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ARTICLE INFO ABSTRACT

Keywords: Neuroprotection is one common strategy to reduce injuries from cerebral ischemia. This study aims to evaluate
Cerebral ischemia neuroprotective activity of several representative stilbenes with different substituted groups to preliminarily
Neuroprotection know about their structure/activity relationship and action mechanisms. Among the stilbenes tested, only pi-
Piflosylvm nosylvin showed strong neuroprotective effects, evidenced by the decreased cell death in OGD/R-damaged PC12
II:I/Irlgphagy cells and improved brain function in MCAO/R rats after pinosylvin treatment. Pinosylvin reduced the rate of

depolarized cells (low mitochondrial membrane potential) in OGD/R-damaged PC12 cells, implying its role in
improving mitochondrial function. Further studies indicated that pinosylvin induced PINK1/Parkin mediated
protective mitophagy and activated Nrf2 pathway, suggested by the elevated protein levels of LC3 II, Beclinl,
PINK1 and Parkin, and Nrf2 translocation to nucleus. In conclusion, pinosylvin exhibited neuroprotective effects
by inducing PINK1/Parkin mediated mitophagy to remove damaged mitochondria and activating Nrf2 pathway

to ameliorate oxidative stress-induced mitochondrial dysfunction.

1. Introduction

Cerebral ischemia is a very common clinical condition, involved in
many diseases, such as stroke and cardiac arrest (Lee et al., 2018).
Cerebral ischemia leads to the deprivation of glucose and oxygen in the
blocked brain tissue, and causes a series of damaging events to neurons,
including energy depletion, excitotoxicity, oxidative stress, inflamma-
tion and apoptosis (Kunz, Dirnagl, & Mergenthaler, 2010). The major
approach to fight against this condition is to restore the blood flow as
soon as possible, via a process known as reperfusion (Rodrigo et al.,
2013). However, reperfusion might further promote oxidative stress
and inflammation induced damages, causing secondary injury to neu-
rons. Therefore, drugs are needed to protect neurons from ischemia and
reperfusion (I/R) damages by decreasing the deleterious events and
controlling programmed cell death, a strategy called neuroprotection
(Xing, Arai, Lo, & Hommel, 2012).

Natural stilbene compounds are potential neuroprotective agents. In

the past, some stilbenes have been evaluated for their neuroprotective
effect. Resveratrol, one of the most studied stilbenes, has been shown to
possess neuroprotective effects both in vitro and in vivo. As an example,
resveratrol showed protective effects after administration to some el-
derly rats undergoing two mild transient middle cerebral artery oc-
clusion (MCAO) (Zenkov et al., 2016). One in vitro study with Oxygen
and glucose deprivation/reperfusion (OGD/R) damaged PC12 cells in-
dicated that resveratrol decreased OGD/R induced cell damage by re-
ducing oxidative stress and mitochondrial dysfunction (Liu et al.,
2016). Another popular stilbene, pterostilbene from blueberries was
also reported to exhibit neuroprotective effects after 90 min MCAO and
then reperfusion in mice (Zenkov et al., 2016). However, these previous
studies only focused on a very limited number of stilbenes, and their
structure/activity relationship and action mechanism for neuroprotec-
tion remained unclear.

Mitochondrial respiratory function is impaired during I/R, resulting
in excessive reactive oxygen species (ROS) production and the release
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of mitochondrial apoptotic factors, which are critical to the pro-
grammed cell death (Niizuma, Endo, & Chan, 2009; Sims &
Muyderman, 2010). Therefore, improving the mitochondrial function
or decreasing its harmful effects may be important neuroprotective
strategies. Mitochondrial health can be moderated by mitochondrial
autophagy (mitophagy) through the timely removal of damaged mi-
tochondria (Fang et al., 2014). Mitophagy has been reported to be ac-
tivated in different I/R models, including the MCAO rat model as well
as the OGD neuronal model with PINK1 (PTEN-induced putative kinase
1) and Parkin as two key mediators (Feng, Chen, & Shen, 2017). Some
stilbenes are reported to regulate autophagy/mitophagy under different
conditions. For instance, resveratrol was reported to activate autophagy
in diabetic cardiomyopathy and mitophagy in Alzheimer’s disease of-
fering protective effects (Kou & Chen, 2017; Xu et al., 2018). Recently,
resveratrol was also shown to activate AMPK mediated mitophagy in
ischemic stroke models (Pineda-Ramirez et al., 2020). In addition, pi-
nosylvin was found to induce AMPK-mediated autophagy to prevent
necrosis in bovine aortic endothelial cells (Park, Pyee, & Park, 2014).
Hence, the induction of mitophagy may be a potential mechanism for
the neuroprotection of some stilbenes against cerebral ischemia and
reperfusion injury.

In the present study, we compared the neuroprotective effects of
four resveratrol analogues including pinosylvin, pterostilbene, pinos-
tilbene and 4-methoxy-trans-stilbene using the oxygen and glucose de-
pletion/reperfusion model in PC12 cells and clarified the functional
mechanisms of the one with the strongest neuroprotective effect in
PC12 cells and MCAO/R rats.

