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Early brain injury (EBI) plays a key role in determining the
prognosis of patients suffering from subarachnoid
hemorrhage (SAH). Resveratrol, a natural polyphenol,
serves a neuroprotection function on EBI after SAH.
However, the potential mechanism of resveratrol on EBI
remains to be elucidated. Akt, also known as protein kinase
B, and mammalian target of rapamycin (mTOR), the
downstream protein of Akt, play key roles in cell survival and
apoptosis, cell cycle regulation, and cellular protein
homeostasis. In the present study, we examined the effect
of resveratrol on EBI and their potential relationship with
the Akt/mTOR pathway, autophagy, and apoptosis. Rats
received intraperitoneal administration of resveratrol or
vehicle immediately after establishing SAH model. We
found that mortality and brain edema were significantly
lower, whereas the neurological score was higher for
resveratrol-treated rats. HE staining showed that resveratrol
significantly reduced the neuronal pyknosis and swelling
in the resveratrol-treated rats compared with SAH rats.
The results were assessed by western blot, reverse
transcription-PCR , and immunohistochemistry and
immunofluorescence at 24 h after injury to determine
changes in the expression of the Akt/mTOR signaling
pathway, autophagy, and apoptosis proteins. Western blot
analysis showed that the expression of beclin-1, LC3-II,
LC3-II/LC3-I, and Bcl-2 was increased in resveratrol-treated

rats, whereas the expression of p-Akt, p-mTOR, p62, cleaved
caspase-3, caspase-9, and Bcl-2-associated X protein was
decreased. Immunohistochemistry analysis of beclin-1,
LC3-B treated with resveratrol alone or in combination with
3-methyladenine (autophagy inhibitor) suggested that
resveratrol induced the autophagy process and the inhibitor
blocked the occurrence of autophagy, and also increased
the number of terminal deoxynucleotidyl transferase-
mediated digoxigenin-DUTP-biotin nick-end labeling (+ )
cells. Taken together, these findings indicate that resveratrol
exerts neuroprotective effects on EBI after SAH by
regulating autophagy and apoptosis mediated by the Akt/
mTOR pathway. NeuroReport 29:368–379 Copyright ©
2018 The Author(s). Published by Wolters Kluwer Health,
Inc.
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Introduction
Subarachnoid hemorrhage (SAH) is a devastating disease

that results from sudden cerebrovascular rupture and

blood flow to the subarachnoid space, which can be

divided into spontaneous SAH and traumatic SAH. Early

brain injury (EBI) is considered to be the major factor for

the poor prognosis associated with high morbidity and

mortality after SAH, which occurs within 72 h after

bleeding; thus, it is important to treat it as early as pos-

sible [1]. Thus, the treatment of EBI is considered to be

the principal goal for patients with SAH.

Autophagy is a phenomenon that exists widely in

eukaryotic cells. Autophagy refers to the ability of cells to

damage and degrade proteins and transport organelles to

lysosomes for digestion and degradation to achieve the

metabolic needs of the cells themselves and the renewal

of associated organelles. Previous studies have suggested

that autophagy was activated in ischemic stroke and

cerebral hemorrhage animal models [2,3]. In the SAH

model, it was reported that autophagy-related pathways

are activated, but the role of autophagy and the potential

mechanism was not very clear.

Recently, studies have confirmed that autophagy is clo-

sely related to apoptosis, and apoptosis is a process of cell

death caused by intracranial and extracorporeal death,

also known as programmed cell death. Apoptosis is

characterized by blebbing, cell shrinkage, nuclear frag-

mentation, chromatin condensation, and chromosomal
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DNA fragmentationglobal mRNA decay [4]. Studies

have been carried out in which animal experiments have

confirmed that apoptosis exists in the early stage of

spontaneous SAH, and the pathophysiological changes

adversely affect the prognosis of patients [1]. Autophagy

and the morphological characteristics of apoptosis can

develop at the same time in the same cell [5].

