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Abstract  
Previous studies have shown that resveratrol, a bioactive substance found in many plants, can reduce early brain injury after subarach-
noid hemorrhage, but how it acts is still unclear. This study explored the mechanism using the experimental subarachnoid hemorrhage 
rat model established by injecting autologous blood into the cerebellomedullary cistern. Rat models were treated with an intraperitoneal 
injection of 60 mg/kg resveratrol 2, 6, 24 and 46 hours after injury. At 48 hours after injury, their neurological function was assessed using 
a modified Garcia score. Brain edema was measured by the wet-dry method. Neuronal apoptosis in the prefrontal cortex was detected 
by terminal deoxyribonucleotidyl transferase-mediated biotin-16-dUTP nick-end labeling assay. Levels of reactive oxygen species and 
malondialdehyde in the prefrontal cortex were determined by colorimetry. CHOP, glucose-regulated protein 78, nuclear factor-erythroid 
2-related factor 2 and heme oxygenase-1 mRNA expression levels in the prefrontal cortex were measured by reverse transcription poly-
merase chain reaction. Tumor necrosis factor-alpha content in the prefrontal cortex was detected by enzyme linked immunosorbent assay. 
Immunohistochemical staining was used to detect the number of positive cells of nuclear factor-erythroid 2-related factor 2, heme oxygen-
ase 1, glucose-regulated protein 78, CHOP and glial fibrillary acidic protein. Western blot assay was utilized to analyze the expression levels 
of nuclear factor-erythroid 2-related factor 2, heme oxygenase 1, glucose-regulated protein 78 and CHOP protein expression levels in the 
prefrontal cortex. The results showed that resveratrol treatment markedly alleviated neurological deficits and brain edema in experimental 
subarachnoid hemorrhage rats, and reduced neuronal apoptosis in the prefrontal cortex. Resveratrol reduced the levels of reactive oxygen 
species and malondialdehyde, and increased the expression of nuclear factor-erythroid 2-related factor 2, heme oxygenase-1 mRNA and 
protein in the prefrontal cortex. Resveratrol decreased glucose-regulated protein 78, CHOP mRNA and protein expression and tumor 
necrosis factor-alpha level. It also activated astrocytes. The results suggest that resveratrol exerted neuroprotective effect on subarachnoid 
hemorrhage by reducing oxidative damage, endoplasmic reticulum stress and neuroinflammation. The study was approved by the Animals 
Ethics Committee of Shandong University, China on February 22, 2016 (approval No. LL-201602022). 
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Introduction 
Early brain injury following subarachnoid hemorrhage 
(SAH) has been considered the main contributor to neuro-
logical outcomes (Bederson et al., 2009; Suzuki, 2015). Re-
cent studies reported that oxidative damage and endoplasmic 
reticulum stress contribute to the pathogenesis of early brain 
injury (Ayer and Zhang, 2008; Nakka et al., 2016). Therefore, 
anti-oxidative stress or anti-endoplasmic reticulum stress in-
tervention may be an effective therapeutic strategy for early 
brain injury.

Resveratrol (3, 5, 4′-trihydroxystilbene), is a polyphenol 
produced in several plants (Juan et al., 2012). The studies in-
dicated that resveratrol showed various bioactivities, includ-
ing as an antioxidant, anti-inflammatory, cardioprotective, 
antiapoptotic and anticancer (Zhang et al., 2010; Orsu et al., 
2013; Tomé-Carneiro et al., 2013). Resveratrol is not harmful 
to normal cells or tissues, and can traverse the blood-brain 
barrier via simple diffusion. Resveratrol exerts a neuropro-
tective effect against central nervous system damage, such as 
Alzheimer’s disease (Wang et al., 2006; Albani et al., 2009), 
traumatic brain injury (Ates et al., 2007) or cerebral isch-
emia (Della-Morte et al., 2009). Importantly, resveratrol has 
been shown to attenuate cerebral vasospasm and early brain 
injury after experimental SAH (Shao et al., 2014; Zhou et al., 
2014). However, the molecular mechanism of resveratrol has 
not been clarified. 