2. Materials and methods
2.1. Reagents and chemicals

Pinosylvin, pterostilbene, pinostilbene and 4-methoxy-trans-stilbene
were purchased from Greet Forest Biomedical Ltd. (Hangzhou, China)
and their purities were over 98% as analyzed by HPLC method.
Dulbecco's modified eagle medium (DMEM), fetal bovine serum (FBS),
and penicillin-streptomycin were obtained from Gibco (Gaithersburg,
MD, USA). The cell counting kit-8 (CCK-8) was from Dojindo
Laboratories (Kumamoto, Japan). Phosphate buffered saline (PBS),
bovine serum albumin (BSA), dichloro-dihydro-fluorescein diacetate
(DCFH-DA), ML385, and 2,3,4-triphenyltetrazolium chloride (TTC)
were supplied by Sigma (St. Louis, MO, USA). Hoechst 33,342 was
purchased from BD Biosciences (San Jose, CA, USA). Caspases3, Bax,
NQO1, Beclinl, LC3A/B, PINK1, Parkin, Histone H3, COX IV, and f-
actin primary antibodies were obtained from Cell signaling technology
(Boston, MA, USA). Nrf2, cytochrome ¢, BCL-2, GCLM, and HO-1 pri-
mary antibodies, as well as horseradish peroxidase-conjugated anti-
rabbit secondary antibody, were Abcam (Cambridge, UK) products.
Horseradish peroxidase-conjugated anti-mouse secondary antibody and
bafilomycin Al (BafAl) were supplied by Santa Cruz Biotechnology
(Dallas, Texas, USA).

2.2. Cell line, OGD/R model and drug treatment

PC12 cell line was purchased from American Type Culture
Collection (ATCC, VA, USA). They were cultured in a high glucose
DMEM medium with 10% FBS and 1% penicillin-streptomycin at 37 °C
in a relatively humidified atmosphere with 5% CO,.

OGD/R model was established according to Feng et al. (2017).
Briefly, PC12 cells were washed with PBS for three times. Then, normal
cultural medium (high glucose DMEM with 10% FBS) was changed to
low glucose (2.5 mM) DMED and cells were immediately transferred to
a hypoxia chamber (Billups-Rothenberg, Delmar, CA, USA) to maintain
the oxygen concentration at 1% by perfusing with the mixed gas of 5%
CO, and 95% N,. After incubated at 37 °C for 10 h, cells were then
cultured with the normal cultural medium at an atmosphere with 5%
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CO, and 95% O-, for another 14 h for reoxygenation. The control group
cells were always cultured with the normal cultural medium under 5%
CO2 and 95% O2.

Cells were pretreated with pinosylvin, pterostilbene, pinostilbene,
or 4-methoxy-trans-stilbene for 24 h and then subjected to OGD/R da-
mages without adding those stilbenes. To block the autophagic flux,
PC12 cells were treated with 20 nM BafAl at the beginning of reox-
ygenation.

2.3. Detection of cell death

After OGD/R damages, cell viability was then measured with the
cell counting kit-8 (CCK-8) method, and lactate dehydrogenase (LDH)
level in the cultural supernatant was tested using a pierce LDH cyto-
toxicity assay kit (Thermo Fisher Scientific, Waltham, MA, USA) ac-
cording to the manufacturer’s instructions.

Apoptosis was detected with a terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) apoptosis assay kit (Beyotime
Institute of Biochemistry, Shanghai, China). Briefly, PC12 cells were
fixed with 4% paraformaldehyde for 30 min at room temperature,
treated with 0.3% Triton X-100 for 5 min and then stained with a
mixture of terminal deoxynucleotidyl transferase and FITC-dUTP for 1 h
at 37 °C. Images were captured with a Nikon 80i phase-contrast fluor-
escence microscope.

2.4. Detection of mitochondrial function

Mitochondrial membrane potential (MMP) was detected by a JC-1
probe kit (Beyotime Institute of Biochemistry, Shanghai, China).
Briefly, PC12 cells were washed with PBS (for qualitative analysis) or
harvested with trypsinization (for quantitative analysis), stained with
10 pg/mL JC-1 in the dark for 20 min at 37 °C and then washed with
PBS for three times. Fluorescence was then observed with a Nikon 80i
phase-contrast fluorescence microscope or analyzed by flow cytometer
with the excitation/emission wave of 490/530 nm for JC-1 monomers
and 525/590 nm for JC-1 aggregates.

Cytochrome c (cyt. c) release was detected with the Cyt. c releasing
apoptosis assay kit (Abcam, Cambridge, UK) according to the manu-
facturers' instructions. Briefly, cells were collected, homogenized and
centrifuged to get the cytosolic fraction. The centrifugal pellet was
lysed with the mitochondrial extraction buffer to obtain the mi-
tochondrial fraction. After that, cyt. ¢ content in the cytosolic and mi-
tochondrial fraction was analyzed by the standard Western blotting
procedure with the monoclonal mouse anti-cyt. ¢ antibody.

2.5. Intracellular oxidative stress

Intracellular redox status was measured with the DCFH-DA fluor-
escent probe. After reoxygenation, cells were incubated with 10 uM
DCFH-DA in the dark for 30 min at 37 °C and washed three times with
PBS. Mitochondrial superoxide accumulation was measured with the
MitoSOX™ red indicator (Thermo Fisher Scientific, Waltham, MA,
USA). Briefly, PC12 cells were stained with 5 pM MitoSOX™ red re-
agent for 20 min at 37 °C in the dark and then washed with warm
Hank’s balanced salt solution for three times. Fluorescence was ob-
served and imaged with a Nikon 80i phase-contrast fluorescence mi-
croscope or analyzed by flow cytometer.