Resveratrol is a polyphenolic compound mainly present

in plants such as grapes, veratrum, and polygonum cus-

pidatum. Some pharmacological studies found that

resveratrol promotes antiplatelet aggregation, acts as an

antioxidant, inhibits arachidonic acid and its metabolite

formation, plays a role in tumor chemoprevention, and so

on [6,7]. Research on the neuroprotective effect of

resveratrol has become a hotspot in the field of neu-

roscience. A previous study found that resveratrol

induced autophagy by inhibiting the Akt/mammalian

target of rapamycin (mTOR) signaling pathway [8]. Some

studies have indicated that resveratrol can serve a neu-

roprotective function by regulating apoptosis [9,10].

Recent studies have found that autophagy and apoptosis

have the same molecular mechanism; therefore, we

hypothesize that autophagy and apoptosis are involved in

the pathophysiological processes of SAH and there is an

inverse relationship between them. Accumulating evi-

dences have suggested that resveratrol has an effective

therapeutic effect on SAH [11,12]; however, to date, no

study on resveratrol-mediated autophagy and apoptosis

on SAH has been carried out and the potential mechan-

ism has not been completely determined. The aim of our

study was to evaluate the effect of resveratrol on mor-

tality, neural functional recovery, and brain edema using

a rat cerebral vascular puncture model and to identify a

novel mechanism of action on SAH. We found that

resveratrol reduced mortality, the amount of bleeding,

and brain edema and improved neural functional recov-

ery following SAH. These improvements in recovery are

accompanied by enhancement of autophagy and inhibi-

tion of apoptosis regulated by the Akt/mTOR signaling

pathway.

Materials and methods
Animal care and grouping

Male adult Sprague–Dawley rats (weighing 270–320 g,

8–10 weeks old) were purchased from the Experimental

Animal Center of Xi’an Jiaotong University [license

no. SCXK (Shaanxi) 2006-001]. Rats were housed in

groups of six per cage and maintained at an ambient

temperature of 22 ± 1°C, under a 12-h light/dark cycle,

with food/water ad libitum.

Experimental design and drug delivery

One hundred and forty-one Sprague-Dawley rats were

distributed randomly into five groups: the sham group

(n= 30), the SAH group (n= 60), the SAH+ resveratrol

(n= 30), and SAH+ 3-methyladenine (3-MA) (n= 21).

Animals in the sham group received 0.9% saline (intra-

peritoneal injection) after the sham operation. The SAH

group received an equal amount of DMSO solution (0.1%

dimethylsulfoxide in 0.9% saline). After SAH, the

SAH+ resveratrol group received 60 mg/kg resveratrol

(intraperitoneal injection) [13] and the SAH+3-MA group

received 60mM 3-MA (intracerebroventricular administra-

tion) [14]. Resveratrol and 3-MA were purchased from

Abcam (ab120726; Cambridge, UK) and Cayman (13242;

Ann Arbor, Michigan, USA), respectively.

Ethics statement

All protocols and procedures were performed in agree-

ment with the Biomedical Ethics Committee of Animal

Experiments of Shaanxi Province in China and complied

with the principles and procedures of the Guidance

Suggestions for the Care and Use of Laboratory Animals

formulated by the Ministry of Science and Technology of

PRC. All efforts were made to minimize animal suffering.

Rat subarachnoid hemorrhage model and sham

operation

The SAH model was created by endovascular perfora-

tion as described previously [15]. Briefly, animals were

anesthetized by an intraperitoneal injection of 1% (w/v)

pentobarbital sodium (35 mg/kg), the right common

carotid artery bifurcation was exposed, and then the

external carotid artery was separated and the blood flow

was blocked with a vascular clamp. A blunted 3–0 single-

stranded nylon suture was placed into the internal carotid

from the common carotid artery bifurcation 18–20mm to

induce arterial rupture. The suture was retained for about

15 s and then pulled out; the wound was then closed. The

sham group subjected to the same procedure as the SAH

group, except that the vessel was not punctured.