Endoplasmic reticulum stress can activate apoptotic sig-
nals, resulting in cell apoptosis and deterioration of neu-
rological functions (Tan et al., 2018). Under endoplasmic 
reticulum stress conditions, misfolded proteins accumulate 
in the endoplasmic reticulum, and glucose-regulated pro-
tein 78 (GRP78) is released by the endoplasmic reticulum 
stress sensor. The stress sensor is activated and up-regulates 
GRP78 and anti-C/EBP homologous protein (CHOP) ex-
pression (Son et al., 2010). Increasing evidence has shown 
that up-regulation of anti-nuclear factor-erythroid 2-related 
factor 2 (Nrf2) is involved in the antioxidant protection in 
various central nervous system diseases. Following oxida-
tive insults, Nrf2 rapidly migrates to and accumulates in the 
nucleus, where it activates a battery of anti-oxidant genes, 
including those for anti-heme oxygenase-1 (HO-1), nicotin-
amide adenine dinucleotide phosphate (NADPH), quinone 
oxidoreductase 1, glutamate-cysteine ligase, and glutathione 
peroxidase (Shu et al., 2016). Several studies have indicated 
that inflammation is invariably associated with brain damage 
after SAH (Zhang et al., 2010; Orsu et al., 2013; Tomé-Car-
neiro et al., 2013). The immune response to SAH is charac-
terized by a rapid activation of microglial cells, mast cells 
and the production of pro-inflammatory factors, including 
pro-apoptotic proteins, tumor necrosis factor (TNF)-α, in-
terleukin (IL)-1β, reactive oxygen species (ROS) and nitric 
oxide. 

In this study, our goals were to test whether resveratrol 
administration suppressed oxidative stress and endoplasmic 
reticulum stress; whether it improved outcomes following 
SAH; and to examine the potential mechanisms of resvera-
trol following SAH. 

Materials and Methods 
Experimental animals
One hundred clean male Wistar rats aged 6 weeks and 
weighing 280 to 350 g were purchased from the Laboratory 
Animal Center, Shandong University, China (license num-
ber: SCXK (Lu) 20130009). All experiments were approved 
by the Ethics Committee of Shandong University on Febru-
ary 22, 2016 (approval No. LL-201602022).

Experimental SAH was induced in animals using the 
double blood injection model (Xia et al., 2006). Briefly, rats 
were anesthetized using isoflurane (RWD Life Science Co., 
Shenzhen, China) during the surgical procedure. A total of 
200 μL blood from the femoral artery was injected into the 
cerebellomedullary cistern over a 3-minute period.

Drug administration and experimental groups 
The rats were randomly allocated into four groups. In the 
sham group (n = 24), rats were administered vehicle only (1% 
ethanol; Xinteng Pharmaceutical Co., Xintai, China). The 
sham + resveratrol group (n = 24) received 60 mg/kg res-
veratrol. Rats in the SAH group (n = 26) were administered 
vehicle only (1% ethanol). SAH + resveratrol group (n = 26) 
received 60 mg/kg resveratrol. Resveratrol (Sigma-Aldrich, 
St. Louis, MO, USA) was first dissolved in ethanol, and then 
diluted with 0.9% NaCl. Ethanol did not exceed 1% of the 
total volume. The drug solution or vehicle was intraperitone-
ally injected at 2, 6, 24 and 46 hours after SAH. 

Modified Garcia scores 
Blind scoring was used for a modified Garcia system to ob-
serve neurological function at 48 hours after induction of 
SAH (Hasegawa et al., 2011). The test consisted of seven sub-
tests: spontaneous activity, the rat’s reaction to side stroking, 
vibrissae touch, limb symmetry, forelimb outstretching, its 
climbing and beam walking ability. Higher scores demon-
strated better neurological function.

Brain edema analysis
Rats were sacrificed with excess isoflurane. The brain tissue 
was prepared for further analysis at 48 hours after SAH. The 
wet/dry method (Yoon et al., 2010) was used to measure 
brain edema. Brain water content was calculated by (wet 
weight – dry weight)/ wet weight × 100%.

Terminal deoxyribonucleotidyl transferase-mediated 
biotin-16-dUTP nick-end labeling (TUNEL) assay 
To observe the effect of resveratrol on neuronal apoptosis 
following SAH, TUNEL-positive neurons in the prefrontal 
cortex were evaluated using a TUNEL staining kit (KeyGEN 
BioTECH, Jiangsu, China). 4′,6-Diamidino-2-phenylin-
dole dihydrochloride (DAPI; Sigma-Aldrich) was used for 
counterstaining to visualize all cells. Ten random fields were 
captured for one section per animal (n = 4 each group) with 
a fluorescence microscope (IX71; Olympus, Tokyo, Japan). 
The proportion of TUNEL-positive cells (with a green fluo-
rescent nucleus) was expressed as the percentage of the total 
cells counted. The TUNEL-positive cell results for rats in 
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each subgroup were averaged.

