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Abstract. Reperfusion is a critical therapeutic intervention 
used following acute ischemic stroke; however, it may cause 
cerebral ischemia/reperfusion injury (CIRI) and aggravate 
brain damage. Piceatannol (Pic), a hydroxylated analog of 
resveratrol, has been reported to exhibit anti‑inflammatory 
effects. However, the detailed molecular mechanisms and its 
effects on CIRI have not been sufficiently assessed, and, to the 
best of our knowledge, current methods of prevention of CIRI 
are limited. The aim of the present study was to investigate 
the effects of Pic on improving neurological function in a 
mouse model of CIRI. For the animal experiments, 8‑week‑old 
C57BL/6 mice were raised and randomly grouped, and an 
in vivo model of CIRI was established. Mice were administered 
a low (10 mg/kg/day) or high‑dose (20 mg/kg/d) of Pic 1 h after 
CIRI orally and once daily for the next 6 days. Neurological 
dysfunction was assessed using a modified neurological 
severity score and a rotarod test 1 week after CIRI establish-
ment, and the cognitive status of the mice was assessed using 
a Morris water maze. Hematoxylin and eosin staining was 
used to evaluate the histopathological changes. The expression 
levels of sirtuin 1 (Sirt1), FoxO1, cleaved caspase‑3 (CC‑3), Bax 
and Bcl‑2 were measured using western blotting. Intracellular 
reactive oxygen species (ROS) generation, antioxidant 
enzymes [superoxide dismutase, glutathione (GSH) peroxidase 
and catalase] and non‑enzymatic antioxidants (GSH) were 
also detected using spectrophotometry. After inhibition of the 
Sirt1/FoxO1 pathway, a TUNEL assay was used for the detec-
tion of apoptotic cells in vitro and in vivo. The co‑localization 

of neuron‑specific nuclear protein and CC‑3 was assessing 
using immunofluorescent staining. Pic improved neurological 
functions and ameliorated hippocampal neuronal pathology 
following CIRI. In addition, the expression levels of CC‑3 and 
Bax and intracellular ROS levels were increased, while levels 
of antioxidant and non‑enzymatic enzymes were decreased in 
the mouse model of CIRI. Low and high doses of Pic signifi-
cantly decreased ROS production and the expression levels of 
apoptosis‑related proteins, but increased antioxidant enzyme 
levels. However, a high‑dose of Pic did not result in increased 
levels of non‑enzymatic enzymes. Furthermore, low and high 
doses of Pic treatment significantly activated the Sirt1/FoxO1 
pathway. Following inhibition of the Sirt1/FoxO1 pathway, 
the percentage of TUNEL‑positive cells and expression of 
CC‑3 were increased, and CC‑3 was enriched in neurons. The 
antioxidant effects of Pic were blocked by inhibition of Sirt1 
in vitro and in vivo. In conclusion, these results suggested that 
Pic may exert a neuroprotective effect against in hippocampal 
neurons via the Sirt1/FoxO1 pathway.

Introduction

Ischemic stroke refers to cerebral ischemia due to occlusion 
of a cerebral blood vessels, and has a high rate of mortality 
and morbidity  (1). A cross‑sectional study conducted in 
2012‑2013 demonstrated that the age‑standardized incidence 
for stroke in China were 247/100,000 (95% CI, 211‑283), and 
ischemic stroke accounted for ~60% among new‑onset stroke 
patients  (2). According to the ‘China Health and Family 
Planning Statistical Yearbook 2016’ (3), in 2015, the mortality 
of ischemic stroke was about 46.99 in 100,000 in the rural 
areas and 41.82 in 100,000 in the urban areas of China. The 
hippocampal injury is aggravated due to the lack of blood flow 
and oxygen deprivation, and cerebral ischemia/reperfusion 
injury (CIRI) is caused by subsequent restoration of blood 
flow (4). The mechanisms underlying the occurrence of CIRI 
are complicated and involve interactions between multiple 
factors. For example, CIRI causes tissue hypoxia, leading to 
reduced mitochondrial ATP synthesis, ion channel disorder, 
impaired enzyme activity and redox imbalance. These 
effects in turn may affect brain tissue oxygen uptake  (5). 
In addition, the pathophysiological processes of CIRI are 
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complicated, involving oxidative stress, inflammation, apop-
tosis and excitotoxicity (6‑8). With the interruption in cerebral 
blood flow, accumulation of glutamate  (Glu) is observed, 
and Glu‑induced excitotoxicity involves consumption of 
intracellular glutathione (9). Along with the depletion of the 
endogenous antioxidant glutathione, excessive reactive oxygen 
species (ROS) accumulation can occur, resulting in increased 
oxidative stress (10). Severe oxidative stress may induce DNA 
damage and cell apoptosis, which affects neurological func-
tion (9). Therefore, the development of novel and effective 
antioxidants or therapeutic strategies to maintain the cellular 
redox homeostasis is urgently required.

Piceatannol (Pic), a natural stilbene found primarily in 
seeds, wines and fruits (11), has been reported to exhibit multiple 
protective effects on a variety of diseases, such as metabolic 
cardiomyopathy and ischemic cardiomyopathy (12,13). An 
increasing number of studies have revealed that Pic serves a 
crucial role in regulating a variety of physiological processes 
due to its anti‑inflammatory capacity and potent antioxidant 
properties  (14,15). Additionally, Pic has been shown to 
participate in a variety of physiological and pathophysiological 
processes through the modulation of a range of pathways, 
which enables cells to respond to a diverse array of stimuli. Pic 
inhibited oxidative stress by activating the PI3K/Akt pathway, 
ultimately alleviating macular retinal pigment epithelial cells 
degeneration in mice in age‑related macular degeneration (11). 
Moreover, Pic alleviated inflammation and oxidative stress by 
regulating the Nrf2/HO‑1 and NF‑κB pathways in diabetic 
cardiomyopathy (13).

The sirtuin 1 (Sirt1)/FoxO1 pathway is a vital signaling 
pathway considered to be involved in regulating oxidative 
stress, the inflammatory reaction and apoptosis (16). A recent 
in vitro study observed that activation of the Sirt1/FoxO1 
pathway can alleviate neuron injury in an oxygen‑glucose 
deprivation/reperfusion model, which may be due to the 
antioxidant activity and anti‑apoptotic effects of the down-
regulation of this pathway (17).