Subarachnoid hemorrhage grading

To prevent differences in the severity of bleeding

among the models of animals, our study selected a SAH

grading system to examine the subarachnoid blood clots

in the basal cisterns [16]. The system divides the basis

cistern into six regions, and scores the regions according

to the number and distribution of blood clots in each

region: 0, no SAH; 1, a small amount of SAH; 2, mod-

erate number of blood clots; and 3, all the arteries in the

region are covered by blood clots. The sum of scores

represents the severity of SAH grading: 0–7, mild SAH;

8–12, moderate SAH; and 13–18, severe SAH. In this

study, rats with a score of less than 3 and more than 15

were excluded.

Assessment of mortality and neurological function

The mortality of each group of rats was equal to the

number of dead rats divided by the total number of rats.

To quantify the neurological function of rats in each

group, we used Garcia test neurological dysfunction

scoring methods [17], which included the functional
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evaluation of autonomic exercise, exercise coordination,

physical activity, and somatic sensation. The score ran-

ged from 3 to 18; the lower the score, the more severe the

neurological dysfunction.

Brain water content

Brain edema is a common pathophysiological change in

bleeding that occurs after the creation of an intravascular

puncture model. The brain water calculation was carried

out using the method of wet and dry weight [18]. Rats

were routinely anesthetized and brains were rapidly

separated into left hemisphere, right hemisphere and

cerebellum. The puncture side of the cerebral hemi-

sphere was considered the wet weight; this was then

dried at 105°C for 24 h and the dry weight was obtained.

The degree of brain edema was calculated as follows:

brain water calculation (%)= [(wet weight− dry weight)/

wet weight]× 100%.

Hematoxylin and eosin staining

Sections were stained with hematoxylin and eosin (H&E)

and mounted with neutral gum after dehydration with

increasing concentrations of ethanol. Tissue sections were

observed using a light microscope (BX-40; Olympus,

Tokyo, Japan) at × 40 magnification.

RT-PCR

The total RNA was extracted from rat cortex using

TRIzol Reagent (ThermoFisher Scientific, Pittsburgh,

Pennsylvania, USA) according to the manufacturer’s

instructions. The primers used for reverse transcription-PCR

(RT-PCR) were as follows: LC3-B (134 bp) forward

primer 5′-AGAGCGATACAAGGGTGAGAAG-3′ and

reverse primer 5′-AGAAGGCTTGGTTAGCATTGAG-3′;
beclin-1 (180 bp) forward primer 5′-GAATGGAGGGGT
CTAAGGCG-3′ and reverse primer 5′-CTTCCTCCTG
GCTCTCTCCT-3′; GAPDH (281 bp) forward primer

5′-TTCCTACCCCCAATGTATCCG-3′ and reverse

primer 5′-CATGAGGTCCACCACCCTGTT-3′. The

cycling conditions were as follows: 10min at 95°C, followed
by 40 cycles of 60 s at 95°C; final extension was performed

at 60°C for 10min.

Immumohistochemical staining

All sections were deparaffinized, rehydrated, and endo-

genous peroxidase was quenched with 3% (v/v) H2O2.

Exposed antigen was repaired at high temperature.

Sections were then blocked in 2% (v/v) normal goat

serum and incubated in primary antibodies overnight

with the following antibodies: rabbit monoclonal LC3-B

(1 : 3200, catalog no. 3868; Cell Signaling Technology,

Danvers, Massachusetts, USA) and rabbit polyclonal

beclin-1 (1 : 200, catalog no. ab62557; Abcam). Sections

were washed with PBS and incubated for 1 h with the

secondary antibodies (1 : 5000). Then, we applied dia-

minobenzidine for chromogen. Results were obtained

using a × 40 light microscope. The region selected for

observation was located in the cortex. The densitometric

analysis was carried out using an image analysis program

(Image-Pro Plus 6.0; Media Cybernetics, Bethesda,

Maryland, USA).