Oxidative stress analysis
ROS and malondialdehyde (MDA) contents in prefrontal 
cortex homogenates were determined with the commercial 
DHE assay kit (Sigma-Aldrich) in accordance with the man-
ufacturer’s instructions. The ROS level was indicated as a 
percent of ROS obtained relative to that of sham group. The 
DHE-staining results were pixilated and quantified using 
the Image-Pro Plus image analysis system. Values were ex-
pressed relative to the fluorescence signal of respective con-
trols. The MDA level was expressed as per mg protein in the 
homogenate.

Reverse transcription-polymerase chain reaction 
Prefrontal cortex tissues were homogenized in TRIzol re-
agent (CWBIO, Nanjing, China). The concentrations of 
nucleic acids were determined using a spectrophotome-
ter (OD260/280) (Thermo, Waltham, MA, USA). Equal 
amounts of mRNA were reverse-transcribed to cDNA with 
the reverse transcription-polymerase chain reaction (RT-
PCR) kit (Fermentas, Vilnius, Lithuania). cDNAs for CHOP, 
GRP78, Nrf2, HO-1 and β-actin were amplified by PCR with 
the specific primers. The reaction products were separated 
by electrophoresis on 1.3% agarose/TAE gel including 0.1% 
GoldView (vol/vol). The GelDocXR System was used to cap-
ture the image. The Image-Pro Plus 6.0 software was used to 
determine band intensity and each value was normalized to 
the β-actin. The primers were synthesized by HuaDa Gene 
(Shenzhen, China) (Table 1). 

Enzyme linked immunosorbent assay 
The TNF-α level in cerebral cortex was detected using the en-
zyme linked immunosorbent assay (ELISA) kit (Dakewe, Shen-
zhen, China) according to the manufacturer’s protocols. TNF-α 
level was expressed as per mg protein in the homogenate.

Immunohistochemistry
Rats (n = 4–6/group) from each group were anesthetized and 
perfused with 4% paraformaldehyde (pH 7.4). Brains were 
collected and placed in the same fixative at 4°C for 24 hours. 
Brain samples were sliced into 4 µm thick coronal sections. 
The sections between –1.60 to –2.00 mm from the bregma 

were selected for immunohistochemistry. The sections were 
deparaffinized using a standard procedure and washed with 
phosphate-buffered saline as described previously. Briefly, af-
ter blocking for 30 minutes at room temperature, the sections 
were incubated with the following primary antibodies: Nrf2 
(rabbit monoclonal antibody, 1:100; Cell Signaling, Beverly, 
MA, USA), HO-1 (rabbit monoclonal antibody, 1:100; Cell 
Signaling), GRP78 (rabbit polyclonal antibody, 1:100; Cell 
Signaling), and CHOP (rabbit polyclonal antibody, 1:100; 
Proteintech Group, Rosemont, IL, USA), ionized calcium 
binding adaptor molecule 1 (Iba-1) (rabbit monoclonal anti-
body, 1:100; Abcam, Cambridge, MA, USA) and glial fibril-
lary acidic protein (GFAP) (rabbit polyclonal antibody, 1:200; 
Abcam) at 4°C overnight. The slices were then treated with 
a commercial assay kit as secondary antibodies (Gene Tech, 
Shanghai, China) according to the manufacturer’s protocols. 
The number of positive cells was measured in three random-
ly selected microscopic fields at 200× magnification. Num-
bers of positive cells within each section were expressed as 
the average of three images per section. The value calculated 
was then expressed as the percent of positive cells obtained 
relative to that of the sham group.  