2.6. Detection of superoxide dismutase (SOD) and malondialdehyde
(MDA) level

PC12 cells were homogenized with the Dounce tissue grinder and
then intracellular SOD and MDA level were measured with the SOD and
MDA detecting kits (Beyotime Institute of Biochemistry, Shanghai,
China), respectively. SOD was measured with the WST-8 (4-[3-(2-
methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
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benzene disulfonate sodium salt) method, while MDA was detected
with the thiobarbituric (TBA) method. Protein contents of different
groups were also measured using the BCA (bicinchonininc acid) method
to normalize the SOD and MDA levels.

2.7. Nuclear Nrf2 measurement

Cytoplasmic and nuclear fraction were extracted with the NE-PER
nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific,
Waltham, MA, USA). Nrf2 content in the cytoplasmic and nuclear ex-
tracts was further tested by the standard Western blot procedure with
rat anti-Nrf2 antibody. Histone H3 (HH3) and [B-actin were used as the
internal control for nuclear extract and cytoplasmic extract, respec-
tively. Data were analyzed with the image J software.

2.8. Animal model and drug treatment

The intraluminal suture middle cerebral artery occlusion (MCAO)
model is the most commonly used in ischemic stroke research. To in-
duce cerebral ischemia, a monofilament is inserted into the internal
carotid artery (CCA) and advanced to the origin of MCA to block the
blood flow.

Adult male Sprague Dawley rats (250-280 g) were obtained from
the Laboratory Animal Unit, The University of Hong Kong. The use of
animals in this study was approved by the Committee on the Use of Live
Animals in Teaching and Research, The University of Hong Kong. The
rats were maintained under 12-12 h light-dark conditions at a tem-
perature of 22 * 2 °C. Rats were anesthetized with 4% isoflurane
(Abbott, USA) at the induction of anesthesia and 2% isoflurane during
the whole operation process. The MCAO/R model was performed ac-
cording to Longa, Weinstein, Carlson, and Cummins (1989). Briefly, the
rats were placed on a heating pad to maintain their body temperature
and the left common carotid artery (CCA), external carotid artery
(ECA), and internal carotid artery (ICA) were exposed under a micro-
scope. Nerves were carefully dissected from the arteries and the blood
flow of the CCA and ICA was temporarily blocked with the clamps. The
ECA was tied with suture, cut and then a monofilament coated with
silicon on the tip (0.36 mm, Jialing Co. Ltd., China) was inserted from
the ECA to ICA, and advanced to block the blood flow to the middle
cerebral artery (MCA). After ischemia for 2 h, the monofilament was
removed to achieve reperfusion. The Sham rats were operated on like
the MCAO rats except that no monofilament was inserted to block the
MCA. The rats were sacrificed after 24 h of reperfusion.

Rats were randomly divided into three groups (n = 8 per group):
the control group, the MCAO/R group and the PSY-treated group
(50 mg/kg). PSY dissolved in the mixture of ethanol (45%), PEG400
(25%), and saline (30%) was intraperitoneally injected upon reperfu-
sion. The control- and MCAO/R-group rats were intraperitoneally in-
jected with the mixture solution (45% ethanol, 25% PEG400 and 30%
saline).

2.9. Evaluation of infarct volume and neurological deficits

The neurological deficits were scored with the modified neurolo-
gical severity score (mNSS) scale at 24 h after reperfusion (Mao et al.,
2013). The mNSS scale includes motor, sensory, and reflex tests ranging
from 1 to 18 points. A higher score indicates more severe neurological
damages.

The infarct volume was evaluated with TTC staining. Brain tissue
was collected after cardiac perfusion with PBS. Brain tissue was sliced
into 2 mm coronal section and stained with 2% TTC solution at 37 °C
for 20 min. The stained slices were photographed and analyzed with
Image J. Infarct volume was calculated as follows: infarct volume
(%) = (the size of right hemisphere — red size of left hemisphere)/
(right hemisphere size x 2) x 100%.
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2.10. Western blotting assay

PC12 cells or brain tissues were lysed, and centrifuged; proteins
were also collected. The proteins (10 pg) were then separated by SDS-
PAGE and transferred to the polyvinylidene fluoride (PVDF) membrane
(Bio-rad, Hercules, CA, USA). The membrane was blocked with 5%
nonfat milk or BSA and incubated with primary antibodies overnight at
4 °C. After being washed with TBST, the membrane was incubated with
horseradish peroxidase-conjugated anti-mouse (1:2000) or anti-rabbit
(1:5000) secondary antibodies. Protein bands were visualised using an
enhanced chemiluminescence (ECL) substrate kit (Bio-rad, Hercules,
CA, USA) and quantified with the Image J software. The primary an-
tibody used in this research were as follows. Antibodies from Abcam:
Cyt. ¢ (ab110325, 1:250), Nrf2 (ab31163, 1:1000), HO-1 (ab13243,
1:2000), BCL-2 (ab59348, 1:500) and GCLM (ab153967, 1:2000).
Antibodies from Cell signaling technology: Caspases3 (9662, 1:500),
Bax (2772, 1:1000), Beclinl (3495, 1:1000), LC3A/B (12741, 1:1000),
PINK1 (6946, 1:500), Parkin (2132, 1:500), NQO1 (62262, 1:2000),
Histone H3 (4499, 1:2000), COX IV (4850, 1:1000), or B-actin (3700,
1:5000).

