
Pterostilbene Attenuates Early Brain Injury Following
Subarachnoid Hemorrhage via Inhibition of the NLRP3
Inflammasome and Nox2-Related Oxidative Stress

Haixiao Liu1
& Lei Zhao1 & Liang Yue1 & Bodong Wang1 & Xia Li1 & Hao Guo1 &

YihuiMa2 &ChenYao3 &LiGao1 & Jianping Deng1 &Lihong Li1 &Dayun Feng1 &YanQu1

Received: 27 May 2016 /Accepted: 6 September 2016 /Published online: 24 September 2016
# Springer Science+Business Media New York 2016

Abstract Pterostilbene (PTE), one of the polyphenols present
in plants such as blueberries and grapes, has been suggested to
have various effects, such as anti-oxidation, anti-apoptosis,
and anti-cancer effects. Subarachnoid hemorrhage (SAH) is
a severe neurological event known for its high morbidity and
mortality. Recently, early brain injury (EBI) has been reported
to play a significant role in the prognosis of patients with
SAH. The present study aimed to investigate whether PTE
could attenuate EBI after SAH was induced in C57BL/6 J
mice. We also studied possible underlying mechanisms.
After PTE treatment, the neurological score and brain water
content of the mice were assessed. Oxidative stress and neu-
ronal injury were also evaluated. Nucleotide-binding oligo-
merization domain-like receptor family pyrin domain-
containing 3 (NLRP3) inflammasome activity was assessed
using western blot analysis. Our results indicated that PTE
treatment reduces the SAH grade, neurological score, and
brain water content following SAH. PTE treatment also re-
duced NLRP3 inflammasome activation. PTE alleviated the
oxidative stress following SAH as evidenced by the
dihydroethidium staining, superoxide dismutase activity,
malondialdehyde content, 3-nitrotyrosie and 8-hydroxy-2-
deoxyguanosine levels, and gp91phox and 4-hydroxynonenal

expression levels. Additionally, PTE treatment reduced neu-
ronal apoptosis. In conclusion, our study suggests that PTE
attenuates EBI following SAH possibly via the inhibition of
NLRP3 inflammasome and Nox2-related oxidative stress.
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Introduction

As a devastating cerebral vascular event, subarachnoid hem-
orrhage (SAH) is predominantly caused by ruptured aneu-
rysm, arteriovenous malformation, hypertensive arteriosclero-
sis, abnormal vascular net at the base of the skull, or by violent
trauma [1]. SAH is a serious condition because of its high
morbidity and mortality rates [2, 3]. This complicated condi-
tion is intimately associated with a variety of physiological
and pathological mechanisms, such as vasospasm, cerebral
edema, obstructive hydrocephalus, diffuse/focal cerebral is-
chemia, or infarction [4, 5]. Recently, early brain injury
(EBI) has been suggested to play a critical role in the progno-
sis of SAH. EBI refers to the immediate injury to the brain
after SAH, before the onset of delayed vasospasm. Evidence
shows that EBI, and not vasospasm, may be responsible for
morbidity and mortality during the early 24–72 h after the
SAH [6]. New therapeutics targeting the molecular mecha-
nisms of EBI may be beneficial for improving patients’ clin-
ical outcomes. The mechanisms of oxidative stress, including
reactive oxidative species (ROS) production, lipid peroxida-
tion, protein inactivation, and DNA damage, cannot be ig-
nored in early brain injury [7]. Nicotinamide adenine dinucle-
otide phosphate (NADPH) oxidases (Nox) are a family of
enzymes that lead to the generation of ROS. It has been re-
ported that gp91phox is the catalytic subunit of Nox2, and that
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its activity is strongly associated with ROS production [8].
Additionally, increasing evidence indicates that inflammation
has a pivotal role in the acute and chronic phases of neural
injury caused by aneurysmal SAH [9]. Neuronal apoptosis is
also an important therapeutic target for the attenuation of neu-
ral injury caused by aneurysmal SAH and has been success-
fully targeted in an animal model [10].

