/R. In contrast, Bax expression
was robustly increased, and these effects were significantly
reversed by LIG treatment. This suggests that LIG inhibits
apoptosis in PC12 cells by upregulating Bcl-2 and downreg-
ulating Bax.

Autophagy has a dual role—it is not only cytoprotective,
but can also lead to cell death (Li et al., 2015). In the central
nervous system, autophagy serves as a survival-promoting
pathway to protect cells from cerebral ischemia (Han et al.,
2012; He et al., 2019). For example, sirtuin 3 exerts a neuro-
protective effect by promoting autophagy (Majd et al., 2018).
LC3-1II is a marker of autophagy (Dai et al., 2017). Beclin 1
regulates other autophagic proteins attached to the autopha-
gosome membrane and reduces the accumulation of LC3-II
(Su et al,, 2015). The autophagy index, the LC3-II/LC3-I ra-
tio, is upregulated in the hypoxic-ischemic brain (Deng et al.,
2013; Schléfli et al., 2015). We found here that the LC3-II/
LC3-I ratio and Beclin 1 expression increased in PC12 cells
after hypoxia treatment, but the upregulation was limited.
After LIG treatment, Beclin 1 and LC3-II protein expression
in OGD/R-exposed PC12 cells increased substantially. Along
with the increase in autophagy, the apoptosis rate decreased
significantly. 3-MA significantly downregulated autophagy,
accompanied by an increase in the apoptosis rate. Together
with the electron microscopy images and immunofluores-
cence results, these results strongly suggest that LIG protects
neuronal cells by enhancing autophagy.

AMPK acts on mTOR kinase, thereby upregulating auto-
phagy (Liu et al., 2018). Several upstream kinases, including
LKB1, activate AMPK by phosphorylation (Zhang et al,,
2018). Activation of the AMPK/mTOR pathway is involved
in neural cell apoptosis and autophagy (Li et al., 2017a).
Additionally, sirtuin 3 promotes autophagy to protect neu-
ral cells through the LKB1-AMPK-mTOR pathway (Majd
et al., 2018). Here, we found that the LKB1-AMPK-mTOR
pathway is activated by LIG to promote autophagy in OGD/
R-exposed cells. We used the autophagy inhibitor 3-MA or
the AMPK inhibitor dorsomorphin to clarify the relation-
ship between the LKB1-AMPK-mTOR signaling pathway
and apoptosis. After treatment with 3-MA or dorsomorphin,
phosphorylation of LKB1 and AMPK was inhibited, phos-
phorylation of mTOR was increased, and the protective ef-
fect of LIG was diminished.

In summary, LIG inhibited apoptosis in the PC12 cell
model of ICI by upregulating autophagy. LIG increased the
LC3-II/LC3-I ratio, Beclin 1 protein expression, and the
formation of autophagosomes. Moreover, LIG induced the
ac-tivation of the LKB1-AMPK-mTOR autophagy signaling
pathway in PC12 cells. Together, these findings suggest that
LIG exerts a neuroprotective effect against ischemia-reper-
fusion injury by promoting autophagy via activation of the
LKB1-AMPK-mTOR signaling pathway.

There are some limitations to this study. First, we focused
on the role of autophagy in the neuroprotective effect of LIG.
The pathogenesis of ICI is highly complex, and other patho-
logical mechanisms likely contribute to cell and tissue dam-

age. The neuroprotective effect of LIG may therefore involve
the regulation of non-autophagy processes as well. Further
study is needed to more fully clarify the neuroprotective
mechanisms of LIG. However, effective clinical treatment of
ICI is currently lacking. LIG, the active ingredient of a tradi-
tional Chinese medicine, is derived from a renewable natural
resource and has low toxicity. Our findings suggest that it may
have therapeutic potential for the clinical management of ICI.
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Figure 11 LIG upregulates autophagy through the LKB1-AMPK-mTOR pathway.

(A) Western blotting was used to detect autophagy pathway-related proteins (LKB1, p-LKB1, AMPK, p-AMPK, mTOR and p-mTOR). (B) Quan-
titative results of p-LKB1, p-AMPK, and p-mTOR protein expression. Results are expressed as the optical density ratio(p-LKB1/LKB1, p-AMPK/
AMPK, and p-mTOR/mTOR; mean + SD). *P < 0.05, **P < 0.01 (one-way analysis of variance followed by Dunnett’s test). Experiments were
repeated at least three times. 3-MA: 3-Methyladenine; AMPK: 5'-adenosine monophosphate-activated protein kinase; Dor: dorsomorphin; LKB1:
liver kinase B1; LIG: ligustilide; mTOR: mammalian target of rapamycin; OGD/R: oxygen-glucose deprivation/reoxygenation.
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