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Abstract

In this study, we investigated the neuroprotective potential of resveratrol against oxygen glucose de-

privation/reoxygenation (OGD/R)-induced apoptotic damages in well-differentiated PC12 cells and the

underlying mechanisms. Cells were incubated under normal condition or OGD/R in the presence or

absence of 10 μM resveratrol. Cell viability was determined with methyl-thiazolyl-tetrazolium (MTT)

assay. Apoptotic ratio was determined with Hoechst 33342 staining and Annexin V-FITC/PI double

staining. Oxidative stress was evaluated by measuring the intracellular reactive oxygen species

(ROS), themitochondrial superoxide, themalondialdehyde (MDA) content, and the activities of super-

oxide dismutase (SOD) and catalase (CAT). The intracellular calcium ([Ca2+]i) was estimated by Fluo-3/

AM. The mitochondrial membrane potential (MMP) was evaluated by 5,5′,6,6′-tetrachloro-1,1,3,3′-
tetraethyl-benzimidazolyl-carbocyanine iodide (JC-1) and rhodamine 123 (Rh123). The opening of

mitochondrial permeability transition pore (MPTP) was determined by the Calcein/Co2+-quenching

technique. The protein levels of cytochrome c, Bcl-2, Bax, cleaved caspase-9, and cleaved cas-

pase-3 were detected by western blot analysis. The results showed that 10 μM resveratrol attenuated

OGD/R-induced cell viability loss and cell apoptosis, which was associated with the decreases in the

MDA content and the increases in the SOD and CAT activities. Furthermore, the accumulation of

intracellular ROS and mitochondrial superoxide, disturbance of [Ca2+]i homeostasis, reduction of

MMP, opening of MPTP, and release of mitochondrial cytochrome c observed in OGD/R-injured

cells, which indicated a switch on the mitochondrial-mediated apoptotic pathway, were all reversed

by resveratrol. These results suggest that resveratrol administration may play a neuroprotective role

via modulating the mitochondrial-mediated signaling pathway in OGD/R-induced PC12 cell injury.
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Introduction

Ischemic stroke, which is resulted from the acute occlusion of intracra-
nial blood vessels, accounts for ∼85% of all cases of stroke [1]. Ac-
cording to the interaction of severity and the duration of the
ischemic insult, it is possible to identify a territory, the ‘core’, which

is characterized by an extremely low cerebral blood flow (CBF) and
irreversibly necrotic cell death, and a peripheral area, the ‘penumbra’,
which suffers from a moderate reduction in CBF and contains func-
tionally impaired but still salvageable brain tissue [2]. Although the
subsequently restored CBF counteracts ischemic injury to some extent,
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huge amount of reactive oxygen species (ROS) damages mitochon-
drial function and triggers a significant activation of signal transduc-
tion cascades to cause a disturbance of calcium homeostasis in
neuronal cells [3], ultimately resulting in apoptotic cell death [4]. Con-
sequently, reducing oxidative stress may provide a specific therapeutic
target for ischemic stroke.

Antioxidant strategies for ischemic stroke have achieved encour-
aging results in extensive studies. For instance, edaravone that has
been used in the treatment of patients with ischemic stroke inhibits
both water-soluble and lipid-soluble peroxyl radical-induced peroxi-
dation systems [5]. Resveratrol (trans-3,4′,5-trihydroxystilbene), a un-
ique phytoalexin widely distributed in natural plants, possesses a
strong antioxidant activity capable of opposing the potentially cyto-
toxic stresses of oxidative damage [6]. Several in vitro studies have
identified that resveratrol may protect various neuronal cell types
from oxidative stress-induced cell death [7–9]. A previous in vivo re-
search has suggested that dietary administration of resveratrol to eld-
erly male Wistar rats confers protection against recurrent ischemic
insult caused by two mild transient middle cerebral artery occlusions
[10]. However, whether resveratrol plays a neuroprotective role via the
mitochondrial-mediated signaling pathway is still unknown, and the
molecular mechanism of resveratrol action has not been sufficiently
elucidated.

PC12 is a cell line derived from rat pheochromocytoma and has
been widely used as an in vitromodel for investigating neuronal apop-
tosis, oxygen sensor mechanism, and neuronal differentiation [11]. In
this study, we tested the hypothesis that resveratrol may have neuro-
protective potential in oxygen glucose deprivation/reoxygenation
(OGD/R)-induced PC12 cell apoptosis through mitochondrial-
mediated signaling pathway.

Materials and Methods

Reagents and chemicals

Well-differentiated PC12 cells were purchased from the Cell Resource
Center of Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences (Shanghai, China). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), phosphate buffer solu-
tion (PBS), Hank’s balanced salt solution (containing calcium)
(HBSS/Ca2+), and penicillin/streptomycin mixture were from Life
Technologies (Grand Island, USA). Resveratrol, dimethylsulfoxide
(DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), Hoechst 33342, dihydroethidium (DHE), dihydror-
hodamine 123 (DHR123), 5,5′,6,6′-tetrachloro-1,1,3,3′-tetraethyl-
benzimidazolyl-carbocyanine iodide (JC-1), and rhodamine 123
(Rh123) were from Sigma-Aldrich (St Louis, USA). Annexin
V-FITC/PI Apoptosis Detection Kit was from BD Biosciences (San
Diego, USA). Superoxide dismutase (SOD) Activity Assay Kit was
from BioVision (Mountain View, USA). Fluo-3/AM probe was from
Biotium (Suite Hayward, USA). MitoSOX™ Red mitochondrial
superoxide indicator and MitoProbe Transition Pore Assay Kit were
from Molecular Probes (Life Technologies). Cytochrome c Releasing
Apoptosis Assay Kit was from Abcam (Cambridge, UK). Rabbit
anti-Bcl-2, rabbit anti-Bax, rabbit anti-caspase-9, rabbit anti-
caspase-3, and rabbit anti-cytochrome c oxidase subunit IV (COX
IV) antibodies were from Cell Signaling Technology (Beverly, USA).
Mouse anti-β-actin and horseradish peroxidase-conjugated secondary
antibodies were from Beyotime (Beyotime Institute of Biochemistry,
Shanghai, China). Enhanced chemiluminescence kit was from Milli-
pore (Billerica, USA). All other chemicals and reagents were of analyt-
ical grade.