Notably, the nucleotide-binding oligomerization domain-
like receptor family pyrin domain-containing 3 (NLRP3)
inflammasome has been shown to play a critical role in the
inflammatory response and to contribute to neuroinflamma-
tion after SAH [11]. The NLRP3 inflammasome consists of
NOD-like receptor, NLRP3, apoptosis-associated speck-like
protein containing caspase-1 activator domain (ASC), and
caspase-1 [12]. Once activated, ASC and pro-caspase-1 are
recruited, leading to caspase-1 activation, and subsequently,
promotes the cleaving of pro-interleukin (IL)-1β and pro-IL-
18 into their active forms. IL-1β and IL-18 can then induce
neuroinflammation and neurodegeneration [13].

Pterostilbene (trans-3,5-dimethoxy-4-hydroxystilbene
(PTE)) is an analog of resveratrol. They are both polyphenols
produced by plant metabolism, which are common in the hu-
man diet. However, PTE has better oral bioavailability com-
pared with resveratrol [14]. Research shows that these poly-
phenols have extensive protective effects on a serious of path-
ological states such as cancer and cardiovascular and neuro-
degenerative diseases [15, 16]. It is vitally important that PTE
is able to pass the blood-brain barrier. Thus, oral or intraperi-
toneal administration of these plant-extracted stilbenes may be
beneficial for the treatment of neuronal injury [17].

We have demonstrated that PTE treatment attenuates glob-
al cerebral ischemia-reperfusion (I/R) injury by reducing I/R-
induced mitochondrial oxidative damage via the activation of
hemeoxygenase (HO)-1 signaling [18]. However, the effects
of PTE on EBI following SAH and the underlying mecha-
nisms of these effects have not yet been reported. Therefore,
this study aimed to determine whether PTE can reduce EBI
after SAH, and if so, to investigate the possible underlying
mechanisms.

Materials and Methods

Reagents

PTE, superoxide dismutase (SOD) assay kit, malondialdehyde
(MDA) assay kit and ROS fluorescent probe-dihydroethidium
(DHE), dimethyl sulfoxide (DMSO), and 4′,6-diamino-2-
phenylindole (DAPI) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Rabbit polyclonal antibody against
gp91phox (ab80508), rabbit polyclonal antibody against 4-
HNE (ab46545), rabbit polyclonal antibody against active
caspase-3 (ab2302), and rabbit polyclonal antibody against

interleukin-1β (IL-1β; ab9722) were obtained from Abcam
(Cambridge, UK). Rabbit monoclonal antibody against Bcl-2
(no. 2870) rabbit monoclonal antibody against Bax (no.
14796) and rabbit monoclonal antibody against β-actin (no.
4970) were purchased from Cell Signaling Technology
(Beverly, MA, USA). Rabbit polyclonal antibody against
interleukin-18 (sc-7954), rabbit polyclonalan tibody against
NLRP3 (sc-66846), rabbit polyclonal antibody against
apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC) (sc-22514-R), and goat polyclonal
antibody against caspase-1 p20 (sc-1597) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse
monoclonal antibody against NeuN (MAB377) was pur-
chased from Millipore (Billerica, MA, USA). Terminal
deoxynucleotidyltransferased UTP nick-end labeling
(TUNEL) kit was purchased from Roche (Mannheim,
Germany). The ELISA kits for measuring 8-hydroxy-2-
deoxyguanosine (8-OHdG) and 3-nitrotyrosine (3-NT) were
purchased from Cell Biolabs (San Diego, USA). The HRP-
conjugated rabbit anti-goat secondary antibody and HRP-
conjugated goat anti-rabbit secondary antibody were pur-
chased from Bioworld Co. (Shanghai, China). The Cy3-
conjugated goat anti-mouse secondary antibody was pur-
chased from the ComWin Biotech Co. (Beijing, China).

Animals

This study was performed according to the Guide for the Care
and Use of Laboratory Animals, which is published by the US
National Institutes of Health (National Institutes of Health
Publication no. 85-23, revised 1996) and was approved by
the Ethics Committee of the Fourth Military Medical
University.

Healthy adult male C57BL/6 J mice weighing 20–25 g
were used in our experiments. They were provided by the
Animal Center of the Fourth Military Medical University.
The mice were kept in a pathogen-free environment at a con-
stant temperature (23 °C) and humidity (60 %), with a 12-h
light-dark cycle and had free access to food and water.