Immunofluorescence staining

Immunofluorescence was performed on sections of rat

brain after SAH as described above (immunohistochem-

ical staining). Briefly, the sections were deparaffinized,

rehydrated, blocked with H2O2, followed by antigen

retrieval using high temperature, and then blocked in

2% (v/v) normal goat serum and incubated in primary

antibodies overnight with the following antibodies: rabbit

monoclonal LC3-B (1 : 3200, catalog no. 3868, Cell

Signaling Technology), rabbit polyclonal beclin-1

(1 : 200, catalog no. ab62557; Abcam), rabbit monoclonal

SQSTM1/p62 (1 : 100, catalog no. ab109012; Abcam), and

rabbit polyclonal active caspase-3 (1 : 1000, catalog

no. ab49822; Abcam). Sections were incubated in sec-

ondary fluorescent antibodies Alexa 488 and Alexa 568

(1 : 400; Invitrogen, Carlsbad, California, USA) at room

temperature, and the nuclei were marked with 4′,6-diami-

dino-2-phenylindole (1 μg/ml) for 10min. The sections

were viewed and images were acquired using a fluore-

scence microscope (Molecular Devices, Sunnyvale,

California, USA).

Western blot

All the extraction operations were carried out on ice.

Briefly, the tissues of the cortex were purified using

RIPA. Equal aliquots of protein (40 μg) were subjected

to 12% SDS-PAGE gels and transferred onto immobi-

lon-P/PVDF membranes (Millipore Corp., Billerica,

Massachusetts, USA). Then, membranes were blocked

with TBST buffer (0.05 M Tris pH 7.4, 0.15 M NaCl,

0.05% Tween 20) containing 5% (w/v) skim milk

powder for 1 h and incubated at 4°C overnight with

specific antibodies: rabbit monoclonal anti-LC3-B

(1 : 1000, catalog no. 3868, Cell Signaling Technology);

rabbit polyclonal anti-beclin-1 (1 : 1000, catalog

no. ab62557; Abcam); rabbit monoclonal anti-SQSTM1/

p62 (1 : 10 000, catalog no. ab109012; Abcam); rabbit

monoclonal anti-phospho-Akt (Ser473) (1 : 2000, catalog

no. 4060; Cell Signaling Technology); rabbit mono-

clonal anti-Akt (1 : 1000, catalog no. 4685; Cell

Signaling Technology); rabbit monoclonal anti-

phospho-mTOR (Ser2448) (1 : 1000, catalog no. 5536;

Cell Signaling Technology); rabbit monoclonal anti-

mTOR (1 : 1000, catalog no. 2983; Cell Signaling

Technology); rabbit polyclonal anti-Bcl-2-associated X

protein (Bax) antibody (1 : 500, catalog no. 2772; Cell

Signaling Technology); rabbit monoclonal anti-Bcl-2

antibody (1 : 1000, catalog no. 2870; Cell Signaling

Technology); rabbit monoclonal anti-cleaved caspase-3

(1 : 1000, catalog no. 9664; Cell Signaling Technology);

mouse monoclonal anti-caspase-9 (1 : 1000, catalog

no. 9508; Cell Signaling Technology); and mouse
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monoclonal anti-β-actin (1 : 1000, catalog no. 3700; Cell

Signaling Technology). After incubation, membranes

were incubated with goat anti-rabbit or anti-mouse IgG-

HRP secondary antibody (1 : 5000; Abcam) for 1 h at

room temperature. The relative expression of protein

bands was visualized using the ChemiDoc MP System

(Bio-Rad protein assay; Bio-Rad, Segrate, Italy) with

the ECL substrate (Millipore Corp.). In addition, to

ensure equivalent amounts of protein, we used β-actin
as an internal control. Densitometric quantification

of the bands was performed using Image J software

(version 1.29× ; NIH, Bethesda, Maryland, USA).