Previous studies have reported that the beneficial effects 
of Pic may be due to the action of Sirt1, which contributes 
to upregulation of the antioxidative and anti‑apoptotic 
factors against early‑stage nephropathy and hepatic inflam-
mation (18,19). Although Pic has been demonstrated to exert 
protective properties in several cell types and different disease 
processes, such as diabetic cardiomyopathy and diabetic 
cardiomyopathy  (12,13), to the best of our knowledge, no 
studies have further examined its effects on CIRI, as well as 
the potential underlying molecular mechanisms. Furthermore, 
neuronal apoptosis, which has also been proposed as an impor-
tant mechanism affecting neurologic function, may serve an 
important role in the pharmacodynamic processes (20). In 
combination with other evidence, the present study aimed to 
investigate the antioxidative stress damage and anti‑apoptotic 
capability of Pic in vitro and in vivo, as well as to identified the 
possible involvement of certain signaling pathways.

Materials and methods

Animals and CIRI model. The animal experiments were 
approved by the Ethics Committee of Tangshan Gongren 
Hospital (approval no. GRYY‑LL‑2019‑13). For the experiments, 

male C57BL/6 mice (age, 8 weeks; weight, 20‑25 g; 60 mice 
in total) were obtained from the Experimental Animal Center, 
North China University of Science and Technology. The mice 
had free access to food and water throughout the entirety of 
the trial. The housing conditions were as follows: 20‑24˚C, 
12 h light/dark cycle and 50±10% humidity.

Mice underwent a middle‑cerebral artery occlusion 
(MCAO) model of CIRI as previously described (21). Briefly, 
mice were anesthetized via intraperitoneal injection of sodium 
pentobarbital (50 mg/kg). During this stage, the body tempera-
ture of mice was maintained at 36.5‑37.5˚C. Regional cerebral 
blood flow  (rCBF) of each mouse was monitored using a 
Laser‑Doppler flowmeter (Moor Instruments, Ltd.). A right side 
incision in the mouse was performed and the carotid arteries 
were separated, including the common carotid artery (CCA), 
external carotid artery and internal carotid artery (ICA). After 
carefully ligating the right CCA with a microclip, a silk thread 
was inserted into the stump of the ICA. The monofilament was 
then advanced ~12 mm so that its distal end came to rest across 
the origin of the MCA. In order to minimize the differences in 
CIRI degree, performance of the MCAO surgery was regarded 
as successful if rCBF was decreased abruptly by 70‑80%. 
After obturating blood flow for 60 sec, the monofilament was 
then removed to re‑establish carotid blood flow. Apart from 
Laser Doppler flowmetry, Longa's neurological scoring (22) 
was used to determine whether the MCAO model was success-
fully established. The animals with a score of 1‑3 after MCAO 
were included for analysis. Given the inconsistencies between 
vascular occlusion degree and CIRI symptoms, mice with 
no or slight neurological deficit were excluded. The Sham 
group underwent only dissociation of carotid arteries without 
inserting a monofilament.

During the course of establishment of the CIRI model, 
mortality occurred in two mice due to disease conditions. The 
mortality was lower compared with previous estimates, which 
reported mortality rates up to ~10% (21). After the model was 
successfully established, MCAO mice were randomly divided 
into CIRI, low‑dose Pic and high‑dose Pic groups using a 
random‑number table, with 14 to 15 mice in each group.

Experimental groups and treatment. C57BL/6 J mice were 
randomly divided into four groups: Sham, CIRI, low (L)‑dose 
Pic treatment (10 mg/kg/day) and high (H)‑dose Pic treatment 
(20 mg/kg/day). Pic was purchased from Selleck Chemicals 
(cat. no. S3026) and suspended in 0.3 ml 0.5% carboxymethyl 
cellulose solution prior to use. Mice were orally administered 
L‑and H‑doses of Pic 1 h after establishment of CIRI, and 
once daily for the next 6 days. Mice in the Sham and CIRI 
group were treated with 0.3 ml 0.5% carboxymethyl cellulose 
solution by oral administration. After treatment, behavioral 
performance and pathological changes in brain hippocampal 
tissues of mice were detected using a sequential process.

Ex‑527 (cat. no. E7034; Sigma‑Aldrich; Merck KGaA), a 
Sirt1 inhibitor, was used for subsequent experiments. An addi-
tional 60 mice were randomly assigned to the Sham, CIRI, 
CIRI + Pic treatment (20 mg/kg/day) and CIRI + Pic + Ex‑527 
groups. A total of 10 µg Ex‑527 was dissolved in a 5 µl mixture 
of DMSO and normal saline before use. Subsequently, Ex‑527 
(10 µg) was administered via intracerebroventricular injection 
1 h before MCAO. Mice were placed in a stereotactic device 
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after anesthetization. In accordance with the stereotaxic atlas 
of Paxinos and Watson (23), injections were made into the left 
lateral brain ventricle (lateral, 1.3; dorsoventral, 4.0; antero-
posterior, ‑0.92 from Bregma and skull) using a stainless‑steel 
guide cannula. When the guide cannula was 1‑cm above the 
skull, it was secured using dental acrylic. If no anomalies were 
found, a stainless‑steel needle, with a diameter of 0.4 mm, 
was inserted directly into the lateral ventricle along the guide 
cannula. Mice in the Sham and CIRI group were treated with 
0.3 ml of 0.5% carboxymethyl cellulose solution by oral and 
5 µl mixture of DMSO and normal saline via intracerebroven-
tricular injection.

Rotarod performance test. In order to measure the effects of 
the drugs on vestibulomotor function, an accelerating auto-
mated rotarod test (RotaRod Treadmill; TSE Technical and 
Scientific Equipment) was used. Each mouse performed three 
trials per day. Mice were placed on a rotating rod that acceler-
ated from 5‑40 rpm during the 5‑min experimental trial. Data 
obtained before the onset of MCAO were regarded as baseline 
values. Assessment of motor function was obtained at days 1‑5 
after CIRI. As the rotation velocity increased, the average time 
until the mice fell twice from the rotating drum was recorded 
manually.

Morris water maze (MWM) test. In order to determine the 
spatial learning and memory ability of the mice, MWM test 
was performed 1 week after completion of Pic treatments. The 
mice were placed in a round water pool (diameter=150 cm; 
height=50 cm) and allowed to swim freely in the water for 
5 min at the start of the positioning navigation test. A hidden 
platform was set in the central area of the target quadrant. At 
a fixed time of each training day, mice were placed inside the 
tank to locate the hidden platform. At a designated starting 
point in a different quadrant of the maze, each mouse was 
placed randomly into the water. If the mouse succeeded in 
mounting the hidden platform during the navigation test, the 
mouse would be manually placed on the platform for 15 sec 
before proceeding to the next training session.

The spatial exploration test, in which the hidden platform 
was removed, was performed on the 5th day of the experiment. 
Mice were placed gently into the pool at the same, randomly 
chosen training points and the residence time of each mouse 
in the target quadrant was recorded as ‘target quadrant time’. 
Performance was recorded using a video camera connected to 
tracking equipment from HVS Tracking System Ltd.