2.11. Statistical analysis

All data were presented as mean =+ standard deviation (SD) of at
least three independent experiments using the SPSS statistics 22 (IBM).
Differences between the means of the individual groups were assessed
by one-way analysis of variance (ANOVA) followed by the Tukey's test.
Differences were considered significant at P < 0.05.

3. Results
3.1. Effects of the stilbenes tested against OGD/R damages in PC12 cells

OGD/R model is the most common model to mimic the I/R condi-
tions in vitro (Durukan & Tatlisumak, 2007). In this study, the OGD/R
model was applied to research the neuroprotective effects of four stil-
benes, namely, pinosylvin, pterostilbene, pinostilbene and 4-methoxy-
trans-stilbene. The protective effects of those stilbenes were firstly
measured with H,O, damage (100 uM for 4 h) before they were tested
in OGD/R model. It was found that the protective effects of those stil-
benes against H,O, damage were strongest at 10 uM (data not shown),
so this concentration was used in OGD/R model. Results showed that
pinosylvin and pterostilbene significantly protected PC12 cells from
OGD/R damages, while pinostilbene and 4-methoxy-trans-stilbene
could not attenuate OGD/R-induced cell death (Fig. 1B). Among these
four stilbenes, the pretreatment with pinosylvin (10 pM) showed the
strongest neuroprotective effect, decreasing the OGD/R induced cell
death by 69.07% compared to only OGD/R treated cells (Fig. 1B).
Therefore, the following functional mechanism studies only focused on
pinosylvin.

3.2. Pinosylvin exhibited neuroprotection both in vitro and in vivo

Apoptosis is one of the major reasons for neuronal death after I/R
injury (Broughton, Reutens, & Sobey, 2009). As shown in Fig. 2A, OGD/
R treatment increased the number of TUNEL positive cells. After pi-
nosylvin (10 pM) pretreatment, the number of TUNEL positive cells was
reduced compared to the OGD/R group. To further confirm the anti-
apoptotic effect of pinosylvin, the level of cleaved caspase 3 was mea-
sured, as cleaved caspase 3 was the active form of caspase 3 and re-
garded as an important marker of the initiation of the apoptotic sig-
naling pathway. Data indicated that protein level of cleaved caspase 3
was significantly increased by OGD/R treatment compared to the
control group, which was then decreased after pinosylvin (10 uM)
pretreatment by 45.46% (Fig. 2B). The Bcl-2 family of proteins, con-
sisting of proteins with pro-apoptotic effect (Bax) and anti-apoptotic
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Fig. 1. Effects of the stilbenes tested against OGD/R damages in PC12 cells. (A) Cytotoxicity of the stilbenes tested (10 uM) was measured with CCK-8 method. (B)
Neuroprotective effects of the stilbenes tested. PC12 cells were treated with 10 uM of the stilbenes tested for 24 h and then subjected to OGD/R damages. Cell

viability was then measured with CCK-8 method. (C-F) Chemical structures of the stilbenes tested. All results were expressed as means *

independent experiments. *P < 0.05; **P < 0.01 versus control group; *P < 0.05; “P < 0.01 versus OGD/R group.
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Fig. 2. Pinosylvin decreased OGD/R-in-
duced cell death. PC12 cells were treated
with pinosylvin for 24 h and then sub-
jected to OGD/R damages. (A) TUNEL
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imaged under a Nikon 80i phase-con-
trast fluorescence microscope. Scale bar:
100 pm. (B) LDH level in the super-
natant was measured with a LDH Kkit.
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3, BCL-2 and Bax were analyzed with
western blotting. B-actin was used as the
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quantitatively analyzed using Image J
software. All results were expressed as
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Fig. 3. Pinosylvin showed neuroprotection in MCAO/R rats. Rats (n = 8) were intraperitoneally injected with 50 mg/kg pinosylvin at the onset of reperfusion after
2 h of cerebral ischemia. (A-B) Brain tissues were collected after 24 h of reperfusion and infract volume was measured with TTC staining and analyzed with Image J
software. (C) Neurological deficits were scored with the mNSS scale after 24 h of reperfusion. All results were expressed as means = SD of at least eight independent
experiments. “P < 0.05, “*P < 0.01 versus control group; *P < 0.05, P < 0.01 versus OGD/R group. PSY: Pinosylvin.

effect (BCL-2), are important regulators of mitochondria-mediated
apoptosis (Siddiqui, Ahad, & Ahsan, 2015). Pinosylvin was observed to
increase the protein expression ratio of BCL-2 and Bax that was de-
creased by OGD/R damages (Fig. 2C). Necrosis is another form of cell
death induced by I/R injury. To detect the necrosis of PC12 cells, LDH
levels in the cultural supernatant were measured. Pinosylvin was found
to reduce the LDH level when compared to OGD/R damaged cells,
proving that pinosylvin decreased OGD/R induced necrotic cell death
(Fig. 2D). The neuroprotective effect of pinosylvin was then further
verified in the MCAO/R rats. Pinosylvin was found to significantly re-
duce the cerebral infarct volume (Fig. 3A, B) and improve the neuro-
logical deficit (Fig. 3C) of MCAO/R rats at a dosage of 50 mg/kg. This
dosage was selected according to Wei et al. who reported that 50 mg/kg
of resveratrol showed significant neuroprotective activity in MCAO/R
rats when administrated immediately after reperfusion (Wei et al.,
2015). Those data indicated that pinosylvin reduced OGD/R induced
apoptotic and necrotic cell death in PC12 cells, and cerebral damages of
MCAO/R rats, proving its neuroprotective activity both in vitro and in
vivo.