Western blot assay 
The prefrontal cortex was extracted and frozen at –120°C. 
For immunoblots, the tissue was weighed and cracked on ice. 
Following homogenization in a radioimmune precipitation 
assay buffer containing protease/phosphatase inhibitors and 
phenylmethyl sulfonylfluoride, the tissue was centrifuged at 
13,800 × g for 10 minutes at 4°C. The resulting supernatant 
was removed and 5× loading buffer was added to the super-
natant. Bicinchoninic acid Protein Assay Kits were used to 
quantify total protein concentrations. After dilution with 5× 
loading buffer, equal amounts of protein were run on sodium 
dodecyl sulfate polyacrylamide gel electrophoresis gels. Pro-
teins were electrophoresed initially at 80 V for 30 minutes, 
and then altered to 120 V for 1 hour or longer. They were 
wet transferred to polyvinylidene fluoride membranes at 300 
mA for 1 hour or longer. The membranes were incubated for 
1 hour in 5% non-fat milk. Membranes were then incubated 
overnight at 4°C with primary antibodies for Nrf2 (rabbit 
monoclonal antibody, 1:1000; Proteintech Group, Rosemont, 
IL, USA), HO-1 (rabbit monoclonal antibody, 1:2000; Pro-
teintech Group), GRP78 (rabbit polyclonal antibody, 1:1000; 
Proteintech Group) and CHOP (rabbit polyclonal antibody, 
1:1000; Proteintech Group). These membranes were incu-
bated with secondary antibodies at room temperature for 1 
hour. Enhanced chemiluminescence kit reagents (Millipore 
Sigma, Burlington, MA, USA) were then used to develop 
chemiluminescent signals, which were detected using the 
Tanon Imaging System (Tanon-4600).   

Statistical analysis
All data are presented as the mean ± SD. Statistical differenc-
es between groups was performed with one-way analysis of 
variance using the post hoc Tukey’s test. Data were analyzed 
using SPSS v.19.0 for Windows (IBM, Armonk, NY, USA). P 

Table 1 PCR primers in the text

Gene Forward (5′–3′) Reverse (5′–3′)
Product size 
(bp)

CHOP AGC TGG AAG CCT 
GGT ATG AG

GAC CAC TCT GTT 
TCC GTT TC

276

GRP-78 GAA TCC CTC CTG 
CTC CCC GT

TTG GTC ATT GGT 
GAT GGT GAT TTT G

134

Nrf2 ATT TGT AGA TGA 
CCA TGA GTC GC

ACT GTA ACT CGG 
GAA TGG AAA

188

HO-1 GAC AGA AGA GGC 
TAA GAC CG

TGA ACT AGT GCT 
GAT CTG GG

193

β-Actin CTA TTG GCA ACG 
AGC GGT TCC

CAG CAC TGT GTT 
GGC ATA GAG G

152
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value less than 0.05 was considered statistically significant. 

Results
Resveratrol treatment attenuates mortality, neurological 
deficits, brain edema in SAH rats
In total, 52 surgeries were performed on the operated groups 
of rats (not including the sham group). Four rats died within 
1 hour after SAH (4/52 operated animals). The mortality was 
7.7 % (2/26) in the SAH group, and 7.7 % (2/26) in the SAH 
+ resveratrol group, within 48 hours following surgeries. No 
rat died in the sham or sham + resveratrol groups. Neuro-
logical scores significantly decreased (P < 0.001), and brain 
edema (P < 0.05) significantly increased in the SAH groups 
compared with the sham group at 48 hours after SAH. Neu-
rological scores were higher, while brain water content was 
lower in the SAH + resveratrol group than in the SAH group 
(P < 0.01 or P < 0.05; Figure 1A). 

Resveratrol decreases ROS and MDA levels in the 
prefrontal cortex of SAH rats
As shown in Figure 2B, the contents of ROS and MDA in 
prefrontal cortex homogenates were significantly elevated 
at 48 hours following SAH (P < 0.01, P < 0.001). After SAH, 
resveratrol treatment significantly reversed these changes 
compared with the SAH group (P < 0.01, P < 0.01). 

Resveratrol promotes Nrf2 and HO-1 expression in the 
prefrontal cortex of SAH rats
Nrf2 and HO-1 expression was up-regulated in the SAH 
group. After SAH, resveratrol treatment further up-regulated 
Nrf2 and HO-1 expression (Figure 3A). Similarly, immuno-
histochemical analysis showed that resveratrol administra-
tion significantly increased the number of Nrf2/HO-1-pos-
itive cells in the prefrontal cortex compared with the SAH 
group (P < 0.001, P < 0.001; Figure 3B).