Neurological score. Modified neurological severity score 
(mNSS) grades the composite neurological function of mice 
on sensory, motor, reflex and beam balance tests. The mNSS 
score was assigned as previously described (24). In the present 
study, neurological functional measurement was performed on 
mice within 1 week after CIRI establishment using the modi-
fied mNSS. A higher score indicated worse neural defects 
(least severe=0; most severe=18).

Hematoxylin and eosin (H&E) staining. Briefly, after anes-
thetization and transcardial perfusions, the mice were rapidly 
executed via decapitation and hemispheres were removed. 
After fixing using 5% neutral buffered formalin for 7 days at 

room temperature, the tissues were sliced into 4‑µm sections. 
The sample slices were stained with hematoxylin for 2 min 
and with eosin for 30 sec. An optical microscope (Olympus 
Corporation; magnification, x400) was used to detect the 
histological changes in the hippocampal tissues.

Western blotting. Hippocampal tissues were lysed using 
RIPA lysis buffer (Thermo Fisher Scientific, Inc.). Protein 
concentrations were determined using a BCA assay (OriGene 
Technologies, Inc.). A total of 25 µg extracted protein was 
loaded on a 12% SDS‑gel, resolved using SDS‑PAGE and elec-
trophoretically transferred to a PVDF membrane (Bio‑Rad 
Laboratories, Inc.). The membranes were blocked using 5% 
non‑fat milk for 1.5 h at room temperature. Subsequently, 
the membranes were washed three times with PBS/0.2% 
Tween‑20 (PBST) for 3 min each time, and incubated over-
night at 4˚C with rabbit anti‑mouse antibodies. The primary 
antibodies used were: Bcl‑2 (cat. no. ab196495; 1:1,000; rabbit 
polyclonal; Abcam), Bax (cat. no. ab32503; 1:1,000; rabbit 
monoclonal; Abcam), CC‑3 (cat. no. ab49822; 1:1,000; rabbit 
polyclonal; Abcam), Sirt1 (cat. no. ab189494; 1:1,000; rabbit 
monoclonal; Abcam), FoxO1 (cat. no. ab52857; 1:1,000; rabbit 
monoclonal; Abcam) and β‑actin (cat. no. ab8227; 1:1,000; 
rabbit polyclonal; Abcam). After washing three times for 
5 min using PBST, the PVDF membranes were incubated 
with IRDye® 800CW goat anti‑rabbit IgG secondary antibody 
(cat. no. ab216773; 1:10,000; Abcam) at room temperature 
for 2 h. Signals were visualized using enhanced chemilumi-
nescent reagent (Bio‑Rad Laboratories, Inc.). Densitometry 
analysis was performed using ImageJ (Image Lab 4.1; National 
Institutes of Health).

Reverse‑transcription quantitative PCR (RT‑qPCR). Cellular 
RNA extraction was performed using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol. A PrimeScript™ RT reagent 
kit (cat. no. RR037A; Takara Bio, Inc.) was used for cDNA 
generation. The RT reactions were performed at 37˚C for 
15 min, 85˚C for 5 sec, then 4˚C for cooling. The RT‑qPCR 
was conducted with the TB  Green® Premix Ex Taq™  II 
kit (cat. no. RR820A; Takara Bio, Inc.) in a 20‑µl reaction 
containing 10 µl 2X TB Green Premix Ex Taq II (Tli RNaseH 
Plus), 0.8 µl forward primer (10 µM), 0.8 µl reverse primer 
(10 µM), 2 µl template DNA and 6.4 µl ddH2O. The thermo-
cycling conditions for RT were 37˚C for 30 min followed by 
inactivation at 95˚C for 1 min. This was followed by 40 cycles 
of two‑step PCR; 95˚C for 18 sec and 60˚C for 55 sec, with 
a final extension step at 72˚C for 2.5 min, and subsequent 
holding at 4˚C. All experiments were repeated ≥3 times. The 
sequences of the primers were: β‑actin forward, 5'‑TGA​CGT​
GGA​CAT​CCG​CAA​AG‑3' and reverse, 5'‑CTG​GAA​GGT​
GGA​CAG​CGA​GG‑3'; CC‑3 forward, 5'‑GAG​CAC​TGG​AAT​
GTC​ATC​TCG​CTC​TG‑3' and reverse, 5'‑TAC​AGG​AAG​TCA​
GCC​TCC​ACC​GGT​ATC‑3'; Bax forward, 5'‑GTT​GCC​CTC​
TTC​TAC​TTT​GC‑3' and reverse, 5'‑ATG​GTC​ACT​GTC​TGC​
CAT​G‑3'; Bcl‑2 forward, 5'‑GGT​CCT​CCA​GTG​GGT​ATT​
T‑3' and reverse, 5'‑TCC​TCC​TGA​GAC​TGC​CTT​AT‑3'; Sirt1 
forward, 5'‑AAT​CCA​GTC​ATT​AAA​CGG​TCT​ACA​A‑3' and 
reverse, 5'‑TAG​GAC​CAT​TAC​TGC​CAG​AGG‑3'; and FoxO1 
forward, 5'‑TTG​GAT​TCC​TGC​CTG​CTG​AT‑3' and reverse, 
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5'‑CGC​TTC​TTG​GGT​TGAT​CTA​G‑3'. β‑actin was used as the 
internal control. The 2‑ΔΔCq method was used to measure the 
relative gene expression (25).

ROS, antioxidant enzymes and non‑enzymatic antioxidant 
detection. The procedures for detecting ROS production were 
based on the protocols provided by Applygen Technologies, 
Inc. (cat.  no. C1300). After the hippocampal tissues were 
homogenized in 100 mM sodium phosphate buffer (1:20), the 
homogenate was centrifuged at 1,000 x g for 10 min at 4˚C. 
A total of 10 µl 1 mM dichlorodihydrofluorescein diacetate 
was added to the supernatant. Fluorescence intensity was 
quantified after 30 min of incubation at 37˚C using a fluo-
rospectrophotometer (excitation, 500 nm; emission, 525 nm).