Cell culture

Well-differentiated PC12 cells were seeded in 25 cm2 polystyrene
flasks with 4.5 g/l glucose in DMEM medium, containing 10% heat-
inactivated FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin.
Cells were incubated at 37°C under a humidified atmosphere of 95%
air and 5%CO2. Culturemediumwas replaced every 48 h, and cultures
were split at a ratio of 1 : 6 once aweek. Prior to experiments, cells were
assessed for cell viability by trypan blue dye exclusion test, and only cell
batches showing >95% viability were used in the study.

OGD/R model

Well-differentiated PC12 cells were washed with PBS for three times
and resuspended in pre-warmed (37°C) DMEMmedium that contains
all the standard components except glucose. Then cells were allowed
to grow in a hypoxia chamber (Thermo scientific, Waltham, USA)
with a compact oxygen controller to maintain oxygen concentration
at 1% by injecting a gas mixture of 94% N2 and 5% CO2 for 6 h.
After hypoxia, the cells were then transferred back to normal
DMEM medium containing 4.5 g/l glucose under an atmosphere of
95% air and 5% CO2, and incubated for 24 h for reoxygenation [8].

Study groups

Biologically safe doses of resveratrol were determined prior to
application. PC12 cells were exposed to increasing concentrations
(2.5–40 μM) of resveratrol for 24 h.MTTassay was subsequently per-
formed, and 10 μM resveratrol was selected for the further mechanis-
tic study, because higher concentrations of resveratrol decreased cell
viability. Four experimental groups were assigned: (i) control, (ii) re-
sveratrol, (iii) OGD/R, and (iv) OGD/R + resveratrol. In the OGD/R +
resveratrol group, resveratrol was added to the culture media 1 h prior
to the OGD/R.

MTT assay and morphological observation for the

determination of cell viability

MTT assay was performed following the protocols of Agrawal et al.
[8] with some modification. In brief, cells (1 × 104) were seeded in
96-well microculture plates that had been pre-coated poly-L-lysine
and cultured overnight in complete DMEMmedium in a CO2 incuba-
tor (95% air/5% CO2). Subsequently, cells were treated with resvera-
trol (2.5, 5, 10, 20, and 40 μM) alone for 24 h to evaluate the
cytotoxicity of resveratrol. For neuroprotective potential of resveratrol
against OGD/R neurotoxicity study, resveratrol (2.5, 5, 10, and
20 μM)was added to the cultures 1 h prior to the OGD/R. The treated
cells were visualized using a Leica DMI-3000B phase-contrast fluores-
cencemicroscope (Leica, Heidelberg, Germany) equippedwith a digit-
al camera. Then, cells were incubated in a serum-free medium
containing MTT solution in the darkness for 4 h at 37°C. The MTT
solution was discarded, and 100 μl DMSO was added to each well to
dissolve the formazan crystals. The value of optical density was mea-
sured at wave length of 562 nm using a Bio-Rad microplate reader
(Bio-Rad, Hercules, USA). Cell survival for each treatment was calcu-
lated as a percentage of the control.

Detection of apoptotic ratio

To evaluate the effect of resveratrol on OGD/R-induced apoptosis,
Hoechst 33342 staining assay was performed. Cells were incubated
in the presence of 10 μg/ml Hoechst 33342 in the dark for 15 min at
37°C and then washed three times with PBS. The fluorescence was ob-
served using a Leica DMI-3000B phase-contrast fluorescence micro-
scope (Leica).
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For quantitative analysis, apoptotic ratio was assessed using the An-
nexin V-FITC/PI Apoptosis Detection Kit following the manufacturer’s
instructions. Cells were trypsinized, harvested, washed with PBS for
three times, resuspended in 100 μl binding buffer at a concentration
of 1 × 106 cells/ml, and then incubated with a combination of 5 μl
FITC Annexin V and 5 μl PI working solution for 15 min in the dark
at room temperature. FITC and PI fluorescence were measured using
a flow cytometer (BD Bioscience) with an excitation wavelength of
488 nm and an emission wavelength of 530 nm. At least 1 × 105 events
were recorded. After the quadrants on the Annexin V/PI dot plots were
positioned, live cells (Annexin V−/PI−), early/primary apoptotic cells
(AnnexinV+/PI−), late/secondary apoptotic cells (Annexin V+/PI+), and
necrotic cells (Annexin V−/PI+) were distinguished.

Detection of intracellular ROS production

The intracellular ROS production was assessed using the DHE probe.
Cells were incubated in the presence of 10 μMDHE in the dark for 1 h
at 37°C and then washed three times with PBS. The fluorescence was
observed using a Leica DMI-3000B phase-contrast fluorescence
microscope (Leica) with 520 nm excitation and 610 nm emission.

For quantitative analysis, DHR123 probe was used as an intracel-
lular ROS capture. Briefly, PC12 cells (5 × 105) were washed with PBS
for three times and then incubated with 5 μMDHR123 in the dark for
1 h at 37°C. Cells were trypsinized, harvested, washed three times with
PBS, and directly resuspended in PBS before an immediate detection of
mean fluorescence intensity (MFI) of DHR123 using a flow cytometer
(BD Bioscience) with 488 nm excitation and 525 nm emission, and at
least 1 × 104 events per sample were acquired.