TUNEL staining

The terminal deoxynucleotidyl transferase-mediated

digoxigenin-DUTP-biotin nick-end labeling (TUNEL)

assay was performed following the manufacturer’s

instructions. Briefly, the sections were deparaffinized,

rehydrated, and incubated in 0.2% (v/v) Triton X-100, and

then we used a commercial cell death detection kit that

was purchased from Roche Diagnostics (Indianapolis,

Indiana, USA). Sections were washed with PBS and the

nuclei were stained with 4′,6-diamidino-2-phenylindole

for 10min. Green fluorescence of apoptotic cells and

blue fluorescence of nuclei were viewed and photo-

graphed by fluorescence microscopy (Promega, Madison,

Wisconsin, USA).

Statistical analysis

Results are reported as mean ±SD. We used SPSS 18.0

(SPSS Inc., Chicago, Illinois, USA) for the statistical

analyses. One-way analysis of variance was used for all

statistical analyses with multiple comparisons. For all

P values, Student’s t-test was used for post-hoc analysis.

A P value of less than 0.05 was considered statistically

significant.

Results
Pathological changes in subarachnoid hemorrhage

model rats

The brains of SAH rats showed varying degrees of edema

and obvious blood clots near the Willis ring under mac-

roscopic observation compared with the brains of sham

rats. H&E staining showed neuronal pyknosis, swelling,

torsion, cell body deformation, and extracellular space

expansion in the cortex at 24 h after SAH. Resveratrol

Fig. 1

Pathological changes after SAH in rat cortex. Pathological changes after SAH were confirmed by macroscopic observations and H&E staining. Scale
bar=50 µm. H&E, hematoxylin and eosin; SAH, subarachnoid hemorrhage.
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reduced these pathological changes on both macroscopic

observation and H&E staining (Fig. 1).

Mortality, subarachnoid hemorrhage grade, neurological

score, and water content

Compared with the sham groups, the SAH groups

showed an obvious increase, but the resveratrol-treated

groups showed a significant decrease in mortality

(Fig. 2a), SAH grading (Fig. 2b), and water content

(Fig. 2d). In contrast, the neurological score reduced in

the SAH group compared with the sham group; the

resveratrol-treated group showed a significant increase in

the neurological score (Fig. 2c).

Resveratrol downregulates the Akt/mTOR signaling

pathway and promotes the autophagy process in

subarachnoid hemorrhage model rats

To address whether resveratrol reduced mortality and

brain water content following SAH by activating autop-

hagy, we examined the expression of autophagy in brain

cortex tissue. We observed that the protein expression of

beclin-1, LC3-II, and LC3-II/LC3-I was significantly

higher at 24 h after SAH in resveratrol-treated rats than in

rats that received the vehicle or sham rats, whereas the

expression of p62, p-Akt, and p-mTOR was reduced in

resveratrol-treated animals accordingly. There was no

difference in the expression of Akt and mTOR among

the sham, SAH, and resveratrol groups (Fig. 3). The

results of mRNA expression showed that beclin-1 and

LC3-B were significantly higher, whereas p62 was lower

in resveratrol-treated rats than untreated rats as well

(Fig. 4a–c). Furthermore, immunofluorescence analysis

also found a marked increase in beclin-1 and LC3-B,

whereas p62 decreased in the resveratrol-treated SAH

rats (Fig. 4d–f). The expression of LC3-B and beclin-1 as

assessed by immunohistochemistry analysis was con-

sistent with the immunofluorescence analysis (Fig. 4g).

Thus, the results suggest that resveratrol regulates the

Akt/mTOR signaling pathway and promotes autophagy

in SAH rats.

Resveratrol inhibits apoptosis in subarachnoid

hemorrhage model rats

To determine whether resveratrol alleviated pathological

changes in brain tissues and increased the neurological

score by inhibiting apoptosis, we examined the expres-

sion of apoptosis proteins in the brain of treated and

untreated SAH rats. As is known, cleaved caspase-3 is a

proapoptosis protein and Bcl-2 is a prosurvival protein.