In the antioxidant enzymes system, superoxide dismutase 
(SOD) activity was determined spectrophotometrically using 
a SOD assay kit (Cayman Chemical Company) according to 
the manufacturer's protocol. At the beginning of the reaction, 
20 µl xanthine oxidase was injected into each well. The cells 
were incubated for 20 min at room temperature. According 
to the manufacturer's instructions (cat. no. A007‑1‑1; Nanjing 
Jiancheng Bioengineering Institute), catalase (CAT) activity 
was determined using the ammonium molybdate spec-
trophotometric method, which is based on the decreased 
absorbance due to consumption of H2O2  (26). Glutathione 
peroxidase (GSH‑Px) activity was measured as described 
by Hafeman  et  al  (27) in accordance with the manufac-
turer's instructions (cat.  no.  A005‑1‑2; Nanjing Jiancheng 
Bioengineering Institute). GSH‑Px degrades H2O2 in the 
presence of GSH, which results in the decline of GSH. The 
remaining GSH reacts with 5,5'‑dithiobis‑2‑nitrobenzoic 
acid (28). Absorbance was measured spectrophotometrically 
at 440‑460 nm for SOD, 405 nm for CAT and 412 nm for 
GSH‑Px at the end of reaction on a microplate reader (Infinite 
200; Tecan Systems, Inc.).

For the non‑enzymatic antioxidant system, homogenate 
preparation of hippocampal tissue was performed as described 
previously by Hissin and Hilf (28), and decreased GSH content 
was detected. After mixing with 5% metaphosphoric acid, the 
supernatant was centrifuged at 2,000 x g for 2 min at 4˚C. 
Subsequently, Tris‑HCl buffer (0.26 M; pH 7.8), 0.65 N NaOH 
and O‑phthalaldehyde (1 mg/ml) was added, and the super-
natant was left in the dark for 15 min at 4˚C. A fluorescent 
microplate reader (Infinite 200; Tecan Systems, Inc.) was used 
to detect the fluorescent intensity with an excitation wavelength 
of 320 nm and emission wavelength of 420 nm.

TUNEL staining for detection of neuronal apoptosis. 
Detection of neuronal apoptosis was performed as described 
previously (29). For brain tissue specimen collection from the 
cerebral ischemic area, mice were transcardially perfused with 
cold PBS followed by 4% paraformaldehyde in 0.1 M phosphate 
buffer. Subsequently, brain tissues were extracted and fixed 
with 5% neutral buffered formalin for 7 days at room tempera-
ture. The specimens were dehydrated with gradient ethyl 
alcohol solutions and embedded in paraffin for 2 h. TUNEL 
staining was performed using a TUNEL Apoptosis Assay Kit 
(cat. no. C1088; Beyotime Institute of Biotechnology). After 
sectioning, 5‑µm sections were deparaffinized and rehydrated. 
Following washing twice in 0.1 M PBS (2x5 min), the sections 

were incubated with 10 µg/ml Proteinase K working solution 
(pH 7.5‑8.0) for 15 min at 37˚C. Then, tissues were rinsed 
again in PBS, and the slices were stained with green fluores-
cein‑labeled dUTP solution for 10 min at room temperature. 
Finally, the sections were mounted with Vectashield® mounting 
medium containing DAPI for nuclear labeling for 5 min at 
room temperature (Vector Laboratories, Inc.). Using a fluores-
cence microscope (Olympus Corporation), TUNEL‑positive 
cells that exhibited green fluorescent granules were detected. 
For quantification, five randomly selected fields of view were 
selected (magnification, x400). The percentage of TUNEL 
positive cells per mm2 was determined. The apoptotic ratio is 
expressed as the percentage of the TUNEL‑positive apoptotic 
neurons to the total number of DAPI stained neurons.

Immunofluorescence analysis. Hippocampal tissues were 
harvested and dehydrated with 15 and 30% gradient sucrose 
at 4˚C. Tissues were frozen, embedded in OCT compound 
(Sakura Finetek Japan, Co., Ltd.), then cut to 15‑µm frozen 
sections. After processing with 0.4% Triton  X‑100 for 
10  min, the frozen sections were blocked in 10% normal 
donkey serum (cat. no. ab138579; Abcam) for 1 h at room 
temperature. The sections were subsequently incubated with a 
mixture of primary CC‑3 antibody (cat. no. ab49822; 1:1,000; 
Abcam) and neuronal nuclei (NeuN) monoclonal antibody 
(cat. no. ab177487; 1:1,000; Abcam) at 4˚C overnight. Then, 
the cells were incubated for 1 h at 37˚C with Alexa Fluor® 488 
goat anti‑rabbit IgG secondary antibodies (cat. no. ab150077; 
1:1,000; Abcam) the following day. Neurons were counter-
stained with DAPI for 10 min at room temperature. Confocal 
fluorescence images were acquired using an Olympus F1000 
laser scanning confocal fluorescence microscope (magnifica-
tion, x400).

Primary hippocampal neuron culture. The embryos of 17‑day 
pregnant Sprague‑Dawley rats (10 g) were used for primary 
hippocampal neuron culture studies. The pregnant rats 
(3 months old, 280‑350 g) were housed in individual cages 
and maintained on a 12‑h light/12‑h dark cycle at 22±2˚C and 
65% humidity. All rats were allowed to take food and water 
ad libitum. The pregnant rats with embryos were anesthetized 
with isoflurane inhalation at dose of 4.5% for induction and 
2.5% for maintenance. Pregnant rats were euthanized via 
cervical dislocation after the fetuses were removed. The 
fetuses were euthanized by CO2 inhalation and rapid decapita-
tion (30). All efforts were made to minimize animal suffering. 
The skull was cut and opened by cutting along the midline 
with scissors. Following quick removal from the skull, hemi-
spheres were separated and hippocampi were dissected on ice. 
Then, the hippocampi were cut into pieces and digested with 
trypsin (0.25%; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C 
for 15 min. The digested tissues were filtered and centrifuged 
at 1,500 x g for 5 min at 4˚C, and the remaining cell pellet 
was resuspended with medium containing 92% Neurobasal 
medium, 5% FBS (cat. no. 16140063; Gibco; Thermo Fisher 
Scientific, Inc.), 2% B27, 1% Glu and 2 µl gentamicin. Cells 
were seeded at a density of 1‑5x105/ml in 6‑well plates for 24 h, 
arabinosylcytosin (10 mg/l) was added after 72 h at 37˚C to 
prevent the growth of non‑neuronal cells and the medium was 
subsequently half changed every 3 days.
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Glu‑mediated excitotoxicity model and Pic treatment groups. 
After 7 days of culture, primary hippocampal neurons were 
washed with Mg2+‑free extracellular solution followed by 
exposure to 100  mM Glu (Sigma‑Aldrich; Merck KGaA) 
for 5 min at room temperature in HEPES buffer containing 
140 mM NaCl, 3.0 mM KCl, 2.0 mM CaCl2, 1.0 mM NaH2PO4, 
4.2 mM NaHCO3, 10.0 mM glucose and 10.0 mM HEPES. 
Control group neurons were immersed in HEPES buffer for 
the same period. After washing, cultures were returned to 
the previous medium. Pic was dissolved in DMSO, such that 
the final DMSO concentration was <0.1%. The experimental 
groups were: Control, Glu, Pic + Glu and Pic + Glu + Sirt1‑
small‑interfering (si)RNA. Neurons transfected with control 
vector, were considered as the negative control group. An 
equivalent volume of DMSO was added at the same time point 
in the Control and Glu groups. A Cell Counting Kit‑8 (CCK‑8) 
assay (MedChem Express) was used to observe the optimal 
concentration and treatment period of Pic.