Detection of mitochondrial superoxide generation

The mitochondrial superoxide generation was monitored using the Mi-
toSOX™ Red indicator according to the manufacturer’s instructions.
Cells were incubated with 5 μMMitoSOX™ reagent working solution
in the dark for 10 min at 37°C and then washed three times with HBSS.
The fluorescence was observed using a phase-contrast fluorescence
microscope with 510 nm excitation and 580 nm emission.

For quantitative analysis, PC12 cells (1 × 106) were washed with
HBSS for three times and then incubated with 5 μM MitoSOX™ re-
agent working solution in the dark for 10 min at 37°C. Cells were
trypsinized, harvested, washed three times with HBSS, and directly re-
suspended in HBSS before an immediate detection of MFI of Mito-
SOX™ by a flow cytometer with 510 nm excitation and 580 nm
emission, and at least 1 × 104 events per sample were acquired.

Detection of lipid peroxidation

The malondialdehyde (MDA) content of PC12 cells in each group was
detected to assess the levels of membrane lipid peroxidation as previ-
ously described [12]. Briefly, 100 μl supernatant was collected and
mixed with 1.5 ml acetic acid (20%), 1.5 ml thiobarbituric acid
(0.8%), and 200 μl sodium dodecyl sulphate (SDS) (8%). Each reac-
tion mixture was heated for 1 h at 95°C and cooled to room tempera-
ture. Then, 5 ml of n-butanol was added. After mixing and
centrifugation at 3000 g for 10 min, the organic layer was collected
and the absorbance was measured at the wave length of 532 nm.

Detection of antioxidant enzyme activity

To assess the levels of endogenous antioxidant, superoxide dismutase
(SOD) and catalase (CAT) activities of PC12 cells in each group were
detected. The SOD activity was determined using the SOD Activity
Assay Kit following the manufacturer’s protocol. Briefly, 20 μl super-
natant was mixed with 200 μl tetrazolium working solution and 20 μl

enzymeworking solution. After 20 min of incubation at 37°C, the ab-
sorbance was read at 450 nm. The CAT activity was estimated accord-
ing to the instructions of Shen et al. [13] with some modification.
Briefly, 1 ml hydrogen peroxide (10%) was added to 50 μl super-
natant diluted in 1.95 ml PBS. The CAT activity was then quantified
from the decrease in absorbency at 240 nm for 2 min.

Detection of intracellular calcium ([Ca2+]i)

The concentration of [Ca2+]i was measured with Fluo-3/AM probe
[14]. Cells were incubated with 5 μM Fluo-3/AM in the dark for
30 min at 37°C, and then the fluid was removed and cells were washed
three times with PBS to remove the nonspecific staining. The treated
cells were observed using a phase-contrast fluorescence microscope
with 488 nm excitation and 525 nm emission.

For quantitative analysis, PC12 cells (5 × 105) werewashed with PBS
for three times and then incubated with 5 μMFluo-3/AM in the dark for
30 min at 37°C. Cells were trypsinized, harvested, washed three times
with PBS, anddirectly resuspended in PBS before an immediate detection
of MFI of Fluo-3/AM by a flow cytometer with 488 nm excitation and
525 nm emission, and at least 5 × 104 events per sample were acquired.

Detection of mitochondrial membrane potential

The mitochondrial membrane potential (MMP) was assessed using the
JC-1 probe. JC-1 exists as a green fluorescent monomer at low MMP,
while at higher MMP, JC-1 forms red fluorescent aggregates and can
therefore be used as a sensitive measure of changes in MMP. After
being incubated with 10 μg/ml JC-1 in the dark for 20 min at 37°C,
cells were washed with PBS for three times and subject to laser scanning
confocal microscope analysis (Zeiss LSM510; Zeiss, Oberkochen, Ger-
many). JC-1-loaded cells were excited at 488 nm, and emission was de-
tected at 590 nm (JC-1 aggregates) and 525 nm (JC-1 monomers).

For quantitative analysis, MMP was also measured using the cell
permeable cationic fluorescence probe Rh123. PC12 cells (5 × 105)
were washed with PBS for three times and then incubated with
1 μM Rh123 in the dark for 30 min at 37°C. Then cells were trypsi-
nized, harvested, washed three times with PBS, and directly resus-
pended in PBS. MFI of Rh123-labeled cells was analyzed by a flow
cytometer with 488 nm excitation and 525 nm emission, and at
least 1 × 104 events per sample were acquired.

Detection of mitochondrial permeability transition

pore opening

The opening of the mitochondrial permeability transition pore (MPTP)
was determined by the Calcein/Co2+-quenching technique via the
MitoProbe Transition Pore Assay Kit (Life Technologies) according
to the manufacturer’s instructions. Cells were incubated with 1 μM
Calcein/AM and in the presence of 1 mM cobalt chloride (CoCl2) in
the dark for 15 min at 37°C and then were washed three times with
HBSS. The fluorescence was observed via a phase-contrast fluorescence
microscope with 494 nm excitation and 517 nm emission.

For quantitative analysis, PC12 cells (1 × 106) were washed with
HBSS for three times and then incubated with 1 μM Calcein/AM
and 1 mM CoCl2 in the dark for 15 min at 37°C. Cells were trypsi-
nized, harvested, washed three times with HBSS, and directly resus-
pended in HBSS before an immediate detection of MFI of Calcein/
AM by a flow cytometer with 494 nm excitation and 517 nm emis-
sion, and at least 1 × 104 events per sample were acquired.