SAH Model

We used the endovascular perforation subarachnoid hemor-
rhage model. The mice were anesthetized using 2 % pento-
barbital sodium and then placed in the supine position. The
mice’s skin and then subcutaneous tissue along the midline of
the neck were cut open to expose the left common carotid
artery bifurcation. The left external carotid artery was ligated
and dissected. A sharpened suture was inserted into the left
internal carotid artery from the left external carotid artery
stump. Resistance feeling is felt when piercing the artery at a
point 10–12 mm inward from the common carotid artery bi-
furcation. At this point, we continued to insert 3 mm further to
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perforate the bifurcation of the anterior and middle cerebral
arteries. The suture remained in place for 20 s before with-
drawal. Sham-operated mice underwent the same procedures,
except for the 3 mm insertion.

Experimental Protocols

In this study, 197 mice were used and 22 mice were excluded
because of the low SAH grades. The mice were randomly
divided into a sham group (n = 36), an SAH group (n = 47),
an SAH + vehicle group (n = 46), and an SAH + PTE group
(n = 46). PTEwas first dissolved in DMSO and then diluted in
0.9 % NaCl solution and was administered intraperitoneally
twice (0.5 and 2 h after SAH induction) at a dose of 10mg/(kg
body weight). The SAH + vehicle group was administered the
same volume of vehicle.

SAH Grade

According to the SAH grading scale reported previously
[19], the severity of SAH was evaluated by an observer
who was blind to the experimental groups. Twenty-four
hours after SAH injury, the mice were re-anesthetized and
killed, and their brains were removed immediately. We
then rapidly recorded the high-resolution photos of the
skull base to observe and analyze the circle of Willis
and the basilar arteries. The basal cisterns were divided
into six segments, each of which was evaluated by a
blinded investigator, who graded them on a scale from 0
to 3 depending on the extent of subarachnoid blood
clotting in the segment (Grade 0, no subarachnoid blood;
grade 1, minimal subarachnoid blood; grade 2, moderate
blood clot with recognizable arteries; grade3, blood clot
obliterating all arteries within the segment). Mice with too
mild (SAH grades ≤7 at 24 h) or too serious (death) of an
injury were excluded from the groups.

Neurological Scores

In order to identify mice’s sensorimotor deficits, neurological
scores were blindly evaluated after 24 and 72 h according to
the 18-point scoring system. This system includes six evalu-
ating indicator (spontaneous activity, movements of all limbs,
movements of forelimbs, climbing, reaction to touch on trunk,
and vibrissae), each of which ranges from 0 to 3 points.

Brain Water Content

The animals were sacrificed under deep anesthesia after 24 or
72 h of the SAH surgery, then the brains were removed im-
mediately and divided into four parts: left hemisphere, right
hemisphere, cerebellum, and brain stem. After removal, each
part was weighed immediately before being put into oven at

the temperature from 95 to 100 °C for 72 h to get the wet
weight. Then, weigh them once more after drying in the oven
to obtain the dry weight. The percentage of tissue water con-
tent was calculated as ((wet weight − dry weight)/wet
weight) × 100 %.

ROS Staining

Cellular ROS levels were analyzed using the ROS fluorescent
probe DHE in images obtained with a laser confocal scanning
microscope 24 h after SAH.Mice were transcardially perfused
with 50 mL ice-cold 0.1 M phosphate-buffered saline (PBS;
pH 7.4) after being anesthetized. The brains were quickly
removed and frozen at −80 °C for 20 min, and soon after, they
were sliced into 15-μm-thick coronal sections by suing a
freezing microtome. The sections were then mounted onto
polylysine-coated slides. After a 30-min incubation in DHE
(10 μmol/L), the slices was observed and photographed using
a microscope. The DHE-positive cells were counted to reflect
the tissues’ ROS levels, as well as their oxidative stress levels
[20].

Measurement of MDA Levels and SOD Activities

The animals were killed 24 h following the SAH, and tissue
homogenates were prepared for the detection of MDA levels
and SOD activity. MDA levels were tested according to man-
ufacturer instructions. The principle of this assay is that
malondialdehyde and thiobarbituric acid react under acidic
conditions and high temperature to generate red-brown
3,5,5'-threemethyloxazole-2,4-diketone, which has a maxi-
mum absorption peak at a wavelength of 532 nm. SOD activ-
ity was also determined following manufacturer instructions,
which outline the WST-1 method. Changes in SOD activity
were reflected by changes in absorbance at 550 nm [21, 22].