Effects of resveratrol on GRP78 and CHOP expression 48 
hours post SAH
The expressions of CHOP and GRP78 increased in the pre-
frontal cortex following SAH. Levels of CHOP and GRP78 
were remarkably reduced in the SAH + resveratrol group 
compared with the SAH group (Figure 4A). Immunohisto-
chemical analysis in Figure 4B similarly revealed that res-
veratrol administration significantly decreased the numbers 
of CHOP-positive cells and GRP78-positive cells in the pre-
frontal cortex compared with the SAH group (P < 0.001 or P 
< 0.01).

Effects of resveratrol on microglial activation 48 hours 
post SAH
SAH caused microglial activation, evidenced by changed 
morphology in the prefrontal cortex and an increase in the 
microglia marker, Iba-1, positive cells (P < 0.001, vs. sham 
group) (Figure 5A). The changes were significantly reversed 
by resveratrol administration (P < 0.01, vs. SAH). TNF-α 
production significantly increased in the SAH group com-
pared with the sham group (P < 0.01). Resveratrol treatment 
attenuated TNF-α levels in the prefrontal cortex compared 
with the SAH group (P < 0.05; Figure 5B). 

Effects of resveratrol on reactive astrogliosis 48 hours post 
SAH
GFAP is an astrocyte activation marker (Jessen et al., 1984). 
GFAP staining increased in SAH rats compared with the 
sham group (P < 0.001). Activated astrocytes were signifi-
cantly suppressed by resveratrol treatment in the SAH + 
resveratrol group compared with the SAH group (P < 0.01; 
Figure 5A). Moreover, GFAP expression was reduced in the 
SAH + resveratrol group compared with the SAH group (P < 
0.05; Figure 5C).

Discussion
We found that resveratrol treatment inhibited neuronal 
apoptosis, attenuated brain edema and improved neuro-
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Figure 1 Effect of Res on neurological deficits and brain 
edema 48 hours following SAH.
(A) Modified Garcia scores: The higher the score, the better the neuro-
logical function. Scores after SAH are comparable with a previous study 
(Fujii et al., 2014); (B) brain water content. Data are expressed as the 
mean ± SD (n = 6). **P < 0.01, ***P < 0.001, vs. sham group; #P < 0.05, 
##P < 0.01, vs. SAH group (one-way analysis of variance followed by 
post hoc Tukey’s test). Res: Resveratrol; SAH: subarachnoid hemorrhage. 

Resveratrol alleviates neuronal cell apoptosis in the 
prefrontal cortex of SAH rats
At 48 hours following SAH, the number of apoptotic cells 
significantly increased compared with the sham group (P < 
0.001; Figure 2A). The number of apoptotic cells was signifi-
cantly attenuated in the SAH + resveratrol group compared 
with the SAH group at 48 hours following injury (P < 0.05; 
Figure 2A).
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Figure 3 Nrf2 and HO-1 expression in prefrontal cortex further up-regulates following Res treatment 48 hours after SAH.
(A) Expression of Nrf2 and HO-1 in the prefrontal cortex at 48 hours after SAH measured with reverse transcription-polymerase chain reaction and 
western blot assay. (B) Nrf2- and HO-1-positive cells (immunohistochemical staining). Positive cells are brown. Scale bars: 50 μm. Data are expressed 
as the mean ± SD (n = 4). **P < 0.01, ***P < 0.001, vs. sham group; ##P < 0.01, ###P < 0.001, vs. SAH group (one-way analysis of variance followed by 
post hoc Tukey’s test). Nrf2: Nuclear factor-erythroid 2-related factor 2; HO-1: heme oxygenase-1; Res: resveratrol; SAH: subarachnoid hemorrhage. 

Figure 2 Res attenuates apoptosis 
and oxidative stress in prefrontal 
cortex 48 hours after SAH. 
(A) TUNEL-positive cells: SAH 
increased TUNEL-positive cells 
(green). Res treatment markedly 
decreased apoptotic cells. Scale 
bars: 50 μm. (B) ROS and MDA 
content: Res treatment noticeably 
decreased ROS and MDA content. 
Data are expressed as the mean 
± SD (n = 8). **P < 0.01, ***P < 
0.001, vs. sham group; #P < 0.05, 
##P < 0.01, vs. SAH group (one-way 
analysis of variance followed by 
post hoc Tukey’s test). Res: Resver-
atrol; SAH: subarachnoid hemor-
rhage; TUNEL: terminal deoxyri-
bonucleotidyl transferase-mediated 
biotin-16-dUTP nick-end labeling; 
ROS: reactive oxygen species; 
MDA: malondialdehyde.  
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Figure 4 Res treatment down-regulates GRP78 and CHOP expression in prefrontal cortex 48 hours after SAH.  
(A) Expression of GRP78 and CHOP (reverse transcription-polymerase chain reaction and western blot assay); (B) numbers of GRP78- and 
CHOP-positive cells (immunohistochemical staining). Positive cells are brown. Scale bars: 50 μm. Data are expressed as the mean ± SD (n = 4).  
**P < 0.01, ***P < 0.001, vs. sham group; ##P < 0.01, ###P < 0.001, vs. SAH group (one-way analysis of variance followed by post hoc Tukey’s test). 
GRP78: Glucose-regulated protein 78; CHOP: C/EBP homologous protein; Res: resveratrol; SAH: subarachnoid hemorrhage.