Cytochrome c release assay

Cytochrome c release was measured by using the Cytochrome c
Releasing Apoptosis Assay Kit (Abcam). Briefly, cells were collected
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by centrifugation and washed twice with PBS. Cells were homogenized
and subject to cytosolic and mitochondrial extraction by employing the
corresponding reagents. Then, 30 μg of protein sample from each of the
cytosolic or mitochondrial fraction was subject to 12% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE). A standard
western blot analysis procedure was done and probed with monoclonal
mouse anti-cytochrome c antibody. Mouse anti-β-actin and rabbit
anti-COX IV antibodies were used as internal controls for the cytosolic
fraction and the mitochondrial fractions, respectively. Data were ana-
lyzed by Science Lab 2005 Image Gauge software.

Western blot analysis

Cellular proteins were lysed in Radio Immunoprecipitation Assay buf-
fer and then centrifuged at 10,000 g for 15 min at 4°C. Equal amounts
of protein samples (50 μg) were loaded per lane and resolved by 15%
SDS/PAGE. Then, proteins were electrotransferred onto a polyvinyli-
dene fluoride (PVDF) membrane. The membranes were blocked with
5% nonfat milk for 1 h at room temperature and then incubated with
rabbit anti-Bcl-2 (1:1000, Cell Signaling Technology), rabbit anti-Bax
(1:1000, Cell Signaling Technology), rabbit anti-caspase-9 (1:1000,
Cell Signaling Technology), rabbit anti-caspase-3 (1:1000, Cell Signal-
ing Technology), and mouse anti-β-actin (1:1000, Beyotime Institute
of Biochemistry) antibodies separately overnight at 4°C. After being
washed three times with Tris buffered saline containing 0.1%
Tween-20, the membranes were incubated with the corresponding
HRP-conjugated secondary antibody (1:1000, Beyotime Institute of
Biochemistry) in blocking solution at room temperature for 2 h. The
signals of bound antibodies were identified with an enhanced chemi-
luminescence kit (Millipore). The band intensity was measured, nor-
malized by β-actin, and calculated as the ratio of the optical density.
Data were analyzed by Science Lab 2005 Image Gauge software.

Statistical analysis

Reproducibility of the results was ensured by repeating all experiments
at least three times. Data were presented as mean ± standard deviation
(SD). Statistical significance was determined by one-way ANOVA fol-
lowed by Tukey’s post hoc test. P < 0.05 was considered significant.

Results

Resveratrol inhibited OGD/R-induced cell viability loss

To determine the biologically safe concentrations of resveratrol, cells
were exposed to resveratrol with increasing concentrations from 2.5 to
40 μM for 24 h (Fig. 1A ). The MTT assay revealed that PC12 cells
treated with 20 μM or lower concentrations of resveratrol were
found to be almost 100% viable, which demonstrated that resveratrol
with varying concentrations from 2.5 to 20 μMdid not induce any sig-
nificant cell viability loss. However, higher concentration of resvera-
trol (40 μM) decreased cell viability (86.00% ± 4.23% of control
value, P < 0.05 vs. control), indicating that resveratrol over 40 μM is
deleterious to neuronal cells.

Furthermore, OGD/R-injured PC12 cells were treated with bio-
logically safe doses of resveratrol (2.5, 5, 10, and 20 μM). Our data
showed that cell viability decreased prominently after OGD/R insult
(63.80% ± 2.23% of control value, P < 0.01 vs. control). Improve-
ments in cell viability were observed in 2.5, 5, 10, and 20 μM resver-
atrol groups (73.09%± 4.12%, 81.13%± 4.24%, 87.80%± 3.39%,
and 72.55%± 3.46%of control value, respectively) with its maximum
protective effect at 10 μM, compared with theOGD/R group (Fig. 1B).

Cellular morphology was observed under a phase-contrast fluores-
cence microscope (Fig. 1C). Normal neuronal morphology was

observed in the control group and 10 μM resveratrol group, showing
cone shape or multipolarity with regular contours. After OGD/R in-
sult, the number of PC12 cells showed a significant reduction, and
the morphology exhibited round, slender and degenerated with cell
debris. When OGD/R-injured cells were incubated with 10 μM resver-
atrol, the number of cells increased dramatically and normal morph-
ology was restored. These observations were in accordance with the
results of MTT assay.

These results indicated that 10 μM resveratrol is the optimal dose
for its neuroprotective effects on OGD/R-induced cytotoxicity in
PC12 cells. Thus, 10 μM resveratrol was selected for further mechan-
istic study.

Resveratrol prevented OGD/R-induced apoptosis

Apoptosis after cerebral ischemia/reperfusion is one of the major path-
ways that lead to the process of cell death [4]. Therefore, we investi-
gated the anti-apoptotic effects of 10 μM resveratrol using Hoechst
33342 staining assay, which could qualitatively distinguish apoptotic
cells from normal cells based on nuclear condensation and fragmenta-
tion. Figure 1D showed that the control group and resveratrol group
did not exhibit brightly stained condensed nuclei, suggesting no or
minimum apoptosis. On the contrary, most cells in the OGD/R
group showed typical characteristics of apoptosis, including the con-
densed and fragmented nuclei, and the appearance of a few apoptotic
bodies. Treatment with 10 μM resveratrol partially recovered the ab-
normal morphological changes of apoptosis induced by OGD/R.

To provide further evidence that resveratrol prevents OGD/
R-induced apoptosis, flow cytometry with Annexin V-FITC/PI
double staining was performed. As shown in Fig. 1E,F, the percentages
of apoptotic cells in the control group and resveratrol group were
4.35%± 0.50% and 3.65%± 0.92% (P > 0.05), respectively, indicat-
ing that 10 μM resveratrol alone did not change the apoptotic ratio
compared with the control. However, the apoptotic ratio was as
high as 20.90% ± 1.27% after OGD/R insult (P < 0.01 vs. control)
and markedly decreased to 8.15% ± 0.50% in OGD/R + resveratrol
group (P < 0.01 vs. OGD/R), indicating that 10 μM resveratrol can
effectively prevent OGD/R-induced apoptosis.