Evaluation of 3-NT and 8-OHdG Levels

The concentrations of 3-NT and 8-OHdG were measured ac-
cording to the instructions of the manufacturer of a commer-
cial enzyme-linked immunosorbent assay (ELISA) kit 24 h
after the SAH. Briefly, samples, standards, and primary anti-
bodies were added to the wells of a well plate, which was then
incubated at 4 °C for 12 h. The samples were then incubated
with a secondary antibody for 1 h at room temperature and a
substrate solution for 15 min at room temperature in the dark.
After adding the reaction terminating solution, the absorbance
of contents of each well was measured and a standard curve
was used to determine the levels of 3-NT and 8-OHdG in the
samples [23].
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TUNEL Staining

Cell apoptosis in the tissue was detected using terminal
deoxynucleotidyl transferased UTP nick end labeling
(TUNEL) staining 24 h after SAH induction. Mice were
deeply anesthetized and transcardially perfused with
50 mL ice-cold 0.1 M PBS (pH 7.4) and then 60 mL
4 % paraformaldehyde (dissolved in PBS). The brains
were immediately removed and fixed in the paraformal-
dehyde solution at 4 °C for 24 h. After dehydrating using
sequential 24-h incubations in 10, 20, and 30 % sucrose
solutions, the tissues were sliced. The slices were put in a
humidified box, treated with 0.3 % hydrogen peroxide for
30 min at the room temperature and incubated with
0.25 % proteinase K for 45 min at 37 °C. The slices were
then dyed using the TUNEL reaction solution (concentrat-
ed enzyme solution and labeling solution) prepared ac-
cording to the manufacturer instructions in a humidified
dark box for 60 min at 37 °C. Finally, the tissues were
dyed using DAPI for 10 min at 37 °C. Each of these steps
was followed by three 5-min PBS washes. Brain sections
were covered using cover glasses and anti-fade mounting
medium. The numbers of TUNEL-positive cells,
representing apoptotic cells, and DAPI-stained cells,
representing all cells, were separately counted in five
fields randomly chosen under a high-power lens. The ex-
tent of cell apoptosis was evaluated by calculating the
ratio of TUNEL-positive cells to DAPI-staining cells.
This analysis was performed by a blinded observer.

NeuN Staining

For NeuN staining, the slices were incubated with 0.3 % hy-
drogen peroxide for 30 min at room temperature and treated
with 0.15 % Triton X-100 for another 30 min at room temper-
ature. The slices were then incubated with 10% donkey serum
for 45min at room temperature, followed by incubation with a
mouse anti-NeuN antibody overnight at 4 °C. Subsequently,
the slices were incubated with Cy3-conjugated goat anti-
mouse secondary antibody for 2 h at room temperature, and
then stained with DAPI for 10 min at 37 °C. The survival rates
of neurons were reflected by the proportions of NeuN-positive
cells.

Western Blot

The left basal cortical samples were homogenized using an
ultrasonic homogenizer in a mixture of lysis buffer and 1 %
protease inhibitor for western blotting. The lysates were cen-
trifuged, and the resulting supernatant was transferred to a
new tube and stored at −80 °C. Protein concentrations were
measured using bicinchoninic acid (BCA) by using an en-
hanced BCA protein assay kit. Protein samples were loaded

onto a 10–15 % sodium dodecyl sulfate (SDS)-polyacryl-
amide gel, separated by electrophoresis, and electrophoretical-
ly transferred to polyvinylidene fluoride (PVDF) membranes,
which were pre-activated by methanol. The PVDF mem-
branes were blocked in 5 % evaporated skimmed milk diluted
in Tris-buffered saline containing Tween-20 (TBST) for 1 h at
room temperature. The membranes were subsequently incu-
bated with primary antibodies against gp91phox, 4-HNE, Bcl-
2, Bax, active caspase-3, NLRP3, ASC, caspase-1, p20, IL-
1β, IL-18, and β-actin at 4 °C overnight. They were then
incubated with appropriate secondary antibodies at room tem-
perature for 2 h. The antibody incubations were followed by
three 5-min TBST washes. The protein bands were detected
and quantified by the Bio-Rad imaging system (Bio-Rad,
Hercules, CA, USA).