Figure  5 Res attenuates glial 
activation in prefrontal cortex 
48 hours following SAH.
(A) Iba-1- and GFAP-positive 
cells. Upper panels: examples 
of stained sections. Positive 
cells are brown. Lower panels:  
analysis of immunohistochem-
ical staining (n = 4). Scale bars: 
50 μm. (B) TNF-α levels (en-
zyme linked immunosorbent 
assay; n = 8); (C) GFAP expres-
sion (western blot assay; n = 4): 
Data are expressed as the mean 
± SD. **P < 0.01, ***P < 0.001, 
vs. sham group; #P < 0.05, ##P 
< 0.01, vs. SAH group (one-way 
analysis of variance followed 
by post hoc Tukey’s test). Iba-1: 
Ionized calcium binding adap-
tor molecule 1.
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logical deficits following SAH. Importantly, resveratrol de-
creased ROS and MDA levels, as well as elevating Nrf2 and 
HO-1 expression in the prefrontal cortex. Resveratrol also 
significantly down-regulated the expressions of GRP78 and 
CHOP, and suppressed inflammatory responses after SAH. 

Accumulated evidence has demonstrated that oxidative 
stress is strongly associated with the progression of early 
brain injury (Ayer and Zhang, 2008; Duan et al., 2016; No-
moto et al., 2017). The features of oxidative stress, including 
ROS production, lipid peroxidation, protein inactivation, 
and DNA damage, have been found in the early stages of 
brain injury (Wu et al., 2014; Zhang et al., 2016). Our results 
after SAH showed elevation of ROS and MDA levels, indi-
cations of increased oxidative stress. Resveratrol treatment 
dramatically decreased the excessive production of ROS and 
MDA, in parallel with improvement in neurological deficits. 
Resveratrol is reported to inhibit protein carbonylation and 
nitration, as well as lipid peroxidation, thereby attenuating 
oxidative stress. Moreover, the anti-oxidant activity of res-
veratrol is involved in the activation of powerful endogenous 
mechanisms, such as upregulating Nrf2 and HO-1 expression 
(Niwa et al., 2016). These possibly contributed to the neu-
roprotective role of resveratrol in cerebral ischemic damage 
(Ren et al., 2011). Various studies demonstrated that Nrf2 
plays an important role in the antioxidative response to stress 
and damage of the central nervous system, including that by 
SAH (Li et al., 2015; Zhang et al., 2018). Under the patholog-
ical conditions, the Nrf2 pathway is activated to trigger anti-
oxidant enzyme expression (Lv et al., 2017), including HO-
1, and attenuate cellular oxidative stress (Magesh et al., 2012). 
HO-1 is the stress-induced enzyme that exerts antioxidant 
properties by catalyzing the degradation of heme (Syapin, 
2008). Therefore, induction of the Nrf2/HO-1 system exerts 
protective effects against a variety of cellular stresses (Chen 
et al., 2011). In the present study, SAH insult was found to 
up-regulate Nrf2 and HO-1 expression, which was consistent 
with a previous study (Chen et al., 2011). Importantly, res-
veratrol administration dramatically not only attenuated the 
oxidation damage and early brain injury, but we also found it 
increased Nrf2 and HO-1 expression further. 