Resveratrol attenuated OGD/R-induced intracellular ROS

accumulation

Intracellular ROS production was observed by a phase-contrast fluor-
escence microscope using the fluorescent probe DHE (Fig. 2A). Nor-
mal PC12 cells exhibited weak red fluorescence in the control group
and resveratrol group, whereas OGD/R-injured PC12 cells presented
enhanced red fluorescence, implying ROS accumulation in the injured
cells. After treatment with 10 μM resveratrol, the intensity of the red
fluorescence was dramatically reduced.

Furthermore, we measured the level of DHR123 fluorescence by
flow cytometry to quantify the level of intracellular ROS. When
PC12 cells were exposed to OGD/R, MFI of the intracellular ROS
was increased from 691.03 ± 70.71 (the control group) to 1086.51 ±
64.35 (the OGD/R group) (P < 0.05), revealing that OGD/R enhanced
the levels of ROS in PC12 cells. Conversely, treatment with 10 μM re-
sveratrol effectively reduced OGD/R-induced ROS production to
740.54 ± 84.15 (P < 0.05 vs. OGD/R) (Fig. 2B,C).

Resveratrol attenuated OGD/R-induced mitochondrial

superoxide accumulation

Mitochondria are the major source of superoxide which is the main
component of oxidative stress [15]. To investigate the contribution
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of mitochondria to OGD/R-induced ROS production, mitochondrial
superoxide generation was measured using MitoSOX™ Red indica-
tor, which served as a novel fluorescent probe for highly selective

detection of superoxide in the mitochondria of live cells. Previous evi-
dence has demonstrated thatMitoSOX™ reagent is oxidized by super-
oxide and exhibits red fluorescence once in the mitochondria [15]. As

Figure 1. Resveratrol inhibited OGD/R-induced cell viability loss and cell apoptosis (A) MTT assay showed that resveratrol (2.5–20 μM) were safe for PC12 cells,

only higher concentration (40 μM) decreased cell viability. Values obtained from three independent experiments are expressed as mean ± SD (% of control).

(B) Protective potential of resveratrol (2.5–20 μM) on cell viability in PC12 cells exposed to OGD/R. Representative phase-contrast (C) and fluorescence

(D) images showed that decreased PC12 cells exposed to OGD/R were restored by 10 µM resveratrol. Scale bar represents 50 μm in C and 20 μm in D. Flow

cytometer images (E) and quantification (F) showed that OGD/R-induced PC12 cell apoptosis was rescued by 10 µM resveratrol. *P < 0.05 vs. control; **P < 0.01

vs. control; #P < 0.05 vs. OGD/R; ##P < 0.01 vs. OGD/R.
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shown in Fig. 2D, normal PC12 cells exhibited weak red fluorescence
in the control group and resveratrol group, while OGD/R-injured
PC12 cells presented significantly increased red fluorescence, indicat-
ing an increase in mitochondrial superoxide generation. However,
treatment with 10 μM resveratrol strongly inhibited OGD/R-induced
mitochondrial superoxide accumulation as evidenced by a lower Mi-
toSOX™ fluorescence signal.

Additionally, we measured levels of MitoSOX™ fluorescence by
flow cytometry to quantify the levels of mitochondrial superoxide.
When PC12 cells were exposed to OGD/R, MFI of the MitoSOX™
was increased in the OGD/R group (1406.67 ± 117.82) compared

with the control group (857.31 ± 130.12) (P < 0.01), revealing that
OGD/R enhanced the levels of mitochondrial superoxide in PC12
cells. Importantly, treatment with 10 μM resveratrol effectively
attenuated OGD/R-induced mitochondrial superoxide generation
(1029.06 ± 185.82, P < 0.05 vs. OGD/R) (Fig. 2E,F).

Resveratrol antagonized OGD/R-induced lipid

peroxidation

MDA, a by-product of membrane lipid peroxidation, is produced
under oxidative stress and reflects oxidative damage of the plasma

Figure 2. Resveratrol attenuatedOGD/R-induced oxidative stress (A) Representative fluorescence images of intracellular ROS observedwith DHE probe. Scale bar

represents 50 μm. Flow cytometry images (B) and quantification (C) of DHR123 probe showed that OGD/R-induced intracellular ROS accumulation was rescued by

10 µM resveratrol. (D) Representative fluorescence images of mitochondrial superoxide observed with MitoSOX™ probe. Scale bar represents 50 μm. Flow

cytometer images (E) and quantification (F) of MitoSOX™ probe showed that OGD/R-induced mitochondrial superoxide accumulation was rescued by 10 µM

resveratrol. Lipid peroxidation was evaluated by measuring MDA content (G), and antioxidant enzyme activity by measuring activities of SOD (H) and CAT (I).

Results showed that 10 µM resveratrol reversed OGD/R-induced increase in MDA content and decrease in SOD and CAT activities. Values obtained from three

independent experiments are expressed as mean ± SD.*P < 0.05 vs. control;**P < 0.01 vs. control; #P < 0.05 vs. OGD/R.
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membrane [16]. As shown in Fig. 2G, theMDA content in the OGD/R
group was notably increased to 157.62% ± 6.65% of control value
(P < 0.01 vs. control), suggesting that OGD/R induced membrane
lipid peroxidation in PC12 cells. When OGD/R-injured cells were
incubated with 10 μM resveratrol, MDA content (115.84%± 6.36%
of control value) was significantly decreased compared with the
OGD/R group (P < 0.05 vs. OGD/R).