Bax, another member of the Bcl-2 family, could combine

with Bcl-2 to form a dimer, which usually has a proa-

poptotic property. In this study, the western blot and

immunohistochemistry results showed that cleaved

caspase-3 and Bax were upregulated in SAH rats com-

pared with sham rats, whereas Bcl-2 was obviously

downregulated. Nevertheless, the administration of

resveratrol reduced the expression of cleaved caspase-3,

Bax and increased the expression levels of Bcl-2

Fig. 2

General evaluation of SAH models and the effect of resveratrol on grading score, neurological function, and brain water content at 24 h. (a) Evaluation
of mortality. (b) Quantification of SAH severity. (c) Quantification of neurological function. (d) Evaluation of brain water content. Values are presented
as the mean±SD (n=6/group). *P<0.05; **P<0.01; ##P<0.01, compared with the sham group. SAH, subarachnoid hemorrhage.
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significantly following SAH (Fig. 5). Taken together, our

results indicate that resveratrol markedly suppresses

apoptosis in SAH rats.

Resveratrol downregulates apoptosis but upregulates

autophagy in subarachnoid hemorrhage model rats

The results thus far indicate that resveratrol is involved in

the regulation of autophagy and apoptosis, but the rela-

tion between autophagy upregulation and blockage of

apoptosis by resveratrol treatment after SAH remains

unclear. To address this issue, we performed double-

labeling immunofluorescence staining of p62 and

cleaved caspase-3 (Fig. 6). We found that cleaved

caspase-3 was upregulated in SAH rats compared with

sham rats, whereas p62 was significantly downregulated.

Nevertheless, administration of resveratrol significantly

reduced the expression of cleaved caspase-3 and p62

following SAH. Thus, these findings indicate the rela-

tion between autophagy upregulation and blockage of

apoptosis.

Fig. 3

Resveratrol promotes biochemical markers of autophagy after SAH in rats. Western blot analysis was carried out to measure the expression of p-Akt,
p-mTOR, LC3-B, beclin-1, and p62 in brain tissue from SAH rats treated with resveratrol. The expression of β-actin was used as an internal control.
Values are presented as the mean±SD (n=6/group). **P<0.01; ##P<0.01, compared with the sham group.
mTOR, mammalian target of rapamycin; SAH, subarachnoid hemorrhage.
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Inhibitor of the PI3K/Akt/mTOR signaling pathway

reduces autophagy expression and increases apoptosis

expression

We next examined the impact of 3-MA, a well-

established inhibitor of autophagy. 3-MA inhibits

autophagy by blocking autophagosome formation by the

inhibition of type III phosphatidylinositol 3-kinases [19].

Administration of 3-MA to rats showed that the

proportion of beclin-1-positive and LC3-B-positive neu-

rons decreased significantly by immunohistochemistry

analysis (Fig. 4g). This result indicates that the upregu-

lation effect of resveratrol is related to the activation of

the Akt/mTOR pathway. Moreover, to determine the

effect of resveratrol on apoptotic response, we performed

TUNEL staining to evaluate the level of apoptosis in the

cortex of rats. TUNEL-positive cells were rarely found in

Fig. 4

To confirm that resveratrol promoted autophagy in the SAH rats, beclin-1 (a, d and g), LC3-B (b, e and g), and p62 (c, f) were determined by RT-PCR,
immunofluorescence, and immumohistochemistry, respectively (scale bar=50 µm; n=6). Positive cell levels were counted in 10 random fields (×40
magnification). The small figures located in the bottom right corner represent the magnification of particular sections. Values are presented as the
mean±SD (n=6/group). **P<0.01; ##P<0.01, compared with the sham group. SAH, subarachnoid hemorrhage.
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the sham group. The total number of apoptotic cells was

consistently increased in the SAH group. Significantly

fewer TUNEL-positive cells were found in the

resveratrol-treated group than in the SAH group.

Furthermore, rats in the resveratrol+ 3-MA group had

significantly more TUNEL-positive cells than in the

resveratrol group (Fig. 7a and b). In brief, our finding

indicates that resveratrol enhances autophagy and inhi-

bits apoptosis by inducing the Akt/mTOR signaling

pathway, and that there may be an inverse relationship

between autophagy and apoptosis.

