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Abstract. Resveratrol confers neuroprotective effects in 
cerebral ischemia; however, the involvement of mitophagy in 
the neuroprotective function of resveratrol remains unclear. The 
aim of the present study was to investigate whether resveratrol 
exerts neuroprotective effects on primary cortical neurons 
subjected to oxygen/glucose deprivation/reoxygenation 
(OGD/R) via modulating mitophagy. The data demonstrated 
that resveratrol at 1‑10 µM during reoxygenation improved 
cell viability and suppressed apoptosis following OGD/R in 
a concentration‑dependent manner. Moreover, resveratrol 
alleviated OGD/R‑induced loss of mitochondrial membrane 
potential and excessive oxidative stress. Confocal imaging 
of LC3 and TOM20 antibody‑labeled mitochondria, as well 
as western blot analysis, demonstrated that mitophagy was 
further enhanced following resveratrol treatment. In addition, 
resveratrol was revealed to stimulate the phosphatase and 
tensin homolog‑induced kinase 1/Parkin pathway. Mitophagy 
inhibition then inhibited the protective effects of resveratrol. 
These results indicated that resveratrol exerts its protective 
effects against OGD/R damage, at least in part, by promoting 
mitophagy.

Introduction

Cerebral ischemia is associated with a number of serious 
diseases, including stroke and cardiac and respiratory arrest. 
Treatment usually involves blood flow recovery as soon as 
possible; however, this may lead to secondary injury in the 
ischemic region, referred to as ischemia/reperfusion injury 
(IRI) (1‑3). Following cerebral ischemia, the recovery of the 

blood circulation leads to inflammation and oxidative stress 
damage in areas affected by hypoxia and nutrient deficiency. 
Cerebral ischemia and reperfusion also lead to impaired 
mitochondrial oxidative metabolism and energy depletion in 
neurons, leading to programmed cell death (4,5). Therefore, 
although cerebral ischemia treatment involves the restoration 
of blood flow as quickly as possible, this may induce additional 
injury to the ischemic area. Appropriate drugs are required to 
protect neurons from the effects of IRI, mitigate pathological 
responses and control the process of neuronal death  (6). 
However, only few drugs to date are clinically available for 
patients with cerebral ischemia (6).

Resveratrol is a natural phytoalexin extracted from plants 
that exhibits neuroprotective, anticancer and anti‑inflamma‑
tory properties (7‑9). Resveratrol has also been reported to 
exhibit antioxidant properties, such as the ability to regulate 
nitric oxide metabolism (10) and chemopreventive activity (11). 
Moreover, resveratrol has been demonstrated to protect 
against IRI in gerbils  (12). The beneficial neuroprotective 
effects of resveratrol may be due to its antiplatelet aggregation 
and vasodilation and/or antioxidant activity (13). A previous 
study demonstrated that resveratrol improves mitochondrial 
function and protects against metabolic disease by activating 
sirtuin 1 and PPARG coactivator‑1α (14). However, whether 
resveratrol serves as a mitochondrial phagocytosis regulator in 
brain ischemia remains unclear.

Autophagy is a cellular housekeeping function, which 
is responsible for the degradation of a number of protein 
aggregates or damaged organelles and is involved in 
numerous pathophysiological processes, including ischemic 
disease  (15). There is great interest in determining how 
autophagy selectively identifies and removes damaged 
mitochondria. For example, it has been reported that 
Parkin‑dependent mitophagy is key for neuroprotection of 
ischemic preconditioning (16). Furthermore, deletion of the 
uncoupling protein 2 gene in endothelial cells may lead to 
excessive phosphatase and tensin homolog‑induced kinase 1 
(PINK1)‑induced mitochondrial autophagy, resulting in 
insufficient mitochondrial biosynthesis and increased apop‑
tosis of endothelial cells (17). Resveratrol is considered to 
be a key regulator of mitochondrial activity and has been 
reported to attenuate mitochondrial function impairment 
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induced by oxidative stress via upregulating mitochondrial 
antioxidant enzymes and decreasing the production of 
reactive oxygen species  (ROS) by organelles. Resveratrol 
also triggers mitochondrial biogenesis, ameliorating the 
mitochondria‑associated bioenergetics status in mammalian 
cells (18). However, the association between the neuropro‑
tective effects of resveratrol during OGD/R and mitophagy 
remains elusive.