Resveratrol alleviated OGD/R-induced antioxidant

enzyme activity reduction

The SOD activity (Fig. 2H) and CAT activity (Fig. 2I) were measured to
investigate the antioxidant defense systems in PC12 cells for scavenging
ROS to prevent OGD/R-induced oxidative damage. It was found that
OGD/R insult markedly decreased the SOD and CAT activities
(42.40%± 4.63% and 47.93%± 6.75% of control value, respectively)
(P < 0.01 vs. control), indicating that antioxidant enzyme activities
were decreased in PC12 cells treated with OGD/R. After treatment
with10 μM resveratrol, the SOD and CAT activities were significantly
increased (73.68% ± 4.87% and 77.18% ± 4.16% of control value,
respectively) (P < 0.05 vs. OGD/R).

Resveratrol suppressed OGD/R-induced overload of [Ca2+]i

Increase in [Ca2+]i after oxidative insults has been linked to free radical
generation, which leads to cell death [3]. To investigate the role of re-
sveratrol on [Ca2+]i during OGD/R, we monitored the levels of [Ca2+]i
with the fluorescent probe Fluo-3/AM using a phase-contrast fluores-
cence microscope (Fig. 3A). Green fluorescence detected was rather
week in the control group and resveratrol group, and became much
stronger in the OGD/R group. Treatment with 10 μM resveratrol pre-
vented the increase of fluorescence induced by OGD/R.

Quantitatively, the OGD/R group showed a significant increase
in [Ca2+]i (2344.32 ± 79.90) compared with the control group
(857.52 ± 67.18) (P < 0.01). However, treatment with 10 μM resver-
atrol showed a significant reduction in [Ca2+]i (1232.71 ± 327.46,
P < 0.05 vs. OGD/R) (Fig. 3B,C).

Resveratrol ameliorated OGD/R-induced MMP

dissipation

To explore the effect of resveratrol onMMP during OGD/R, we deter-
mined the changes in MMP with the fluorescent probe JC-1 using a

Figure 3. Resveratrol suppressed OGD/R-induced overload of [Ca2+]i (A) Representative fluorescence images of [Ca2+]i observed with Fluo-3/AM probe. Scale bar

represents 50 μm. Flow cytometry images (B) and quantification (C) of Fluo-3/AM probe showed that OGD/R-induced overload of [Ca2+]i was rescued by 10 µM

resveratrol. Values obtained from three independent experiments are expressed as mean ± SD. **P < 0.01 vs. control; #P < 0.05 vs. OGD/R.
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laser scanning confocal microscope. At high membrane potentials, JC-1
enters themitochondria and forms aggregates that have a fluorescence of
bright red, whereas JC-1 exists as a green fluorescence at a low potential
[17]. Therefore, we used the ratio of red/green fluorescence to evaluate
the levels ofMMP in different groups. As shown in Fig. 4A, normal cells
exhibitedmainly red fluorescencewith rather feeble green fluorescence in
the control group and resveratrol group. However, OGD/R-injured
PC12 cells showed markedly enhanced green fluorescence and slightly
increased red fluorescence. The degree of increase in green fluorescence
was greater than red fluorescence, revealing a decline in the ratio of red/
green fluorescence in the injured cells. After treatment with 10 μM re-
sveratrol, the green fluorescence was decreased significantly, and the
ratio of red/green fluorescence was increased compared with the OGD/
R group, demonstrating an increase in MMP.

Moreover, we measured levels of Rh123 fluorescence by flow cyto-
metry to quantify the levels of MMP. PC12 cells exposed to OGD/R re-
sulted in a significant decrease in the level of Rh123 fluorescence
(10128.38 ± 1595.44) comparedwith the control (26636.83 ± 1929.17)
(P < 0.05), indicating that mitochondrial membrane depolarization oc-
curred. Treatment with 10 μM resveratrol (17280.83 ± 1019.42) signifi-
cantly ameliorated the dissipation ofMMP induced byOGD/R (P < 0.05
vs. OGD/R), suggesting a role of resveratrol in ameliorating mitochon-
drial membrane depolarization induced by OGD/R (Fig. 4B,C).

Resveratrol blocked OGD/R-induced MPTP opening

To investigate whether the MPTP opening is involved in OGD/
R-induced mitochondrial dysfunction and in the effect of resveratrol,

we employed Calcein/Co2+-quenching method using a phase-contrast
fluorescence microscope. Under normal condition, Calcein/AM select-
ively localizes in the mitochondria and exhibits green fluorescence;
when MPTP opens unusually, the profound release of Calcein/AM
to the cytosol is quenched by CoCl2, inducing subsequent loss of
green fluorescence [18]. As shown in Fig. 5A, normal PC12 cells exhib-
ited strong green fluorescence in the control group and resveratrol
group, whereas OGD/R caused a significant decrease in green fluores-
cence, consistent with MPTP opening in the injured cells. After treat-
ment with 10 μM resveratrol, an intensive green fluorescence was
observed, suggesting that 10 μM resveratrol markedly induced the
closure of the MPTP.

Furthermore, we measured levels of Calcein/AM fluorescence by
flow cytometry to quantify the levels of MPTP opening. Compared
with the control group (662.45 ± 29.83), cells in the OGD/R group
showed a significantly lower level of green fluorescence (351.04 ±
46.92) (P < 0.01). Treatment with 10 μM resveratrol markedly in-
creased Calcein/AM fluorescence intensity (568.37 ± 27.03, P < 0.01
vs.OGD/R); however, the fluorescence intensity could not be restored
completely (P < 0.05 vs. control) (Fig. 5B,C).