3.3. Pinosylvin improved OGD/R induced mitochondrial dysfunction

Mitochondrial function was evaluated by mitochondrial membrane
potential (MMP) and measured with a JC-1 fluorescence probe in PC 12
cells. JC-1 could enter the mitochondrial matrix forming aggregates to
emit bright red fluorescence at normal membrane potential, while exist
as monomers outside mitochondria with a fluorescence of green at low
potential (Li et al., 2011). Fig. 4A showed that OGD/R damaged cells
exhibited strong green fluorescence and a weak red signal. After pino-
sylvin (10 pM) pretreatment, mitochondrial function was partially re-
covered, as evidenced by the stronger red fluorescence and the weaker
green signal than the OGD/R group cells. Quantitative analysis was also
performed with flow cytometry. It was found that OGD/R significantly
decreased the percentage of cells that emitted lower red signal com-
pared to the OGD/R group (Fig. 4B, C). These data indicated the role of
pinosylvin in ameliorating OGD/R-induced mitochondrial dysfunction.

The release of cyt. c is one of the major events happening in the
damaged mitochondria, so it can serve as an indicator for mitochondria
function (Kluck, Bossy-Wetzel, Green, & Newmeyer, 1997). Fig. 4D
revealed that after treated with pinosylvin (10 uM), cells showed lower
cyt. c level in cytosolic fraction and higher cyt. c level in mitochondrial
fraction than OGD/R damaged cells, suggesting that pinosylvin de-
creased the cyt. c release from mitochondria. The released cyt. c is also
the key regulator to initiate the mitochondria-mediated apoptosis
(Kluck et al., 1997). It was speculated from these data that pinosylvin
could improve the mitochondria function, and thus decrease the cyt. c
release from damaged mitochondria, and further inhibiting the OGD/R-
induced apoptosis.

3.4. Pinosylvin decreased OGD/R induced oxidative stress

In addition to cyt. c release, the other major event that happened in
the damaged mitochondria is the dramatically elevated level of super-
oxide after reperfusion (Allen & Bayraktutan, 2009). As shown in Fig. 5,
both mitochondrial superoxide and intracellular ROS were elevated in
OGD/R treated cells, as evidenced by the stronger MitoSOX™ red and
DCFH-DA fluorescent intensity. Pinosylvin (10 pM) treatment was
found to decrease the OGD/R-induced ROS production, as both the
MitoSOX™ red and the DCFH-DA fluorescent intensity were sig-
nificantly lowered in pinosylvin-treated cells.

MDA is a by-product of membrane lipid peroxidation and thus could
be used as a marker to reflect oxidative damage (Mateos, Lecumberri,
Ramos, Goya, & Bravo, 2005). Fig. 6A indicated that the MDA content
in OGD/R treated cells was much higher than that in control cells (in-
creased by 64.17%), while pinosylvin (10 uM) lowered the cellular
MDA content by 23.79% compared with OGD/R group. The activity or
expression of the key antioxidant enzymes was then measured in OGD/
R damaged PC12 cells. Pinosylvin (10 uM) could significantly enhance
the activity of SOD and up-regulate the expression of GCLM (Glutamate
cysteine ligase regulatory subunit), NQO1 (NADPH quinone dehy-
drogenase 1), and HO-1 (Heme oxygenase 1) compared to OGD/R da-
maged cells (Fig. 6B-C). It can be concluded from these data that pi-
nosylvin might reduce the ROS production by improving mitochondrial
function and activating the intracellular antioxidant enzymes to reduce
the OGD/R-induced oxidative stress.

3.5. Pinosylvin induced PINK1/Parkin-mediated mitophagy

Mitophagy plays a central role in removing damaged mitochondria
after OGD/R damage. Zhang et al. reported that inhibition of mitophagy
by 3-methyladenine (3MA), an autophagosome formation inhibitor in
reperfusion phase enhanced the cerebral I/R injuries both in vitro and in
vivo (Zhang et al., 2008). Another study showed that I/R induced injury
would worsen after administration of a mitophagy inhibitor, mdivi-1, in
reperfusion phase (Rami, 2009). Beclin 1 and LC3 II are two important
markers for autophagosome formation (Wang et al., 2012). It was found
that OGD/R enhanced the protein levels of both Beclin 1 and LC3 II in
PC 12 cells, which were further increased by pinosylvin (10 uM) in our
study (Fig. 7A). LC3 II was also up-regulated by pinosylvin in the
MCAO/R rats (Fig. 7B), indicating the effect of pinosylvin to activate
autophagy. PINK1 and Parkin are two regulators that mediated the
selective removal of damaged mitochondria by mitophagy. Once sti-
mulated, PINK1 is stabilized on the mitochondrial membrane, re-
cruiting Parkin to the mitochondria to initiate mitophagy. It is de-
monstrated that Parkin is translocated to mitochondria during
reperfusion (Yuan, Zhang, Zheng, & Chen, 2015). Our results showed
that pinosylvin elevated the mitochondrial protein level of PINK1 and
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Parkin after OGD/R injuries, suggesting that pinosylvin enhanced
PINK1/Parkin-mediated mitophagy (Fig. 7C). This inference was fur-
ther verified in the animal system, as the expression of PINK1 and
Parkin was also enhanced by pinosylvin in MCAO/R rats (Fig. 7D).