Studies have found that endoplasmic reticulum stress-in-
duced apoptosis contributes to various diseases, includ-
ing diabetes, ischemia, cardiovascular diseases, and SAH 
(Groenendyk et al., 2013; Roussel et al., 2013; Liu et al., 
2016). The endoplasmic reticulum stress is a complex cel-
lular response, triggering the activation and expression of 
several proteins, including the transcription factor CHOP, 
which is considered a precipitator of stress-induced apop-
tosis (Sano and Reed, 2013; Xu et al., 2018b). Therapies that 
block endoplasmic reticulum stress could be a promising 
strategy for inhibiting early brain injury-induced apoptosis 
(Xu et al., 2018a). The current study demonstrated that SAH 
increased the expression of GRP78 and CHOP in the pre-
frontal cortex, reinforcing previous studies (Liu et al., 2016). 
In addition, resveratrol treatment reduced SAH-induced 
apoptosis and endoplasmic reticulum stress, as evident by 
attenuating TUNEL-positive cells and CHOP and GRP78 

expression in the prefrontal cortex. Liu et al. (2016) demon-
strated that resveratrol suppressed endoplasmic reticulum 
stress-mediated apoptosis in rotenone-induced Parkinson’s 
disease. This was associated with down-regulating CHOP 
and GRP78 expression and inhibiting caspase-3 activation 
in the brain of rotenone exposed rats, which was consistent 
with a previous study (Gaballah et al., 2016). However, the 
mechanism of inhibiting endoplasmic reticulum stress by 
resveratrol still needs further investigation. 

The interaction of oxidative stress and endoplasmic retic-
ulum stress is found in various pathological conditions, such 
as metabolic disease, hyper-homocysteinemia, atheroscle-
rosis, neurodegeneration and acute central nervous system 
injuries (Malhotra and Kaufman, 2007; Nakka et al., 2016). 
Studies indicate that oxidative stress and endoplasmic reticu-
lum stress are critical features underlying SAH pathogenesis. 
SAH causes ROS overproduction, thus leads to the disorder 
of endoplasmic reticulum redox and cell apoptosis (Zhao et 
al., 2015). Persistent endoplasmic reticulum stress leads to 
ROS overproduction, and further aggravates the oxidative 
damage (Malhotra and Kaufman, 2007). It is possible that 
oxidative damage and endoplasmic reticulum stress modify 
the progression and severity of SAH. Combination therapies 
that inhibit both these stresses might provide a potentially 
better therapeutic strategy for protecting the brain after 
SAH. The current report demonstrated that the therapeutic 
effect of resveratrol treatment post-SAH is strongly linked to 
the reduction of both oxidative stress and endoplasmic retic-
ulum stress. 

Some clinical studies reported that elevated proinflamma-
tory mediators, such as TNF-α and interleukin-6, in serum 
at 2–3 days post SAH were correlated with poor clinical out-
comes (Chou et al., 2012; Savarraj et al., 2018). In addition, 
increases in interleukin-6 and monocyte chemoattractant 
protein-1 levels in patient cerebrospinal fluid at 14 days 
post SAH are linked to delayed ischemic neurological defi-
cits (Niwa et al., 2016). Parallel studies in an animal model 
showed that SAH insult activates glial cell activation and 
caused pro-inflammatory cytokine release, which are associ-
ated with oxidative stress and neuronal death (Prunell et al., 
2005). Our findings confirm previous reports that glial cell 
activation and increased TNF-α production were presented 
at 48 hours following SAH, but they were reversed by res-
veratrol administration. Many studies have highlighted that 
resveratrol plays a neuroprotective role, due to its anti-in-
flammatory property, after various central nervous system 
injuries such as SAH insults (Zhang et al., 2017). Previous 
studies showed that resveratrol inhibits SAH-induced mi-
croglial activation and inflammatory cytokine secretion in 
the rat (Shao et al., 2014; Zhang et al., 2017). In the present 
study, resveratrol evidently suppressed SAH-induced glial 
activation and TNF-α release.

Our study has several limitations. First, the mechanism of 
activation of the Nrf2/HO-1 system by resveratrol has not 
been completely elucidated and should be investigated in 
further studies. Second, the interaction of oxidative stress 
and endoplasmic reticulum stress in the effect on resveratrol 
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against SAH insult was not investigated. Third, only one dose 
of resveratrol was used in this study. It will be important in 
future studies to investigate these aspects. Hypoxic-ischemic 
insult was not investigated.

In summary, resveratrol treatment has a therapeutic effect 
against early brain injury. The neuroprotective effect is prob-
ably mediated in part by decreased oxidative damage, en-
doplasmic reticulum stress and inflammatory response and 
thus ameliorates apoptosis. 
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