Statistical Analysis

GraphPad Prism5 software (LaJolla, CA, USA) was used to
analyze the data in our study. Data for SAH grades and neu-
rological scores are expressed as median and 25th to 75th
percentiles and were analyzed using the Mann-WhitneyU test
or Kruskal-Wallis one-way analysis of variance (ANOVA) on
ranks, followed byDunn’s or Tukey’s post hoc analysis. Other
data are expressed as mean ± standard deviation (SD). Fisher’s
exact test was used for mortality analysis. One-way ANOVA
followed by Bonferroni multiple comparisons test was used
for intergroup comparisons. Data were considered statistically
significant if P was <0.05.

Results

The Mortality and SAH Grade in Each Group

None of the animals in the sham group died. Themortalities of
the SAH, SAH + vehicle, and SAH + PTE group were 23.4 %
(11 of 47 mice), 21.7 % (10 of 46 mice), and 21.7 % (10 of 46
mice), respectively (Fig. 1a). The SAH grades of the animals
were evaluated after they were killed. Blood clots were clearly
visible around the circle of Willis and the ventral brainstem of
the mice in the SAH, SAH + vehicle, and SAH + PTE groups.
The differences between these groups’ scores were of no sta-
tistical significance (Fig. 1b).

Effects of PTE on Neurological Score and Brain Water
Content

The neurological scores of each group were measured 24
and 72 h after the SAH. Brain water content in the left
hemisphere, the right hemisphere, the cerebellum, and the
brain stem were tested separately at the same time points.
Neurological scores decreased dramatically and brain
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water content increased significantly after SAH (vs. the
sham group, P < 0.05) (Fig. 2). However, the difference
between the SAH and SAH + vehicle groups was of no
statistical significance. PTE administration alleviated the
neurological deficits following SAH injury and decreased
brain water content in the left hemisphere, which was the
ipsilateral side to the injury (vs. the SAH + vehicle group,
P < 0.05) (Fig. 2).

PTE Treatment Attenuates Oxidative Stress Following
SAH

We evaluated the effects of PTE treatment on oxidative stress
24 h after SAH induction. Our results suggest that PTE has a
protective effect against oxidative stress after SAH. DHE-
staining results were recorded using confocal microscopy.
Statistics revealed that the numbers of DHE-positive cells in

Fig. 2 Effects of PTE on neurological score and brain water content 24
and 72 h after SAH. a, b Neurological scores 24 and 72 h after SAH
indicate that the difference between the SAH and SAH + vehicle groups
had no significance. However, the neurological scores of the SAH + PTE
group are higher than those of the SAH + vehicle group. c, d Brain water
content of the left hemisphere, the right hemisphere, the cerebellum, and
the brainstem were tested separately 24 and 72 h after SAH. The injury

was on the left side. The data from the SAH and SAH + vehicle groups
did not indicate statistically significant differences. However, the brain
water content of the SAH + PTE group is lower than that of the SAH +
vehicle group. Values for neurological scores are represented as median
and 25th to 75th percentiles. Values for brain water contents are
represented as mean ± SD, n = 6 for each group. *P < 0.05 vs. sham
group; #P < 0.05 vs. SAH + vehicle group

Fig. 1 Mortality and SAH grades
in each group. aMortalities in the
sham, SAH, SAH + vehicle, and
SAH + PTE groups were 0 %,
23.4 % (11 of 47 mice), 21.7 %
(10 of 46mice), and 21.7% (10 of
46 mice), respectively. b SAH
grades in each group. Values for
SAH grades are represented as
median and 25th to 75th
percentiles
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the SAH + PTE group were significantly decreased (vs. the
SAH + vehicle group, P < 0.05) (Fig. 3a, b). Our data indicat-
ed that MDA levels were statistically lower in the SAH + PTE
group (vs. the SAH + vehicle group, P < 0.05) (Fig. 3c), while
the difference between the SAH and SAH + vehicle groups
had no significance. The group treated with PTE had higher
SOD activity (vs. the SAH + vehicle group, P < 0.05)
(Fig. 3d). The levels of 3-NTand 8-OHdG, which are markers
of protein and DNA damage, respectively, increased signifi-
cantly in the SAH group (vs. the sham group, P < 0.05). PTE
treatment induced dramatic decreases of the levels of 3-NT
and 8-OHdG (vs. the SAH + vehicle group, P < 0.05) (Fig. 3e,
f). Like MDA, 4-HNE is a lipid peroxide, which is produced
in the presence of ROS. gp91phox is a catalytic subunit of
Nox2. Western blotting was performed to determine the ef-
fects of PTE on the expression levels of gp91phox and 4-HNE.
The SAH group had significant increases in the expression
levels of gp91phox and 4-HNE (vs. the sham group,
P < 0.05), while the increases of these levels in SAH +