Discussion
The modes of cell death after SAH include apoptosis and

necrosis. Recent studies have found that autophagy,

apoptosis, and necrosis interacted with each other. In

hypoxic–ischemic injury models, enhanced autophagy

decreases the level of apoptosis and necrosis [20]. Our

study discovered that resveratrol reduced neuronal

pyknosis, swelling, SAH severity and brain edema, and

promoted neural functional recovery at 24 h following

SAH. Resveratrol also increased autophagy activity as

evidenced by the enhanced expression of beclin-1,

LC3-B, and LC3-II/LC3-I, and inhibited the expression

of p-Akt, p-mTOR, p62, and apoptosis proteins. The

present study showed that resveratrol had a potentially

protective mechanism to prevent or alleviate EBI.

EBI is a result of sudden intracranial vascular rupture; the

area that is commonly affected is the cerebral cortex. In

the present study, the SAH model was created by an

endovascular puncture model. To identify the specific

pathological changes associated with neurons, morpho-

logical observations were performed in the cortex. H&E

staining showed the pathological features of acute neuron

injury, such as neuronal pyknosis, swelling, torsion, and

cell body deformation. Macroscopic observations also

showed that the SAH model was established

successfully.

Resveratrol is a polyphenolic compound that exerts

neuroprotective effects because of its antioxidant, anti-

inflammatory, and antiapoptotic properties in central

nervous system diseases such as stroke, traumatic brain

injury, and spinal cord injury [21–23]. Our results are

consistent with these studies. Resveratrol could decrease

the mortality, SAH grading, and brain edema. In addi-

tion, the quantitative analysis of the neurological score,

which is a direct index for the severity of EBI, also sug-

gests the effectiveness of resveratrol in attenuating the

early deterioration in neurological function induced

by SAH.

Fig. 5

Resveratrol inhibits protein expression of apoptosis in SAH rats. The protein expressions of cleaved caspase-3, caspase-9, Bcl-2, and Bax protein
were determined by western blot analysis. The expression of β-actin was used as an internal control. Values are presented as the mean ±SD (n=6 per
group). **P<0.01; ##P<0.01, compared with the sham group. Bax, Bcl-2-associated X protein; SAH, subarachnoid hemorrhage.
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Autophagy is a phenomenon that exists widely in

eukaryotic cells and exerts a neuroprotective effect.

Resveratrol promotes autophagy considerably and pro-

motes the occurrence of autophagy. A previous study

found that resveratrol alleviated ischemia/reperfusion

injury in rats by autophagy [24]. Our results showed that

resveratrol altered the expression of autophagy in rats

after SAH; the expression of beclin-1, LC3-II, and

LC3-II/LC3-I increased, whereas the expression of p62

decreased as assessed by western blot, RT-PCR, immu-

nofluorescence, and immunohistochemistry analyses.

Then, we administered the autophagy inhibitor 3-MA to

lateral ventricles of rats and found that it reversed the

trend of autophagy expression. A previous study showed

that the degree of cell death in the hippocampal neurons

of brain tissue sections of patients who died because of

SAH was significantly higher than that of patients who

died of other causes [25]. In a further study of SAH in

rats, it was found that the apoptosis of EBI was sig-

nificantly related to the prognosis of rats [26]. In addition,

Loos et al. [20] found that morphological features of

autophagy and apoptosis can appear in the same cell.

Thus, we next assessed whether resveratrol regulated

apoptosis in rats with SAH. Our results showed that

resveratrol inhibited apoptosis in SAH rats and the

apoptosis-related proteins cleaved caspase-3, caspase-9,

and Bax decreased in resveratrol-treated groups, whereas

Bcl-2 increased as assessed by western blot.