Cell viability assay. CCK‑8 assays were used to investigate the 
optimal drug concentration of Pic for subsequent experiments, 
based on the cell viability of primary hippocampal neurons. 
Cell viability test was performed using a CCK‑8 Kit according 
to the manufacturer's instructions (cat. no. CK04; Dojindo 
Molecular Technologies, Inc.). Briefly, following Glu treat-
ment, primary hippocampal neurons were plated at a density 
of 1x104‑105 cells/well in a 96‑well plate in triplicate. Neurons 
were cultured in a CO2 incubator at 37˚C for 24 h, and treated 
with different concentrations of Pic (0.01, 0.1, 1, 10 or 100 mM) 
at 37˚C for 12, 24 or 48 h. Subsequently, 10 µl CCK‑8 solution 
was added to each well for 2 h. Cell viability was analyzed 
using spectrophotometry at 450 nm in a microplate reader.

Transfection of siRNA. Neurons were grown in 6‑well plates 
for 24  h and then transfected with Sirt1‑siRNA (50  nM) 
for 12 h using Lipofectamine 2000™ (Invitrogen; Thermo 
Fisher Scientific, Inc.). Cells were transfected for 48 h, then 
used for subsequent experiments. Sirt1‑specific siRNA and 
negative control (NC) siRNA were synthesized by Shanghai 
GenePharma Co., Ltd. Sirt1‑siRNA sequences synthesized for 
rat neurons were as follows: Sense, 5'‑GCG​AUG​UUA​UAA​
UUA​AUG​Att‑3' and antisense, 5'‑UCA​UUA​AUU​AUA​ACA​
UCG​Cag‑3'. Neurons treated with NC siRNA were used as 
the NC group. The NC forward sequence used was 5'‑UUC​
UCC​GAA​CGU​GUC​ACG​UTT‑3', and reverse sequence was 
5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'. The transfection 
effect of siRNA was confirmed western blot. The molecular 
mass of Sirt1 was determined by running purified protein 
on 12% SDS‑PAGE with standard molecular weight protein 
marker (Bio‑Rad).

Statistical analysis. Data are presented as the mean ± SD, and 
were analyzed using SPSS version 23.0 (IBM, Corp.). Each 
experiment was performed a minimum of three times. Results 
of the rotarod performance test, mNSS and oriented naviga-
tion trials in MWM test were analyzed using a two‑way mixed 
model ANOVA with Sidak's post hoc test. All other data were 
analyzed using a one‑way ANOVA with Tukey's post hoc test 
for multiple comparisons. P<0.05 (two‑sided) was considered 
to indicate a statistically significant difference.

Results

Pic administration ameliorates CIRI‑induced neurological 
deficits. The rotarod performance test, MWM test and mNSS 
provide a more synthetic evaluation of neurological functions 
following CIRI (31). The rotarod latencies of the CIRI mice 
were significantly shorter compared with that of the mice in 
the Sham group (P<0.05; Fig. 1A), whereas a L‑dose of Pic 
significantly increased rotarod latencies compared with the 
CIRI group (P<0.05). There was a significant difference in 
rotarod latencies between the Pic‑L group and Pic‑H group 
(P<0.05). mNSS were judged 1 week after CIRI. Mice with 
CIRI demonstrated impaired motor function compared with 
the Sham group (P<0.05; Fig. 1B). By comparison with the 
CIRI group, Pic treatment significantly decreased the mNSS 
and mice exhibited improved neural function in a dose‑depen-
dent manner. Compared with the Sham group, CIRI led to 
notable learning and memory deficits (Fig. 1C); however, 
L‑dose Pic treatment shortened the escape latency after the 
onset of CIRI (P<0.05). Mice in the Pic‑H group exhibited a 
significantly improved performance in the positioning voyage 
test (P<0.05).

After the 4‑day training period, the platform was moved 
away. As illustrated in Fig. 1D, a significant decline in the target 
quadrant time was observed in the CIRI group compared with 
the Sham group, while an increase in target quadrant time was 
observed in the L‑dose Pic treatment groups compared with the 
CIRI group (P<0.05). The performance of mice in the L‑dose 
Pic treatment was improved, compared with the low‑dose 
group (P<0.05). However, there were no significant differences 
in swim speed during the space exploration trials (Fig. 1E).

Pic attenuates pathological injury caused by CIRI. Structural 
changes in hippocampal neurons was observed via H&E 
staining. Hippocampal tissues in the Sham group demonstrated 
normal histology with palely stained neuronal cells and round 
nuclei (Fig. 2A). Compared with the Sham group, various histo-
pathological changes were observed in the CIRI group, such as 
nuclear pyknosis, a decrease in neuronal numbers and neuron 
atrophy (Fig. 2B). When mice were treated with a L‑dose of Pic, 
the number of hippocampal neurons increased and neuronal 
atrophy was alleviated, although it did not reach the level of the 
Sham group (Fig. 2C). Moreover, hippocampal tissues in the 
Pic‑H treated group had less pathological impairment (Fig. 2D).

Pic reverses the increase of ROS levels and decreases the 
levels of antioxidant molecules. CIRI resulted in significantly 
increased ROS generation (P<0.01). By contrast, both L‑ and 
H dose Pic treatment attenuated CIRI‑induced ROS increases 
(Fig. 3A). Moreover, there was a significant decline in the 
activity of SOD (P<0.01; Fig. 3B), CAT (P<0.01; Fig. 3C) and 
GSH‑Px (P<0.05; Fig. 3D) in the CIRI group compared with 
the Sham group. Of note, there was a rapid increase in cellular 
antioxidant enzyme activity in the Pic‑L and Pic‑H treatment 
group in a dose‑dependent manner (P<0.05).