The aims of the present study were to describe the 
dose‑dependent protective effects of resveratrol against 
OGD/R‑induced neuronal death and mitochondrial 
dysfunction, elucidate the effect of resveratrol on mitophagic 
activity during OGD/R and to investigate the involvement of 
the PINK1/Parkin pathway in the neuroprotective effects of 
resveratrol in OGD/R. The present results may provide novel 
insight into the neuroprotective mechanisms of resveratrol 
and identify the potential value of resveratrol in protecting the 
brain from I/R damage.

Materials and methods

Preparation of rat cortical cultures. The present study was 
approved by the Ethics Committee of the China Three Gorges 
University (Yichang, China). Cultures of rat cortical neurons 
were prepared as previously described (19). A total of 8 rat 
pups (male; weight, 5‑8 g; age, 1‑2 days; China Three Gorges 
University, Yichang, China) were housed in a vivarium 
that was maintained at a fixed temperature  (22‑23˚C) and 
moisture(70%), with a 12‑h light/dark cycle and free access 
to food and drinking water. All procedures adhered to the 
National Institutes of Health Guidelines for the care and use 
of laboratory animals (20). The rat pups were euthanized by 
carbon dioxide overexposure. Once pups stopped moving 
(including respiration), all pups were sterilized in 75% ethanol 
and decapitated using sharp scissors, then the brains of the 
neonatal rats were removed in a sterile field. The cerebral 
cortex and hippocampus were isolated on ice for the prepa‑
ration of primary astrocytes and neurons, respectively. After 
removing the meninges and blood vessels, the cerebral cortex 
and hippocampus were cut into 1‑mm3 pieces and digested 
with 2 mg/ml papain and 0.05 mg/ml DNase in serum‑free 
medium at 37˚C for 30 min. The tissue suspension was gently 
pipetted to disperse the cells and filtered through a 100‑µM 
sterile filter. Neocortical cells were plated in dishes at 37˚C 
at a density of 4x105  cells/ml in DMEM with 10%  FBS, 
epidermal growth factor (10 ng/ml), penicillin (50 U/ml) and 
streptomycin (50 U/ml; all Sigma‑Aldrich; Merck KGaA). The 
neurons were initially cultured for 2 days (passage 0, day 2; 
P0D2) and subcultured for 4 days (passage 1, day 4; P1D4). 
Neurons at the second passage (P2D4) were used for further 
study.

Cell culture and treatment. Following serum starvation, 
neurons were transferred to hypoxic incubators at 37˚C for 4 h 
containing 1% O2, 5% CO2 and 94% N2 to simulate ischemic 
conditions. For reoxygenation, the hypoxic cells were cultured 
in fresh medium and transferred to a normoxic incubator at 
37˚C for 2 h. Resveratrol in the presence or absence 10 µM 
mitochondrial division inhibitor‑1 (Mdivi‑1) was administered 
immediately prior to reoxygenation.

RNA interference (RNAi) and transfection. Small interfering 
(si)RNAs against PINK1 (siPINK1; 5'GCU​AGU​UAC​AAG​
AGA​ACA​A‑3'), Parkin (siParkin; 5'‑GAA​UAC​AUU​CCC​UAC​
CUC​A‑3') and scrambled siRNA (si‑Control; 5'‑UUC​UCC​
GAA​CGU​GUC​ACG​U‑3') were designed and synthesized by 
Shanghai GenePharma Co., Ltd. A total of 1x106 cells were 
transfected with 50 pg/µl siRNA, miRNA mimic, miRNA inhib‑
itor or corresponding NCs using Lipofectamine® RNAiMAX 
transfection reagent (Thermo  Fisher Scientific, Inc.) and 
harvested 48‑72 h after transfection.