Resveratrol inhibited OGD/R-induced cytochrome c

release from mitochondria

Release of cytochrome c frommitochondria to cytosol is considered as
a key initial step in the mitochondrial-mediated apoptosis pathway.
We examined the levels of cytochrome c in cytosol and mitochondria
by western blot analysis. Compared with the control group, the OGD/

Figure 4. Resveratrol ameliorated OGD/R-induced MMP dissipation (A) Representative fluorescence images of MMP observed with JC-1 probe. Scale bar

represents 50 μm. Flow cytometry images (B) and quantification (C) of Rh123 probe showed that OGD/R-induced MMP dissipation was rescued by 10 µM

resveratrol. Values obtained from three independent experiments are expressed as mean ± SD. *P < 0.05 vs. control; #P < 0.05 vs. OGD/R.
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R group showed higher protein levels of cytochrome c in cytosol (P <
0.01). In contrast, cells treated with 5 or 10 μM resveratrol showed
lower protein levels of cytochrome c in cytosol than OGD/R-injured
cells in a dose-dependent manner. Cells treated with 5 or 10 μM re-
sveratrol alone did not show any significant decrease compared with
the control (P > 0.05 vs. control) (Fig. 6A,B).

On the other hand, the OGD/R group showed significantly de-
creased protein levels of cytochrome c in mitochondria compared
with the control group (P < 0.05). Conversely, cells treated with 5
or 10 μM resveratrol showed higher protein levels of cytochrome c
in mitochondria than the OGD/R-injured cells in a dose-dependent
manner. Cells treated with 5 or 10 μM resveratrol alone did not
show any difference compared with the control (P > 0.05 vs. control)
(Fig. 6C,D).

Resveratrol increased the ratio of Bcl-2/Bax and

decreased protein levels of cleaved caspase-9 and

cleaved caspase-3

Because the loss of MMP and opening of MPTP were observed in the
OGD/R-injured PC12 cells, we further investigated whether the mito-
chondrial dysfunction was mediated by the downregulation of Bcl-2
and the upregulation of Bax. The balance between Bcl-2 and Bax is
critical in the activation of terminal caspases such as caspase-9 and
caspase-3 [19]. Treatment of PC12 cells with OGD/R significantly de-
creased protein levels of Bcl-2 and increased protein levels of Bax com-
pared with the control group, which resulted in a low ratio of Bcl-2/
Bax (P < 0.05 vs. control) (Fig. 6E,F) and subsequently increased pro-
tein levels of cleaved caspase-9 (P < 0.01 vs. control) (Fig. 6G,H) and

Figure 5. Resveratrol blocked OGD/R-induced MPTP opening (A) Representative fluorescence images of MPTP observed with Calcein/AM probe. Scale bar

represents 50 μm. Flow cytometry images (B) and quantification (C) of Calcein/AM probe showed that OGD/R-induced MPTP opening was rescued by 10 µM

resveratrol. Values obtained from three independent experiments are expressed as mean ± SD. *P < 0.05 vs. control; **P < 0.01 vs. control; ##P < 0.01 vs. OGD/R.
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cleaved caspase-3 (P < 0.01 vs. control) (Fig. 6I,J). Conversely, 5 or
10 μM resveratrol in OGD/R-injured cells brought about an increased
Bcl-2/Bax ratio and decreased protein levels of cleaved caspase-9 and

cleaved caspase-3 in a dose-dependent manner. Cells treated with 5 or
10 μM resveratrol alone did not show any significant difference com-
pared with the control (P > 0.05 vs. control).

Figure 6. Resveratrol inhibited OGD/R-induced mitochondrial cytochrome c release, decrease of Bcl-2/Bax ratio, and increase of cleaved caspase-9 and cleaved

caspase-3 The protein levels of cytochrome c in cytosol (A) and inmitochondria (C) were detected bywestern blot analysis. β-Actin and COX IV levels weremeasured

to ensure equal protein loading. Relative quantification (RQ) analyses of the induction in the protein levels of cytochrome c in cytosol (B) and inmitochondria (D) showed

that 10 µM resveratrol inhibited OGD/R-induced cytochrome c release from mitochondria to cytosol in a dose-dependent manner. The protein levels of Bcl-2, Bax (E),

cleaved caspase-9 (G), and cleaved caspase-3 (I) were detected by western blot analysis. β-Actin levels were measured to ensure equal protein loading. Relative

quantification (RQ) analyses of the induction in the ratio of Bcl-2/Bax (F), and protein levels of cleaved caspase-9 (H) and cleaved caspase-3 (J) showed that 10 µM

resveratrol increased the ratio of Bcl-2/Bax and decreased protein levels of cleaved caspase-9 and cleaved caspase-3 in a dose-dependent manner. Values obtained

from three independent experiments are expressed as the mean±SD. *P < 0.05 vs. control; **P < 0.01 vs. control; #P < 0.05 vs. OGD/R.
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Discussion

Previous studies have demonstrated the neuroprotective properties of re-
sveratrol [6]. For instance, administration of resveratrol to culture me-
dium protects a wide variety of neuronal cell types from oxidative
stress-induced injury [7–9]; dietary supplementation of resveratrol can
ameliorate neuronal damage and death resulted from oxidative stress in
rodents [10]. However, these studies have not fully explored the specific
molecular mechanisms by which resveratrol acts at the cellular level.
Our study demonstrated that resveratrol exerted neuroprotective poten-
tial in OGD/R-induced PC12 cell apoptosis through mitochondrial-
mediated signaling pathway.

There is compelling evidence that neuronal cells in the region of
ischemic penumbra suffer transiently reversible damage and then
eventually undergo delayed neuronal death by apoptosis [2]. Conse-
quently, the salvageable neuronal damage offers a possibility for
therapeutic intervention. To develop potential protective agents for
stroke therapy and understand the mechanisms of neuronal apoptosis
after ischemic insult, in vitro cell culturemodel of ischemia using PC12
cells has been established [11]. These cells are sensitive to OGD/R in-
jury [20]; therefore, they are suitable for the investigation of the effects
of resveratrol on OGD/R-induced cytotoxicity. The experimental pro-
cedure includes an initial short phase (6 h) of oxygen and glucose de-
privation (OGD), followed by a prolonged phase (24 h) of restoration
(R). Our results showed that apoptosis was the major pattern of cell
death induced by OGD/R. Resveratrol significantly improved cell via-
bility and protected PC12 cells against apoptosis induced by OGD/R
at the optimal protective concentration of 10 μM.