Autophagy is a double-edged sword: on the one hand,

autophagy is an important process of autologous cell

repair and maintains the homeostasis of the cell

Fig. 6

Resveratrol upregulates autophagy and inhibits apoptosis following SAH in rats. Double immunofluorescence staining was performed with the
antibody to p62 and antibodies to cleaved caspase-3 (scale bar=50 µm; n=6). SAH, subarachnoid hemorrhage.
*P<0.05; **P<0.01; #P<0.05; ##P<0.01, compared with the sham group.
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environment to prevent further damage of cells; on the

other, under special conditions, autophagy can induce

cell damage or even death, and interact with apoptotic

signals [27,28]. Beclin-1, a homologue of the yeast

autophagy gene in mammals, is an important positive

regulator of autophagy. It can form complexes and further

recruit the Atg5 complex and LC3 from the cytoplasm to

promote the expansion of autophagosomes. Beclin-1 has

a molecular weight of 60 kD and contains 450 amino

acids and four specific domains: the Bcl-2 binding

domain, the helix domain, the conserved domain, and the

nuclear export signaling domain [29]. The interaction

between beclin-1 and antiapoptotic factor Bcl-2 may be

involved in the initiation of autophagy and apop-

tosis, which is significant for cell survival and

death [30].

Fig. 7

Resveratrol was related to cell apoptosis after SAH. The TUNEL assay was used to detect apoptotic cells. (a) Colocalization of TUNEL and nuclei
(DAPI), were considered apoptotic cells (scale bar=100 µm; enlarged figures scale bar=50 µm). (b) The bar graphs showed the statistical results of
apoptotic cells counts. The positive cell levels were counted in 10 random fields of the relevant regions (×40 magnification). Data were presented as
mean ±SD (n=6 per group). **P<0.01; ##P<0.01, compared with the sham group. Apoptotic index (AI), defined as the number of TUNEL-positive
cells/mm2. SAH, subarachnoid hemorrhage; TUNEL, terminal deoxynucleotidyl transferase-mediated digoxigenin-DUTP-biotin nick-end labeling.
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mTOR is an evolutionarily conserved protein kinase

belonging to the phosphatidylinositol kinase-dependent

kinase superfamily member that functions as a serine/

threonine kinase. In the cell growth, mTOR, as a central

regulator, controls the basic biological processes, and

regulates cell survival, division, migration, self-renewal,

and cycle processes [31]. The PI3K/Akt/mTOR signaling

pathway mediates multiple cellular process, including

cell survival, proliferation, migration, and autophagy. The

PI3K/Akt/mTOR signaling pathway has been proven to

be associated with autophagy and apoptosis in central

nervous system diseases such as depression [32] and

glioma [33]. Consistent with these studies, in SAH rats,

we observed that resveratrol treatment inhibited Akt/

mTOR phosphorylation as assessed by western blot

analysis and increased autophagy expression as well as

decreased apoptosis expression. However, on adminis-

tration of 3-MA, an inhibitor of PI3K, to the lateral ven-

tricular, beclin-1 and LC3-B levels were suppressed

significantly as indicated by immunochemistry analysis.

Similarly, TUNEL-positive cells increased significantly.

These results suggest that resveratrol induces autophagy

and inhibits apoptosis by regulating Akt/mTOR path-

ways after SAH in rats. However, the potential mechan-

ism is not very clear.

This is the first study to show that resveratrol suppresses

neuronal apoptosis and promotes the autophagy process

and then accelerates neurologic functional recovery by

the activation of the Akt/mTOR autophagy signaling

pathway in rats with SAH. Our results indicate a novel

molecular mechanism for the neuroprotective effects of

resveratrol and the potential clinical application of

resveratrol in SAH therapy. However, this study has

many limitations; the potential mechanism by which

resveratrol acts by autophagy and apoptosis on SAH was

not studied further and we only focused on the role of

resveratrol in autophagy and apoptosis following SAH. As

a natural polyphenolic compound, resveratrol has a vari-

ety of beneficial properties including antioxidant, anti-

inflammatory, and antitumor effects. The other potential

mechanisms of resveratrol on SAH should be investi-

gated further.

Conclusion
These findings indicate that resveratrol exerts neuro-

protective effects on SAH by regulating autophagy and

apoptosis mediated by the Akt/mTOR signaling

pathway.
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