Annexin V‑phycoerythrin (PE) and 7‑aminoactinomycin D 
(7‑AAD) staining. The cells were washed twice with cold 
PBS, then resuspended with 1X  binding buffer. Then, 
100 µl cell suspension was transferred to 5‑ml culture tubes. 
Annexin V‑PE and 7‑AAD (5 µl each; BD Biosciences) were 
added to each tube. The cells were vortexed gently and incu‑
bated for 15 min at room temperature in dark. A total of 400 µl 
1X binding buffer (BD Biosciences) was added to each tube. 
The reaction was performed at room temperature and in the 
dark for 10 min. Flow cytometry (BD Biosciences) was used 
to measure cells and data were analyzed using a FACSCanto II 
flow cytometer (BD Biosciences).

Cell viability assay. Cell survival rate was determined by Cell 
Counting Kit‑8 (CCK‑8; Beyotime Institute of Biotechnology) 
assay. After being grown in 96‑well microplates at a density of 
10,000 cells/well, the cells were treated with hypoxia/reoxy‑
genation (H/R) and/or resveratrol as aforementioned. CCK‑8 
solution (10 µl/well) was added to each well and incubated 
in 5% CO2 at 37˚C for 1 h. The absorbance was measured at 
450 nm. Optical density values were recorded as a ratio to the 
control.

Western blot analysis. Cell extracts were scraped into lysis 
buffer containing 20 mmol/l Tris‑HCl (pH 7.4), 6 mM urea 
and 200 mmol/l potassium chloride with a protease inhibitor 
cocktail (3.6 mmol/l leupeptin, 2.1 mmol/l pepstatin A and 
50 mmol/l phenylmethylsulfonylfluoride) followed by vigorous 
vortexing and cooling on ice for 15 min, followed by 15 min 
centrifugation at 13,000 x g at 4˚C. The protein concentration 
was determined using the Bradford (Thermo Fisher Scientific, 
Inc.) method, according to the manufacturer's instructions. 
The homogenates/lysates were stored at ‑80˚C. Each group 
(20 µg/lane, the volume/lane was kept the same using loading 
buffer) was separated by 10% SDS‑PAGE and transferred to 
PVDF membranes and blocked in TBST (50 mM Tris‑HCl, 
pH  7.5, 150  mM NaCl and 0.2%  Tween‑20) containing 
5% non‑fat milk for 1 h at 37˚C. The antibodies used were as 
follows: Anti‑LC3I/II (1:1,000; cat. no. 3868; Cell Signaling 
Technology, Inc.), anti‑Caspase‑3 (1:1,000; cat. no. 9662; Cell 
Signaling Technology, Inc.), anti‑translocase of outer mito‑
chondrial membrane (TOMM)20 (1:1,000; cat. no. ab186734; 
Abcam), anti‑translocase of inner mitochondrial membrane 
(TIMM)23 (1:1,000; cat.  no.  sc‑13298; Santa Cruz 
Biotechnology, Inc.) and GAPDH (1:4,000; cat. no. GB11002; 
Wuhan Servicebio Technology Co., Ltd.) prior to incubation 
overnight at 4˚C. The blots were then incubated with the 
secondary antibody (1:5,000; cat. no. 7074; Cell Signaling 
Technology, Inc.) at room temperature for 1 h. The experiments 
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were repeated ≥3  times and bands were detected using 
enhanced chemiluminescence (Bio‑Rad Laboratories, Inc.). 
Band densities were semi‑quantified using Gel‑Pro Analyzer 
densitometry software (version 6.3; Media Cybernetics, Inc.).

Mitochondrial function assays. In order to investigate 
mitochondrial superoxide production and membrane poten‑
tial (ΔΨm), the cells were incubated at 37˚C with MitoSOX 
(0.5 µM mol/l; Thermo Fisher Scientific, Inc.) or 50 nmol/l 
tetramethylrhodamine ethyl ester (TMRE; Thermo Fisher 
Scientific, Inc.) for 15 min. Fluorescence images for TMRE 
and MitoSOX were obtained using confocal laser scanning 
microscope (magnification,  x200; Leica TCS SP2; Leica 
Microsystems GmbH). The average fluorescent intensity for 
each group was analyzed with ImageJ software (version 1.41, 
National Institutes of Health).