Previous observations have demonstrated that the rate of ROS for-
mation is equal to that of their elimination in neuronal cells under nor-
mal condition [21]. Mitochondria play a pivotal role in maintaining
the redox balance. Superoxide generated from mitochondrial respira-
tory chain Complex I and Complex III is the major component of
intracellular ROS [22], and excessive mitochondrial superoxide can
be converted into hydrogen peroxide, which is subsequently broken
down to oxygen and water [23]. However, during ischemia and reper-
fusion, the redox balance is perturbed by excessive intracellular ROS
generated following mitochondrial superoxide accumulation due to
mitochondrial dysfunction [24], which is awell-known etiological fac-
tor involved in oxidative stress-induced neuronal apoptosis [25].
Thus, it is of interest to identify the contribution of mitochondria
to OGD/R-induced ROS production. Consequently, the present
study showed that OGD/R caused a marked rise in oxidative stress
as characterized by excessive intracellular ROS and mitochondrial
superoxide accumulation, which were attenuated by resveratrol.
In addition, the capability of resveratrol in decreasing membrane
lipid peroxidation and restoring enzymatic antioxidant defense fur-
ther suggested its antioxidant property in neuroprotection.

Excessive intracellular ROS triggers a significant activation of
signal transduction cascades to cause a disturbance of [Ca2+]i homeo-
stasis [3], leading to alteration of energy metabolism, and the subse-
quent initiation of apoptosis [26]. [Ca2+]i and intracellular ROS
signaling systems are intimately integrated; components of intracellu-
lar ROS homeostasis that depend on [Ca2+]i regulation may influence
intracellular redox balance, and vice versa [27]. This study demon-
strated that resveratrol inhibited the overload of [Ca2+]i and the gen-
eration of intracellular ROS, which were pivotal steps in combating
OGD/R-induced apoptosis.

Mitochondrion, as a very efficient [Ca2+]i buffer, takes up substan-
tial amounts of [Ca2+]i at the expense of MMP [28], causing an obvi-
ous decrease in MMP. In addition, the extensive production of

intracellular ROS can also damage the mitochondrial membrane li-
pids, which might be one of the inducers of MMP reduction. Conse-
quently, disruption of MMP triggers the pathological opening of
MPTP and excessive MPTP opening leads to the further collapse of
the MMP. This vicious circle may result in mitochondrial swelling,
rupture of the outer mitochondrial membrane, and the consequent re-
lease of cytochrome c frommitochondria into cytosol, which ultimate-
ly activates caspase cascade and induces apoptosis [8]. In accordance
with the previous experimental results [29], we also found that OGD/
R caused the disruption of MMP, the pathological opening of MPTP,
and the release of cytochrome c from mitochondria, suggesting that
mitochondrial-mediated signaling pathway may have a determinant
role in OGD/R-induced neurotoxicity. Importantly, resveratrol effi-
ciently maintained the MMP, reversed the uncontrolled opening of
MPTP, and prevented the cytochrome c release in the presence of
OGD/R, which strengthened the notion that resveratrol restored
OGD/R-induced dysfunction of mitochondria by attenuating the im-
pairment of mitochondrial membrane.

As a mitochondrial membrane-associated protein, the Bcl-2 exerts
regulating effects on cellular activity after a variety of physiological
and pathological insults, and is suggested to be directly dependent
on the elevation of Bax and its translocation to the mitochondrial
membrane [30]. When being translocated to the mitochondrial
membrane, Bax homodimerizes and drives the activation of terminal
caspases such as caspase-9 and caspase-3 by exacerbating mitochondrial
membrane damage [8]. Conversely, the formation of the Bcl-2/Bax het-
erodimer can prevent or reduce some of these downstream events by a
series of reactions. In this regard, the ratio of Bcl-2/Bax may predict the
anti-apoptotic fate of the cell better than the absolute concentrations of
either molecule alone [31]. Our results indicated that OGD/R-induced
PC12 cell apoptosis was characterized by the decreased ratio of Bcl-2/
Bax and subsequently increased protein levels of cleaved caspase-9 and
cleaved caspase-3. Reversal of these trends by resveratrol suggested that
the anti-apoptosis activity of resveratrol was intervened through the
mitochondria-mediated signaling pathway in PC12 cells.

In should be noted that there are some limitations in this study.
First, we do not compare the antioxidative effects of resveratrol with
the other potent antioxidants that have been used clinically. Second,
althoughwell-differentiated PC12 cells are widely applied to study cel-
lular hypoxia toxicity and are more sensitive to OGD/R injury, the cell
model cannot totally represent the characters of primary cultured neu-
rons. Therefore, further studies focusing directly on primary neurons
in vivo models are encouraged.

In summary, we have demonstrated that resveratrol could protect
PC12 cells against OGD/R-induced injury through its anti-apoptotic ef-
fect, which is partially attributed to the mitochondrial-mediated signal-
ing pathway including attenuating intracellular ROS andmitochondrial
superoxide accumulation, preserving [Ca2+]i homeostasis, ameliorating
MMP dissipation, blocking MPTP opening, inhibiting the mitochon-
drial cytochrome c release, and modulating the protein levels of Bcl-2
family and terminal caspases. These mechanisms may act individually
or in a concerted fashion. Our study provides new hopes in the devel-
opment of a promising therapeutic approach for preventing acute brain
damage associated with cerebral ischemia and warrants further investi-
gations in both pre- and post-ischemic treatment in vivo.
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