PTE group were less dramatic (vs. the SAH + vehicle
group, P < 0.05) (Fig. 3g–i). These results indicate
that PTE attenuates EBI following SAH via the inhibition
of Nox2-related oxidative stress.

PTE Treatment Attenuates Neuronal Death Following
SAH

We quantified cellular death by using TUNEL staining and
NeuN immunofluorescence staining 24 h after SAH induc-
tion. Our results indicated that the apoptotic index was signif-
icantly increased in the SAH group (vs. the sham group,
P < 0.05), while the difference between the SAH and
SAH + vehicle groups had no statistical significance. The
administration of PTE distinctively decreased apoptosis (vs.
the SAH+ vehicle group,P < 0.05) (Fig. 4a, c). NeuN staining
was performed to quantify the cell survival rate. The numbers
of NeuN-positive cells, which were decreased by SAH injury,

Fig. 3 Effects of PTE treatment on oxidative stress 24 h after SAH
induction. a Representative confocal images of DHE staining are shown.
Scale bar = 50 μm. b The histogram shows the percentages of DHE-
positive cells. c MDA levels. d SOD activity. e 3-NT concentration. f 8-

OHdG concentration. g The expression levels of gp91phox and 4-HNE as
detected by western blot. h The relative levels of gp91phox. i The relative
levels of 4-HNE. Values are represented as mean ± SD, n = 6 for each
group. *P < 0.05 vs. sham group; #P < 0.05 vs. SAH + vehicle group
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were increased in the SAH + PTE group (vs. the SAH + ve-
hicle group, P < 0.05) (Fig. 4b, d).

Effects of PTE Treatment on Apoptosis Signaling
Following SAH

Western blotting was used to detect the expression levels of
Bcl-2, Bax, and active caspase-3 24 h after SAH induction. As

shown in Fig. 5, our results revealed significant up-regulation
in the expression levels of Bax and activated caspase-3 after
SAH (vs. the sham group, P < 0.05). However, this phenom-
enonwas partially offset by PTE. The expression of Bcl-2 was
lower in SAH and the SAH + vehicle groups compared with
the sham group, and the expression levels of Bcl-2 increased
notably in the SAH + PTE group (vs. the SAH + vehicle
group, P < 0.05).

Fig. 4 Effects of PTE treatment
on neuronal death 24 h after SAH
induction. a Representative
images of TUNEL staining. b
Representative images of NeuN
staining and c, d histograms show
the quantification of TUNEL- and
NeuN-positive cells. Values are
represented as mean ± SD, n = 6
for each group. *P < 0.05 vs.
sham group; #P < 0.05 vs. SAH +
vehicle group
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Effects of PTE Treatment on the NLRP3 Inflammasome
Following SAH

Western blotting was performed to investigate whether PTE
treatment reduced NLRP3 inflammasome activation 24 h after
SAH induction. The expression levels of NLRP3, ASC,
caspase-1 p20, IL-1β, and IL-18 were measured and analyzed
(Fig. 6). The protein level of NLRP3, ASC, active caspase-1,
IL-1β, and IL-18 increased markedly in brain tissues after the
SAH (vs. the sham group, P < 0.05). However, the levels of
these proteins did not show significant difference between the
SAH and SAH + vehicle groups. PTE administration signifi-
cantly reduced the expression levels of NLRP3, ASC, active
aspase-1, IL-1β, and IL-18.