Immunofluorescence. Imaging studies for GFP‑LC3 were 
performed as previously described (21). Neurons were infected 
with adenovirus encoding GFP‑LC3 (multiplicity of infection 
=20) at 37˚C for 48 h. After 2 days, the samples were fixed 
with 4% paraformaldehyde at 4˚C for 30 min, permeated with 
70% methanol/acetone at 4˚C for 30 min and stained with 
anti‑TOM20 antibody (1:200; cat. no. ab186734; Abcam) at 
4˚C overnight. GFP‑positive cells were selected for observa‑
tion under an inverted fluorescence microscope in order 
to count the number of GFP‑LC3 punctas. One puncta was 
regarded as equal to one autophagosome. The number of 
GFP dots was determined by manual counting the fluorescent 
puncta. The samples were then observed under a fluorescence 
confocal microscope (magnification, x400; LSM510 META; 
Carl Zeiss AG). Mander's overlap coefficient was used to 
quantify the degree of colocalization using Image Pro‑Plus 
software (version 4.5) (22).

Statistical analysis. Data are expressed as the mean ± SEM 
of ≥3  independent repeats. An unpaired two‑tailed t‑test 
was used for comparisons between two groups. ANOVA 
or repeated ANOVA followed by Bonferroni's post  hoc 
test was used to perform multiple comparisons using 
GraphPad Prism® software (version 6.0; GraphPad Software, 
Inc.). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Resveratrol inhibits OGD/R‑induced decrease in cell viability 
and apoptosis. In order to study the neuroprotective effect 
of resveratrol on OGD/R‑injured cells, a cell viability assay 
was first performed. Resveratrol at 1‑30 µM administered 
at the beginning of reoxygenation restored cell viability 
in a concentration‑dependent manner, compared with the 
OGD/R group (Fig. 1A). Flow cytometry was used to quantify 
OGD/R‑induced neuronal apoptosis. Resveratrol inhibited 
OGD/R‑induced apoptosis (Fig. 1B). Similarly, western blot 
analysis revealed that resveratrol treatment significantly 
decreased OGD/R‑induced cleavage of the proapoptotic 
protein caspase‑3 (Fig. 1C). Based on these results, 10 µM 
resveratrol was used for subsequent experiments, as it appears 
to confer a greater protection.

Resveratrol attenuates OGD/R‑induced oxidative stress and 
preserves mitochondrial function. During OGD/R, the levels 
of mitochondrial ROS (i.e. superoxide) increased, whereas 
these changes were attenuated by resveratrol (Fig.  2A). 
Subsequently, the effect of resveratrol on ΔΨm during OGD/R, 
which is a key event during cell death, was examined via 
assessing the intensity of TMRE fluorescence. The data indi‑
cated that resveratrol significantly promoted OGD/R‑induced 
decrease in ΔΨm (Fig. 2B). In summary, these data indicated 
that resveratrol prevented mitochondrial dysfunction in 
neuronal cells following OGD/R.

Resveratrol activates OGD/R‑induced mitophagy. The 
occurrence of mitophagy was detected during OGD/R. 
Immunoblot analysis demonstrated that OGD/R significantly 
increased the levels of the autophagy‑activated biochemical 
marker LC3B‑II. These changes in LC3B‑II during OGD/R 
were associated with a significant decrease in levels of the 
mitochondrial inner membrane proteins TIMM23 and 
TOMM20 (Fig. 3A). Activation of mitochondrial autophagy, 
as well as decrease in mitochondrial mass, are implicated in 
the activation of mitochondrial autophagy (16). Resveratrol 
activated mitophagy, as indicated by changes in LC3B‑II, 
TIMM23 and TOMM20 levels (Fig. 3A). In order to monitor 
mitochondrial autophagy in cortical cells, mitochondria were 
immunostained with anti‑TOM20 antibody and autophago‑
somes were observed with GFP‑LC3 punctate structures. 
Consistently, resveratrol increased the overlap of mitochon‑
dria and autophagosomes in OGD/R‑injured cells compared 
with that in the control group (Fig. 3B). Collectively, these 
results indicated that resveratrol enhanced OGD/R‑induced 
mitochondrial autophagy.