To investigate the role of mitophagy in pinosylvin-mediated neu-
roprotection, BafA1l was used to block the autophagic flux in PC 12
cells. BafAl is a lysosomal protease inhibitor, which blocks the auto-
lysosome formation, leading to the accumulation of autophagosome in
the cytoplasm (Zhao et al., 2016). It is observed that endogenous LC3-I1I
accumulation is augmented after cells were treated with BafAl at the
beginning of reperfusion. Cells exposed to pinosylvin and BafAl to-
gether showed more LC3-II accumulation than BafAl treated cells
(Fig. 7E), suggesting that pinosylvin could promote autophagosome
formation. Moreover, BafAl promoted damage of OGD/R, and wea-
kened the neuroprotective effect of pinosylvin (Fig. 7F), implying that
mitophagy might contribute to pinosylvin’s neuroprotective effect.
These data provided evidence that the neuroprotective effect of pino-
sylvin against I/R damage might be exhibited via enhancing the in-
duction of PINK1/Parkin-mediated mitophagy to remove damaged
mitochondria.

3.6. Pinosylvin activated Nrf2 pathway in PC12 cells

Nrf2 (Nuclear factor erythroid 2 related factor 2) is an important
transcriptional factor to regulate the gene expression of diverse cyto-
protective proteins, such as antioxidant enzymes, including GCLM,
NQO1, and HO-1. Recent studies show that it also plays a prominent
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Fig. 4. Pinosylvin improved OGD/R
induced mitochondrial dysfunction.
PC12 cells were treated with pinosylvin
for 24 h, and then subjected to OGD/R
damages. (A-C) JC-1 staining was per-
formed. Pictures of JC-1 stained cells
imaged under a Nikon 80i phase-con-
trast fluorescence microscope (A); Red
fluorescence represents cells with
normal MMP; Green fluorescence re-
presents cells with normal MMP. Scale
bar: 25 uym. Quantitative analysis of JC-
1 stained cells with flow cytometry (B,
C). (D) Mitochondrial and cytosolic
fraction were separated and then pro-
tein level of cyt. ¢ was measured by
western blotting. B-actin was used as
the internal control for cytosolic frac-
tion and COX IV for mitochondrial
fraction. All results were expressed as
means * SD of at least three in-
dependent experiments. ##P < 0.01
versus control group; **P < 0.01 versus
OGD/R group. PSY: Pinosylvin.

##
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3 Control
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role in the structural and functional integrity of mitochondria (Dinkova-
Kostova & Abramov, 2015). Nrf2 is kept in the cytoplasm at normal
condition, and then translocated into the nucleus, binding to the ARE
promoter regions and activating its target genes once stimulated (Liu,
Locascio, & Dore, 2019). Data showed that the content of Nrf2 in the
nucleus was significantly elevated by pinosylvin (Fig. 8), indicating that
pinosylvin promoted the activation of the Nrf2 pathway. Nrf2 was re-
ported to affect the mitochondrial function though multiple ways, in-
cluding regulating the cellular redox homeostasis, affecting mitochon-
drial respiration and MMP, enhancing mitochondrial metabolism, and
enhancing mitochondrial biogenesis and integrity (Dinkova-Kostova &
Abramov, 2015). Therefore, apart from mitophagy, pinosylvin might
also improve the mitochondrial function by activating the Nrf2
pathway.

To further explore the role of Nrf2 pathway in pinosylvin-mediated
neuroprotection, PC12 cells were treated with the Nrf2 inhibitor
ML385. ML385 specifically interacts with Nrf2 protein, blocking its
transcriptional activity and expression (Singh et al., 2016). It was found
that ML385 significantly lowered the Nrf2 expression at the con-
centration of 20 uM (Fig. 8B), and the neuroprotective ability of pino-
sylvin was decreased after ML385 treatment (Fig. 8C). It can be con-
cluded from the data that the Nrf2 pathway participated in the
pinosylvin-mediated neuroprotection against OGD/R damages.

4. Discussion

Pinosylvin (3,5-dihydroxy-trans-stilbene), a natural stilbene, is
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Fig. 5. Pinosylvin reduced OGD/R induced ROS production. PC12 cells were treated with pinosylvin for 24 h and then subjected to OGD/R damages. (A-C)
Mitochondria superoxide was detected by MitoSOX™ red indicator with flow cytometry or a Nikon 80i phase-contrast fluorescence microscope. (D-F) Intracellular
oxidative stress was detected with DCFH-DA by flow cytometry or a Nikon 80i phase-contrast fluorescence microscope. Scale bar: 100 um. **P < 0.01 versus control
group; P < 0.01 versus OGD/R group. PSY: Pinosylvin.