As for the non‑enzymatic antioxidants system, although 
Pic‑L significantly increased GSH content compared with the 
CIRI group (P<0.05), no statistically significant difference 
was observed between the Pic‑L and Pic‑H treatment group 
(P>0.05; Fig. 3E).
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Pic attenuates abnormalities in apoptosis‑related markers 
caused by CIRI. In order to assess neuronal apoptosis in the 
hippocampus, the expression levels of CC‑3, Bax and Bcl‑2 

were examined using western blotting. It was identified that 
there was a significant increase in the expression of CC‑3 
(P<0.01; Fig. 4A) and in the Bax/Bcl‑2 ratio (P<0.01; Fig. 4B) in 

Figure 2. Histological analysis of the effects of Pic on neuronal injury induced by CIRI in mice. Hematoxylin and eosin staining was performed on tissue 
sections from the hippocampal Cornu Ammonis 1 regions (magnification, x400; n=5 per group). (A) Neurons with normal histology were observed in the Sham 
group. (B) Altered neurons characterized by nuclear pyknosis, neurons decrease and neuron atrophy were found in the CIRI group. (C) Neuronal alterations 
were slightly eliminated in the Pic‑L treatment group. (D) Neuronal alterations were significantly eliminated in the Pic‑H treatment group. CIRI, Cerebral 
ischemia‑reperfusion injury; Pic, Piceatannol; L, low; H, high.

Figure 1. Neurological and cognitive function show improvement in Pic‑treated mice following CIRI based on behavioral tests. (A) The vestibulomotor 
performance assessed via rotarod testing was significantly improved in the Pic‑L and Pic‑H group at 1‑5 days after CIRI. (B) Recovery of neurobehavioral 
function based on mNSS. (C) Latency of locating the platform in the Morris water maze during the 4‑day training period. (D) Time spent in target quadrant 
following removal of the platform. (E) There were no significant differences in swim speeds among groups. Data are presented as the mean ± SD (n=7 per 
group). *P<0.05 vs. Sham; #P<0.05 vs. CIRI; &P<0.05 vs. Pic‑L. n=13‑15/group. CIRI, cerebral ischemia‑reperfusion injury; Pic, Piceatannol; L, low; H, high; 
mNSS, modified neurological severity score.
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Figure 3. Pic reverses the increase of ROS and decrease in antioxidant molecules. (A) ROS production was evaluated as a marker of oxidative stress. 
Activities of (B) SOD, (C) CAT and (D) GSH‑Px were detected to measure antioxidant enzymes system. (E) Content of decreased GSH was determined to 
evaluate non‑enzymatic antioxidants system. Data are presented as the mean ± SD (n=5 per group). *P<0.05, **P<0.01 vs. Sham; #P<0.05, ##P<0.01 vs. CIRI; 
&P<0.05 vs. Pic‑L. CIRI, cerebral ischemia‑reperfusion injury; Pic, piceatannol; ROS, reactive oxygen species; SOD, superoxide dismutase; CAT‑Catalase; 
GSH‑Px, glutathione peroxidase; GSH, glutathione; L, low; H, high.

Figure 4. Administration of Pic attenuates CIRI‑induced neuronal apoptosis and the deficit in the Sirt1/FoxO1 pathway. Hippocampal tissues from the mice 
were isolated immediately for western blot analysis, in order to detect the (A) CC‑3, (B) Bax and Bcl‑2 expression levels. (C) RT‑qPCR results identified the 
relative mRNA expression levels of CC‑3 and Bax/Bcl‑2. Western blotting results of the relative expression levels of (D) Sirt1 and (E) FoxO1. (F) RT‑qPCR 
revealed the relative expression of Sirt1 mRNA and FoxO1 mRNA. Data are presented as the mean ± SD (n=5 per group). *P<0.05, **P<0.01 vs. Sham; 
#P<0.05 vs. CIRI; &P<0.05 vs. Pic‑L. CIRI, cerebral ischemia‑reperfusion injury; Pic, piceatannol; Sirt1, sirtuin1; L, low; H, high; RT‑qPCR, reverse transcrip-
tion‑quantitative PCR.
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the CIRI group. A dose‑dependent decrease in CC‑3 expression 
and Bax/Bcl‑2 ratio was observed following treatment with Pic 
(both doses P<0.05). The CC‑3 mRNA expression level and 
Bax/Bcl‑2 mRNA ratio also demonstrated the same trend.

Pic attenuates the deficit in the Sirt1/FoxO1 pathway. 
Significantly lower gene and protein expression levels of 
Sirt1 and FoxO1 were observed in the CIRI group (P<0.01). 
Pic treatment significantly reversed this decrease in Sirt1 and 
FoxO1 expression levels caused by CIRI. Moreover, the higher 
dose of Pic upregulated the Sirt1/FoxO1 signaling pathway to 
a greater degree compared with the Pic‑L treatment group (all 
P<0.05; Fig. 4D and E). The mRNA expression levels of Sirt1 
and FoxO1 also demonstrated the same trend as the protein 
expression changes (Fig. 4F).

Pic decreases CIRI‑induced apoptosis via activation of the 
Sirt1/FoxO1 pathway. The results of the inhibitory effect of 
Ex‑527 on the Sirt1/FoxO1 pathway are presented in Fig. 5A. 
CIRI reduced the expression Sirt1/FoxO1 pathway‑related 

proteins compared with Sham group. Upon addition of Pic, 
the Sirt1/FoxO1 pathway is activated. By contrast, Ex‑527 
counteracted the activation of Sirt1/FoxO1 pathway by Pic. The 
presence of TUNEL‑positive cells was significantly increased in 
the CIRI group compared with the Sham group (Fig. 5B and C). 
Compared with CIRI group, the number of apoptotic hippo-
campal neurons was significantly decreased in the CIRI + Pic 
group (P<0.01; Fig. 5C). Furthermore, the proportion of apop-
totic neurons was significantly increased by addition of Ex‑527 
(P<0.05), compared with the CIRI + Pic group.

Double immunofluorescent staining of CC‑3 and NeuN 
indicated that Pic treatment not only decreased the protein 
expression of CC‑3, but also significantly increased neuronal 
survival of the CIRI mice. However, after administration of 
Ex‑527, apoptosis of hippocampal neurons increased compared 
with the CIRI + Pic group (P<0.05; Fig. 6).

Pic alleviates oxidative damage by modulating the Sirt1/FoxO1 
pathway. After inhibition of the Sirt1/FoxO1 pathway, the 
generation of ROS significantly increased compared with that 

Figure 5. Representative images co‑stained of DAPI (blue) and TUNEL (green) demonstrate the effect of Pic on neuron apoptosis after Sirt1/FoxO1 pathway 
inhibition. (A) Protein expression levels of Sirt1 and FoxO1 were inhibited with the addition of Ex‑527. (B) TUNEL‑positive cells were barely detected in the 
Sham group, but were widely distributed in CIRI group (magnification, x400). Pic (20 mg/kg/day) decreased the number of apoptosis cells, which was blocked 
by Ex‑527. Scale bar, 25 µm. (C) Compared with the Sham group, apoptosis cells were significantly increased in CIRI group. Pic decreased the number of 
TUNEL‑positive cells, whereas Ex‑527 combined with Pic reversed this declining trend. Data are presented as the mean ± SD (n=5 per group). **P<0.01 vs. Sham; 
##P<0.01 vs. CIRI; &P<0.05, &&P<0.01 vs. CIRI + Pic. CIRI, cerebral ischemia‑reperfusion injury; Pic, piceatannol; Sirt1, sirtuin1; L, low; H, high.
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in the CIRI + Pic group (P<0.05; Fig. 7A). Conversely, there 
was a significant decline in the SOD, CAT and GSH‑Px activi-
ties following treatment with Ex‑527 (P<0.05; Fig. 7B‑D), 
suggesting that Pic upregulated cellular antioxidant enzymes 
activity via the Sirt1/FoxO1 pathway.