PINK1/Parkin‑mediated mitophagy is involved in the protec‑
tive effects of resveratrol. In order to determine the mechanism 
underlying resveratrol‑induced mitophagy, the effects of the 
PINK1/Parkin pathway, which serves a key role in mitophagy, 
were investigated during OGD/R. The expression levels 
of Parkin and PINK1 were first assessed during OGD/R in 
the presence or absence of resveratrol. The results indicated 
that resveratrol further enhanced the OGD/R‑induced 
increase in PINK1 and Parkin protein expression levels 
(Fig. 4A). Therefore, the focus was placed on PINK1/Parkin 
to elucidate the mitophagy pathway implicated in the neuro‑
protective effects of resveratrol. In order to determine the role 
of PINK1/Parkin, their expression was silenced with specific 
siRNAs. Cells with PINK1 or Parkin knockdown exhibited 
lower mitophagy compared with control siRNA‑transfected 
cells (data not shown). These results revealed that PINK1 and 
Parkin siRNA itself did not affect cell viability and the apop‑
tosis rate (Fig. 4B and C). Consistently, the downregulation of 
PINK1 or Parkin reversed the the improved cell survival and 
decreased apoptosis rate caused by resveratrol in the OGD/R 
group (Fig. 4D and E). Collectively, these results indicated that 
PINK1/Parkin‑mediated mitophagy was responsible for the 
neuroprotective effects of resveratrol.

Mitophagy inhibition blocks the protective effects of 
resveratrol on OGD/R‑injured cells. In order to elucidate the 
contribution of mitophagy to the protective effects of resveratrol 
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Figure 1. Resveratrol protects primary cortical neurons against OGD/R injury. (A) Resveratrol (1‑10 µM) increased cell viability in a concentration‑depen‑
dent manner. Resveratrol inhibited OGD/R‑induced cell apoptosis, as assessed by (B) flow cytometry and (C) western blotting. Data are presented as the 
mean ± SEM (n=3). *P<0.05 vs. the control. #P<0.05 vs. OGD/R. OGD/R, oxygen/glucose deprivation/reoxygenation. 
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against OGD/R injury, the mitophagy inhibitor Mdivi‑1 (23) 
was employed. Mdivi‑1 reversed resveratrol‑inhibited 
mitochondrial production of ROS during OGD/R (Fig. 5A). 
Concurrently, the resveratrol‑protected ΔΨm in simulated 
OGD/R cells was abolished with Mdivi‑1 treatment (Fig. 5B). 
In addition, Mdivi‑1 also reversed the resveratrol‑induced inhi‑
bition of apoptosis and improvement in cell survival following 
OGD/R (Fig. 5C and D). In summary, these data demonstrated 
that enhanced mitophagy served a key role in the neuroprotec‑
tive effects of resveratrol against OGD/R injury. Collectively, 
the present results provided evidence supporting the neuropro‑
tective role of resveratrol during OGD/R, which was mediated, 
at least in part, via enhancing mitophagy.

Discussion

Stroke causes brain injury in millions of individuals world‑
wide each year (24). Although it is known that ischemia causes 

cellular damage, the underlying mechanisms are incompletely 
understood, and there is currently no approved therapy that 
decreases infarct size or neurological disability  (25,26). 
Pharmacological interference is more clinically feasible 
compared with a mechanical approach, as it is easier to imple‑
ment and is less invasive (21). However, the availability of 
effective drugs for the treatment of cerebral IRI is currently 
limited. To the best of our knowledge, the present study is 
the first to demonstrate that resveratrol can protect neurons 
against OGD/R via a mechanism that involves the modulation 
of mitochondrial autophagy. The primary findings were as 
follows: i) Resveratrol concentration‑dependently protected 
neurons against OGD/R injury; ii)  resveratrol protected 
primary neurons from decreased ΔΨm and improved cell 
survival following OGD/R; iii) resveratrol exerted protective 
effects by promoting PINK1/Parkin‑mediated mitophagy. 
These findings demonstrated the role and mechanisms of 
action of resveratrol in neuroprotection against OGD/R injury.