found in the heartwood and leaves of pine. It possesses a similar
structure as resveratrol, only lacking a hydroxyl group located at po-
sition C-4’. Although the two have different number of hydroxyl groups,
pinosylvin and resveratrol were reported to possess equal intracellular
antioxidative, as pinosylvin was more lipophilic and exhibited higher
bioavailability (Perecko, Jancinova, Drabikova, Nosal, & Harmatha,
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2008). Previously, pinosylvin was reported for its antioxidant and an-
tifungal activities. More recently, some studies demonstrated its
bioactivities in regulating endothelial cells adhesion and cancers (Lee
et al., 2005; Park et al., 2004). In the current study, we compared the
neuroprotective effects of four stilbenes against OGD/R damage. Re-
sults indicated that pinosylvin showed the strongest neuroprotective
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Fig. 6. Pinosylvin activated the anti-oxidant en-
zymes. (A-B) PC12 cells were treated with pi-
nosylvin for 24 h and then subjected to OGD/R
damages. Intracellular MDA and SOD content
was measured by the corresponding commercial
kit and normalized by protein content in each
group. (C) Proteins of PC12 cells were collected
and protein levels of the antioxidant enzymes
GCLM, NQO1 and HO-1 were detected with
western blotting. $-actin was used as an internal
control. *#P < 0.01 versus control group;
“P < 0.01 versus OGD/R group. PSY:
Pinosylvin.
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Fig. 7. Pinosylvin induced PINK1/
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effect, attenuating OGD/R induced cell death, MCAO/R induced cere-
bral infarction, and neurological scores. When compared to some pre-
vious studies, the neuroprotective effect of pinosylvin was much
stronger than that of resveratrol, a well-studied neuroprotective agent.
Liu et al. and Agrawal et al. found that the pretreatment of PC12 cells
with 10 pM resveratrol increased the cell viability by 37.6% after 6 h
OGD and 24 h reoxygenation (Liu et al., 2016), which was much lower
than that of 10 pM pinosylvin (63.8%). It was thus suggested that pi-
nosylvin might be an efficient neuroprotective agent against cerebral 1/
R damages, so its functional mechanisms were further investigated.
I/R damages could lead to brain cells death through necrosis or
apoptosis. Necrosis predominantly occurs in the acute and permanent
ischemia, while the death of neurons in the ischemic penumbra is
preferentially induced by apoptotic-like mechanisms as cells in this

region underwent milder injury and preserved energy (Lo, Dalkara, &
Moskowitz, 2003). In the present study, pinosylvin could reduce OGD/
R induced cell damage by inhibition of both necrosis and apoptosis,
evidenced by the reduced LDH level, decreased TUNEL positive cells,
and down-regulated cleaved caspase 3 levels in PC 12 cells with pino-
sylvin treatment. Releasing cyt. ¢ from the damaged mitochondria is a
central event in regulating apoptosis induced by ischemia and re-
perfusion damages. After released, cyt. ¢ leads to the cleavage of
downstream caspase 3 and activated the apoptotic pathway (Chan,
2005). Our data showed that pinosylvin significantly decreased the cyt.
c release from mitochondria. The release of cyt. ¢ depends on the in-
tegrity of the outer mitochondrial membrane. Bcl-2 family of proteins,
consisting of proteins with pro-apoptotic effect (Bax, Bak, Bad, Bim and
Bid) and anti-apoptotic effect (BCL-2, BCL-XL, BCL-w), are a group of
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Fig. 8. Pinosylvin activated Nrf2 pathway. (A) Cytosolic and nuclear fractions of PC12 cells were separated with a commercial kit and protein levels of the total Nrf2,
cyto-Nrf2 (cytoplasmic Nrf2) and nuclear Nrf2 were measured by western blotting. B-actin was used as an internal control for total and cyto Nrf2 and Histone H3
(HH3) for nuclear Nrf2. (B-C) PC12 cells were treated with the Nrf2 inhibitor ML385 and then the Nrf2 expression and cell viability were measured. All the western
blotting bands were semi-quantitatively analyzed using Image J software. All results were expressed as means = SD of at least three independent experiments.
#P < 0.05, **P < 0.01 versus control group; "P < 0.01 versus OGD/R group; P < 0.05 versus OGD/R + PSY group. PSY: Pinosylvin.

important regulators of mitochondrial permeability (Bagci, Vodovotz,
Billiar, Ermentrout, & Bahar, 2006). Bax and/or Bak promotes the pore
formation in the mitochondrial outer membrane via oligomerization,
while BCL-2 and Bcl-XL could combine with Bax, thus inhibiting the
pore formation (Bernardi & Di Lisa, 2015). Pinosylvin was found to
enhance BCL-2 expression and decrease Bax expression, indicating that
the neuroprotective effect of pinosylvin might act through reducing the
mitochondrial damages induced by OGD/R.