Discussion

The major findings of the present study are: (1) PTE treatment
alleviates neurological deficits and brain edema after SAH. (2)
PTE treatment inhibits NLRP3 inflammasome activation after
SAH. (3) PTE treatmentreduces Nox2-related oxidative stress
following SAH. PTE treatment alleviates the animals’ neuro-
logical deficits and brain edema 24 and 72 h after SAH induc-
tion. Moreover, the numbers of DHE-positive cells, which
represent reactive oxygen species production, were lower in
SAH + PTE group than in the SAH and SAH + vehicle
groups. The reductions in MDA, 3-NT, 8-OHdG, gp91phox,
and 4-HNE levels and the elevation in SOD activity also re-
flect PTE’s persistent effects in alleviating oxidative stress

following SAH. PTE can also decrease neuronal apoptosis.
In addition, the activation of the NLRP3 inflammasome can
be observed in the tissue, following SAH, and is inhibited by
PTE treatment.

EBI is regarded as the critical cause of high mortality
andmorbidity following SAH, as well as the major therapeutic
target in the management of SAH [24, 25]. Increased intracra-
nial pressure (ICP), decreased cerebral blood flow (CBF), and
global cerebral ischemia are critical causative factors during the
EBI period. These events induce the pathologic secondary in-
jury processes of blood-brain barrier disruption, inflammation,
the oxidative cascades, and ultimately lead to cell apoptosis and
death [3, 26, 27]. Various molecular mechanisms have been
shown to participate in the pathophysiology of EBI, including
inflammation, oxidative stress, and cell apoptosis. These mech-
anisms are thought to be involved in the etiology of EBI and are
potential targets for therapeutic intervention [28].

PTE is a dimethylated analog of resveratrol with higher
bioavailability. It is found in plants such as blueberries, grapes,
and Pterocarpus marsupium [29]. Research has indicated that
resveratrol has comprehensive protective effects, including
protection against the amplification and metastasis of tumor
cells, cardiovascular dysfunction, stroke-associated brain
damage, and neurodegenerative disease. It is also known to
delay aging and lead to weight loss [29, 30]. Although much
study has focused on the beneficial effects of resveratrol and
other stilbenes for a long time, the beneficial effects of stil-
benes on the central nervous system has only received atten-
tion in recent years [31]. Rimando et al. first reported that the
peroxyl-radical scavenging activity of PTE was similar to that

Fig. 5 Effects of PTE on the
expression levels of Bcl-2, Bax,
and active caspase-3 24 h after
SAH, as detected by western blot.
a Representative western blot
images. b Bcl-2 levels. c Bax
levels. d Active caspase-3 levels.
Values are represented as
mean ± SD, n = 6 for each group.
*P < 0.05 vs. sham group;
#P < 0.05 vs. SAH + vehicle
group
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of resveratrol [32]. This effect of reducing oxidative stress is
achieved directly by chemical reactions mediated by polyphe-
nols, but more importantly, is indirectly achieved by regulat-
ing transcriptional factors, such as NF-κB, AP-1, FoxOs,
Nrf2/Keap1, as well as by changing nuclear histone acetyla-
tion [33, 34]. PTE’s anti-oxidant, anti-apoptosis, and anti-
cancer properties have extensive biological effects in multiple
organs and tissues such as breasts, the cardiovascular system,
the alimentary system, the hematological system, and the
prostate, as well as in metabolism [29].

PTE also has protective effects in neurons. These effects
are known to originate from PTE’s powerful anti-oxidant and
anti-inflammation properties. These effects act through com-
plicated mechanisms, such as the inhibition of ROS produc-
tion, up-regulation of levels of PPAR-α levels, induction of
MnSOD, down-regulation of levels of phosphorylated JNK
and tau levels, suppression of the expression of iNOS and
COX-2 expression, activation of the SIRT1 pathway, and in-
hibition of MAPK signal transduction pathway, which all

suppress the activation ofthe NF-κB signaling pathway [16,
29, 31, 35]. Previous studies have also shown that PTE sup-
presses miR-377 to up-regulate SOD and inhibit the activation
of the NLRP3 inflammasome pathway and alleviates oxida-
tive stress and inflammation [36].