With regards to the non‑enzymatic antioxidant system, the 
increased GSH content in the CIRI + Pic group was reversed 
by inhibition of the Sirt1/FoxO1 pathway using Ex‑527 
(P<0.05; Fig. 7E).

Inhibiting the activity of the Sirt1/FoxO1 pathway reverses the 
effects of Pic on the apoptotic rate and antioxidant enzymes in 
primary hippocampal neurons. In the in vitro experiments, in 
order to evaluate the functional effects of Pic on neurons treated 
with or without Glu, the effect of different doses of Pic (0.01, 
0.1, 1, 10 or 100 mM) on cell viability was investigated. Glu 
significantly inhibited cell viability at all time points and all 
concentrations of Pic. Compared with the control group, 0.01, 
0.1, 1 and 10 mM PIC significantly promoted neuronal viability, 
irrespective of Glu treatment (P<0.05; Fig. 8A‑B). However, 
100 mM Pic significantly reduced cell viability compared with 
cells treated with 10 mM Pic (P<0.05; Fig. 8A and B). Thus, 
10 mM Pic was used for subsequent experiments. Within 24 h, 
cell viability was increased in a time‑dependent manner, but 
decreased after 24 h (P<0.05; Fig. 8C).

The silencing effect of Sirt1‑siRNA is presented in 
Fig. 8D and E. The rate of apoptosis was defined as the number 
of TUNEL‑positive cells divided by the number of DAPI 
stained cells. The results demonstrated that knockdown of Sirt1 
significantly weakened the protective effects of Pic on hippo-
campal neurons from Glu‑induced apoptosis (Fig. 8F and G). 
Compared with the Glu treated group, the activities of SOD 
and CAT were increased in the Pic + Glu group, and the 

expression of the antioxidant enzymes were decreased when 
Sirt1 expression was knocked down (P<0.05; Fig. 8H).

Discussion

Ischemic stroke is currently a major health concern that is 
considered a worldwide health issue. A large‑scale survey 
in China in 2013 reported that the prevalence of stroke was 
1.114%, and cerebral ischemic stroke accounted for ~70% (2). 
Cerebral artery occlusion may cause a sudden interruption of 
cerebral artery blood supply, leading to cerebral anoxia and 
ROS accumulation (6). Upon restoration of blood flow, cere-
bral oxidative stress results in further aggravation, leading to 
an imbalance between antioxidant defense mechanisms and 
oxidant production, thus causing a disturbance of cell‑survival 
mechanisms and ultimately neurological damage (32,33). In 
the present study, the effects of Pic against oxidative stress and 
neuronal apoptosis in a murine mouse model of CIRI were 
assessed, as well as the possible mechanisms and the involved 
signaling pathways.

Pic belongs to the natural polyphenolic compound family, 
and has been confirmed to be a naturally occurring hydrox-
ylated analogue of resveratrol (34). Due to the similarity in 
the molecular structure with resveratrol, Pic was hypoth-
esized to exert similar pharmacological properties. Previous 
studies reported that Pic possesses a multitude of biological 
properties, such as anti‑cancer, antioxidative and hepato‑ and 
neuroprotective effects (35‑37). It is now well established that 
cell viability increases in a dose‑dependent manner when 
cells are treated with Pic following injury (38). Furthermore, 
Pic can exert its anti‑oxidant effects via the upregulation 
of anti‑oxidant enzymes such as SOD and CAT  (36,39). 
Pic is rapidly metabolized by the liver and is converted 

Figure 6. Immunofluorescence detection of neurons demonstrated that inhibition of the Sirt1/FoxO1 pathway with Ex‑527 diminishes the protective effects 
of Pic on apoptosis neurons. (A) Results of the double immunofluorescent staining identified that CC‑3 was co‑localized with NeuN in the hippocampus. 
Magnification, x400. (B) Quantification of fluorescence intensity. Data are presented as the mean ± SD (n=5 per group). **P<0.01 vs. Sham; ##P<0.01 vs. CIRI; 
&P<0.05, &&P<0.01 vs. CIRI + Pic. CIRI, cerebral ischemia‑reperfusion injury; Pic, piceatannol; CC‑3, cleaved caspase‑3; NeuN, neuronal nuclei; Sirt1, Sirtuin1.
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predominantly into a glucuronide conjugate (40). Thus, it was 
speculated that increasing the concentration of Pic appropri-
ately would increase its antioxidant properties, and this was 
previously confirmed by Yokozawa and Kim (41).

The present study demonstrated that mice with CIRI exhib-
ited an increase in ROS production, accompanied by a decrease 
in the expression of antioxidative enzymes. Pic treatment 
(10 mg/kg/day) decreased the generation of ROS, and this decline 
was significantly higher in the Pic‑H treatment group. Moreover, 
SOD, CAT and GSH‑Px activities, which are used as indicators 
of antioxidant capability, was determined in the present study. 
The activity of SOD, CAT and GSH‑Px was markedly upregu-
lated in both low dose and high dose Pic‑treated mice; animal 
experiments performed by Wen et al (36) and Zhang et al (37) 
also presented the same results. However, it was identified that 
Pic upregulated GSH content in the CIRI mice, but this effect 
was not dose‑dependent. Other study also reported the effects 
of Pic on non‑enzymatic enzyme system, but did not determine 
whether these effects were dose‑dependent  (41). Therefore, 
further study is required to determine the potential molecular 
mechanisms to validate the current findings.