As discussed above, mitochondria play an important role in the
development of I/R damages. Several studies have demonstrated the
altered mitochondrial respiratory function in both global and focal
cerebral ischemia (Moro, Almeida, Bolanos, & Lizasoain, 2005). It was
found that ADP-stimulated or uncoupled respiration was reduced by
15-40% in the penumbra region, while 45-60% in the core tissue after
2 h of MCA occlusion in rats. Mitochondrial respiratory function was
almost completely recovered in the first hour of reperfusion, but then
declined rapidly (Chan, 2004). It was noteworthy that the delayed al-
teration in mitochondrial respiratory function after reperfusion was
found to occur earlier than the development of irreversible cell dys-
function, which implied its contribution to the neuron death (Chan,
2004). A study taking electron micrographs of the brain tissue that
experienced 3 h of focal ischemia and then 2 h reperfusion observed
obvious mitochondrial structural abnormalities in neurons (Moro et al.,
2005). Mitochondrial membrane potential (Ay,,) is a commonly used
biomarker for mitochondrial function. Mitochondria isolated from the
ischemic and reperfusion damaged brain tissue showed a lower Ay,
when incubated at either basal or ADP-stimulated condition (Chan,
2005). In agreement with the previous studies, our study showed that
OGD/R damages markedly reduced the Ay, of PC12 cells, as proved by
the decreased red fluorescence signal and elevated green fluorescence

of JC-1 probe, while pinosylvin significantly ameliorated the OGD/R-
induced MMP decrease, suggesting its role in improving the mi-
tochondrial function. These findings indicated the role of mitochondria
in pinosylvin mediated neuroprotective effect.

As mitochondrial dysfunction results in excessive ROS generation
and cell apoptosis leading to neuron death, the quality control of mi-
tochondria is essential for maintaining cellular homeostasis during I/R
conditions (Wei, Liu, & Chen, 2015). Mitophagy, the main way for cells
to eliminate the damaged mitochondria, has been reported to be acti-
vated in different I/R models including MCAO/R rat model and OGD/R
neuronal model (Zhang et al., 2013; Zuo et al., 2014). In addition,
PINK1/Parkin pathway induced mitophagy has been showed to be in-
volved in ischemic stroke (Jin & Youle, 2012). As an example, a study
reported that the increase of reperfusion time after 1 h MCAO reduced
the protein level of Parkin, and meanwhile increased the cell injury,
which might attribute to impaired mitophagy (Cui et al., 2012). Our
present results suggested that in PC12 cells, pinosylvin could enhance
the protein level of LC3 II and Beclinl, implying its role in activating
autophagy (LC3 II was also up-regulated by pinosylvin in the MCAO/R
rats). PINK1/Parkin mediated mitophagy was also induced by pino-
sylvin as mitochondrial PINK1 and Parkin protein levels were further
increased. Moreover, an autophagy inhibitor, BafAl exacerbated the
OGD/R induced cell death and weakened the neuroprotective effect of
pinosylvin. These data implied that pinosylvin could induce cell mito-
phagy to remove the damaged mitochondria to eliminate their harmful
effects.

Mitochondria are the major site where superoxide is produced
under normal and pathological conditions. During ischemia, the ele-
vated Ca®* accumulation in the mitochondria activates many Ca®*-
dependent phosphatase, leading to the dephosphorylated OxPhos
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complexes (Mattson & Kroemer, 2003). It is indicated that the phos-
phorylation status of the OxPhos complexes was important to regulate
balanced cell respiration, while dephosphorylation of them would hy-
peractivate the ETC (Mattson & Kroemer, 2003). After reperfusion, the
substrate for OxPhos is restored and the hyperactivated ETC would
result in an increased Ay, which dramatically enhances ROS genera-
tion (Sanderson, Reynolds, Kumar, Przyklenk, & Hiittemann, 2013).
The free radical produced then further damages the ETC, causing the
vicious cycle in mitochondrial function (Sims & Muyderman, 2010).
Our results showed that pinosylvin could reduce the superoxide accu-
mulation in the mitochondria and MDA content as well as enhanced the
suppressed SOD activity, implying its antioxidative activity. The Nrf2
pathway is regarded as the primary host defense, especially under
oxidative stress conditions, and has been associated with the cytopro-
tective functions in a series of human diseases including ischemic stroke
(Loboda, Damulewicz, Pyza, Jozkowicz, & Dulak, 2016). Under basal
conditions, Nrf2 is rapidly degraded by the ubiquitin ligase systems,
such as the Kelch-like ECH-associated protein 1 (Keap1)-Cullin 3/ Rbx1
system. When exposed to oxidative or electrophilic stress, Keapl is
conformationally changed, resulting in the accumulation of Nrf2 in
cytosol (Zhu, Zhang, Liu, Shi, & Gu, 2016). The accumulated Nrf2 then
translocates to the nucleus and binds to the antioxidant response ele-
ments (ARE), activating hundreds of target genes, including GCLC,
GCLM, NQO1 and HO-1 (Suzuki & Yamamoto, 2015). It was found that
levels of NADPH and GSH in Nrf2-knockout mice or cells were lower
than their wide-type counterparts, while the level of ROS was higher,
proving the important role of Nrf2 in fighting against oxidative stress
(Loboda et al., 2016). According to our data, pinosylvin enhanced the
nuclear translocation of Nrf2 and the expression of its target genes in-
cluding HO-1, NQO1, and GCLM, implying that pinosylvin could acti-
vate the Nrf2 pathway to reduce the intracellular oxidative stress and
further ameliorate mitochondrial dysfunction.

5. Conclusion

In conclusion, our findings indicated that cerebral I/R injuries led to
mitochondrial dysfunction, which then promoted the ROS generation
and apoptosis. Pinosylvin showed significant neuroprotective effect.
The effect might be exhibited through inducing PINK1/Parkin mediated
mitophagy to remove the I/R damaged mitochondria, as well as acti-
vating the Nrf2 pathway to ameliorate oxidative stress-induced mi-
tochondrial dysfunction.
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