Figure 2. Effects of resveratrol on mitochondrial function and cell death following OGD/R. Representative images and quantification of fluorescence intensity 
of (A) mitochondrial superoxide and (B) TMRE in control and OGD/R‑injured cells. Scale bar, 50 µm. Data are presented as the mean ± SEM (n=3). *P<0.05 
vs. the control. #P<0.05 vs. OGD/R. OGD/R, oxygen/glucose deprivation/reoxygenation; TMRE, tetramethylrhodamine ethyl ester. 
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Resveratrol is found in red wine and numerous edible 
plants, including grapes, peanuts and plums (10). Resveratrol 
has been demonstrated to have a number of biological 

functions, such as antiaging, anti‑inflammatory, antioxidant, 
anticancer and antiapoptotic properties (27). The resvera‑
trol‑rich Mediterranean diet significantly decreases the risk 

Figure 3. Effects of resveratrol on mitophagy induction following OGD/R in primary cortical neurons. (A) Representative immunoblots and data for LC3 and 
mitochondrial markers, including TOMM20 and TIMM23, as determined by western blotting. GAPDH was used as the loading control. (B) Representative 
immunostaining of cells for LC3B (green) and mitochondria with anti‑TOM20 (red). Scale bar, 10 µm. Data are presented as the mean ± SEM (n=3). *P<0.05 
vs. the control. #P<0.05 vs. OGD/R. OGD/R, oxygen/glucose deprivation/reoxygenation; TOMM, translocase of outer mitochondrial membrane; TIMM, 
translocase of inner mitochondrial membrane. 
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of cardiovascular disease  (28). Resveratrol pretreatment 
before ischemic brain injury decreases the loss of neurons 
and infarct size (29). In addition, resveratrol administration 
at 6  h after ischemia or reperfusion can also effectively 
decrease infarct size (30). These results provide a basis for 

the clinical application of resveratrol in the prevention and 
treatment of acute ischemic stroke. However, the exact under‑
lying molecular mechanism is unclear. The present research 
indicated that resveratrol protected mitochondrial function 
and improved the cell survival rate when administered at the 

Figure 4. Effect of resveratrol on the PINK1/Parkin pathway in primary cortical neurons. (A) Expression levels of PINK1 and Parkin in OGD/R in the presence 
or absence of resveratrol were detected by immunoblotting. Effects of PINK1 or Parkin knockdown on the (B) viability and (C) apoptosis of control cells. 
Effects of PINK1 and Parkin silencing on (D) viability and (E) apoptosis of neurons subjected to OGD/R simulation. Data are presented as the mean ± SEM 
(n=3). *P<0.05 vs. the control. #P<0.05 vs. OGD/R. OGD/R, oxygen/glucose deprivation/reoxygenation; PINK1, phosphatase and tensin homolog‑induced 
kinase 1; si, small interfering; NC, negative control. 
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beginning of reoxygenation, but the underlying mechanism 
remains elusive.

The balance between mitochondrial autophagy and 
biogenesis is a determinant of cell function disorder and 
disease (31,32). The role of mitophagy in organ ischemic disease 
has been controversial  (33‑36). Mitochondrial autophagy 
is a selective form of autophagy that removes unwanted or 
damaged mitochondria  (37,38). PINK1/Parkin‑mediated 
induction of mitophagy and its protective effects have been 
demonstrated in cerebral ischemia (39‑41). However, little is 
known regarding the role of mitophagy in resveratrol‑induced 
neuroprotection. The findings of the present study may provide 
novel insights into the underlying mechanisms of resveratrol 
and potential prevention strategies. It was observed that 
resveratrol activated PINK1/Parkin‑mediated mitochondrial 
phagocytosis in primary cortical neurons, but further studies 
are required to elucidate the underlying mechanisms.

In summary, the present study demonstrated that resvera‑
trol may be administered at the onset of reoxygenation and 
exerts neuroprotective effects that are partly mediated by 
activating the PINK1/Parkin signaling pathway in primary 
cortical neurons. Further research is required to elucidate 

the exact mechanism of neuroprotection of resveratrol and to 
determine the potential role of resveratrol in the treatment of 
cerebral ischemia.
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