In addition to alleviating oxidative stress, Pic is reported 
to exert anti‑apoptotic properties by downregulating CC‑3, as 
well as maintaining the balance between the apoptosis‑related 
genes Bax and Bcl‑2 (20). The present results suggested that 
low dose and high dose of Pic decreased the expression of 
CC‑3 and Bax/Bcl‑2 at the transcriptional level, but it did 
not reach the levels found in the sham group. Despite limited 
neuroprotection, Pic was able to exert a small but beneficial 
effect on neural survival. It has also been shown that caspases, 
such as C‑9 and C‑3, and poly (ADP‑ribose) polymerase are 

activated by Pic in a dose‑dependent manner  (20,42). The 
present results were consistent with previous study confirming 
the reliability of the effects of Pic (42). However, due to the 
different cell types and intervention methods used, there 
were some inconsistencies with prior studies. For instance, 
Song et al (43) revealed that Pic treatment was able to increase 
tumor apoptosis. In a model of transplanted mammary cancer, 
Pic treatment was able to increase the expression levels of 
Bax and CC‑3, but downregulate Bcl‑2 expression in tumor 
tissues (43). Increased numbers of tumor cells undergo apop-
tosis following Pic treatment, suggesting that Pic inhibits the 
breast tumor growth via the induction of apoptosis (43). Studies 
determining and targeting the potential mechanisms regulated 
by Pic with regards to cell survival are required to examine the 
differences between the present and previous studies.

As for exact mechanism via which Pic exhibits a positive 
role, numerous studies have shown that Pic activates specific 
signaling pathways to exhibit antioxidant activities and 
anti‑apoptotic effects, such as the PI3K/Akt and nuclear factor, 
erythroid 2 like 2/heme oxygenase 1 signaling pathways (13,44). 
Due to the similarity in the structure to resveratrol, Pic was 
speculated to exhibit an active role via similar mechanisms. A 
previous study revealed that Pic and resveratrol both improved 
ischemia and anoxia via upregulating HIF‑1α expression, and 
downregulating c‑Myc, egl‑9 family hypoxia inducible factor 1 
and β‑catenin expression levels via the activation of Sirt1 (45). 
The NAD+‑dependent protein deacetylase Sirt1 serves a crit-
ical role in the inhibition of oxidative stress and suppression 
of apoptosis along with downstream signaling of the FoxO1 
pathway (46). In the present study, Pic enhanced antioxidant 
activity and suppressed apoptosis in a dose‑response manner, 

Figure 7. Inhibition of the Sirt1/FoxO1 pathway reverses the decrease of ROS and increase in antioxidant molecules. (A) Pic treatment caused a decrease of 
ROS production in the neurons, whereas inhibition of the Sirt1/FoxO1 pathway could significantly reverse Pic treatment‑induced ROS reduction. Antioxidant 
enzymes systems, (B) SOD, (C) CAT and (D) GSH‑Px, and the non‑enzymatic antioxidants system, (E) reduced GSH, were also declined after inhibition of 
the Sirt1/FoxO1 pathway. Data are presented as the mean ± SD (n=5 per group). *P<0.05, **P<0.01 vs. Sham; #P<0.05, ##P<0.01 vs. CIRI; &P<0.05, &&P<0.01 
vs. CIRI + Pic. CIRI, cerebral ischemia‑reperfusion injury; Pic, piceatannol; ROS, reactive oxygen species; SOD, superoxide dismutase; CAT, catalase; 
GSH, Px‑Glutathione peroxidase; GSH, glutathione; Sirt1, Sirtuin1.
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and the activity of the Sirt1/FoxO1 signaling pathway was 
upregulated simultaneously. When cells were treated with 
Ex‑527 or Sirt1‑siRNA, an increase in the number of apop-
totic cells and increased oxidative stress was observed. These 
results suggested that the Sirt1/FoxO1 signaling pathway may 
be associated with the antioxidant potency and anti‑apoptotic 
abilities of Pic on hippocampal neurons.

In addition to the aforementioned cytoprotective effects, 
the administration of Pic exerts several other effects on cellular 
biological processes, such as anti‑inflammatory effects (19), 
metabolic improvement (47) and astrocyte differentiation (48). 
Several hypotheses have been suggested as underlying the 
effects of Pic on CIRI, such as inhibition of the activation of 
inflammatory pathway and innate immune system (49,50). 
The presence of numerous hypotheses may be explained by 
the fact that the neuroprotective effects of Pic may be the 
result of multiple interactions. Therefore, additional studies 
using further comprehensive approaches are required to 

evaluate the underlying mechanisms that maintained neuronal 
homeostasis. Moreover, investigating other natural products 
with similar chemical structures may provide a more defini-
tive conclusion. Whether Pic can also reverse anticoagulant, 
such as tissue plasminogen activator, induced toxicity at the 
subacute stage of ischemic stroke warrants further investiga-
tion. These findings would have an important clinical impact 
on the neuroprotection of patients undergoing intravenous 
thrombolysis with anticoagulants.

In conclusion, Pic treatment was capable of exerting 
neuroprotective effects that were largely due to the mainte-
nance of the balance of the antioxidative/oxidative system, 
as well as the protection of hippocampal neurons from 
apoptosis. Furthermore, the Sirt1/FoxO1 signaling pathway 
was identified to be involved in both of these processes. The 
present study provides additional evidence that highlights the 
potential use of Pic as a clinically relevant therapeutic for 
ischemic stroke.

Figure 8. Effect of Pic on the apoptotic rate of the primary hippocampal neurons after Sirt1‑siRNA treatment. First, cells were treated with different concen-
trations (0.01, 0.1, 1, 10 and 100 mM) of Pic under Glu free or Glu treated conditions. Cell viability treated (A) with and (B) without Glu at 12, 24 and 48 h 
with different Pic concentrations. *P<0.05 vs. control group at 12 h; &P<0.05 vs. control group at 24 h; #P<0.05 vs. control group at 48 h; @P<0.05 vs. Pic 
at 10 mM at 12 h; aP<0.05 vs. Pic at 10 mM at 24 h; bP<0.05 vs. Pic at 10 mM at 48 h. (C) Cell viability under the Pic concentration of 10 mM with scheduled 
duration of trial treatment. *P<0.05 vs. Glu free condition at 24 h; &P<0.05 vs. Glu‑treated condition at 24 h. (D) Western blotting results demonstrating (E) the 
silencing effect of Sirt1‑siRNA. *P<0.05 vs. si‑NC. (F) TUNEL‑stained green cells indicated apoptosis‑positive cells, DAPI‑stained blue as nucleated cells and 
Merge stained with TUNEL and DAPI. Magnification, x200. (G) Quantification of TUNEL positive cell ratio in different groups. (H) Inhibiting the activity 
of the Sirt1/FoxO1 pathway can reverse the effect of Pic on the activities of SOD and CAT. Data are presented as the mean ± SD (n=5 per group). *P<0.05, 
**P<0.01 vs. Control; #P<0.05, ##P<0.01 vs. Glu; &P<0.05, &&P<0.01 vs. Pic + Glu. Glu, glutamate; CIRI, cerebral ischemia‑reperfusion injury; Pic, piceatannol; 
SOD, superoxide dismutase; CAT, catalase; NC, negative control; siRNA, small interfering RNA; Sirt1, Sirtuin1.
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