Our previous work demonstrated in the cerebral ischemia
reperfusion mice model that PTE significantly attenuates the
mitochondrial oxidative damage through regulating the mito-
chondrial cytochrome c release and the production of ROS
[18]. This study showed that the most important therapeutic
target of PTE on SAHmight be the inhibition of the activity of
NOX-2 and the release of ROS.

It has been reported that gp91phox is the catalytic subunit of
Nox2 [37]. Together with its homologs of Nox1, Nox3, Nox4,
Nox5, Duox1, and Duox2, Nox2 is an important member of
the NOX family. The substrates of NADPH oxidase include
ROS, which play significant roles in a range of diseases as
signaling molecules regulating cell differentiation, prolifera-
tion, aging, apoptosis, and other cellular activities [38, 39]. In

Fig. 6 Effects of PTE treatment on the NLRP3 inflammasome activation
24 h after SAH. a Representative western blot images. bNLRP3 levels. c
ASC levels. dCaspase-1 p20 levels. e IL-1β levels. f IL-18 levels. Values

are represented as mean ± SD, n = 6 for each group. *P < 0.05 vs. sham
group; #P < 0.05 vs. SAH + vehicle group
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this study, the expression of gp91phox together with ROS pro-
duction induced by SAH is suppressed significantly by PTE,
which is vital and cannot be ignored.

Oxygen-free radicals not only induce cell damage by induc-
ing the peroxidation of polyunsaturated fatty acids on the bio-
logical membranes but also by decomposing these products.
The amounts of 3-NT and MDA often reflect the degree of
lipid peroxidation in tissue and thus indirectly reflect the degree
of cell damage [40]. Peroxidation processes take place at the
side chains of polyunsaturated fatty acids in biological mem-
branes (phospholipids, enzymes, and membrane receptors),
and in nucleic acids and other macromolecules. Peroxidation
thus changes the fluidity and permeability of the cell mem-
brane, and ultimately destroys cell structure and function.

SOD is an important anti-oxidant enzyme in organisms,
catalyzes the dismutation of superoxide anion, and generates
hydrogen peroxide (H2O2) and oxygen (O2). The activity of
SOD indirectly reflects the ability of the cell to clear oxy-
radicals [22]. 8-OHDG is one of the most sensitive DNA
damage markers and is produced following hydroxyl radical
induction during oxidative stress. 8-OHdG lesions can be
eliminated by DNA repair enzymes, but they can also cause
permanent changes in DNA structure if they are not excised
[41]. Detection of changes in these biochemical indicators is a
reflection of PTE’s comprehensive effects in alleviating oxi-
dative stress in EBI after SAH induction.

As is well known, neuroinflammation mediates the injury
expansion and behavioral deficits [42, 43]. Peripheral immune
cells are recruited to and activated in the damaged brain areas and
release inflammatory cytokines in the cerebral parenchyma [44].

The NLRP3 inflammasome has been reported to take part in
the pathogenesis of central nervous system disorders, such as
ischemic stroke [45], intracranial hemorrhage [46], traumatic
brain injury [47], and meningitis [48]. The NLRP3
inflammasome, which is associated with ASC and caspase pro-
tease, can recruit and activate caspase-1 and therefore induces the
cleavage and maturation of pro-IL-1β and pro-IL-18 [49].

In this study, we proved that the installation and activation
of NLRP3 inflammasome can be inhibited by PTE adminis-
tration, which indicated that the protective effects of it also
originate from the powerful anti-inflammation properties.

The activation of the NLRP3 inflammasome accelerates
the process of inflammation and apoptosis and promotes ox-
idative stress-associated ROS generation [50, 51]. Cell apo-
ptosis can be remarkably alleviated by inhibiting the activa-
tion of the NLRP3 inflammasome [52]. Interestingly, ROS
can increase p38 MAPK phosphorylation while promoting
the activation of the NLRP3 inflammasome. It can also in-
crease the expression of thioredoxin-interacting protein
(TXNIP) expression, which binds with thioredoxin (Trx), thus
counteracting its suppression to NLRP3 inflammasome [46,
53, 54]. Pore formation, potassium (K+) efflux, and lysosomal
destabilization and rupture are associated with NLRP3

activation [49, 55]. The NLRP3 inflammasome has been sug-
gested to be responsible for brain injury following SAH [11,
56].

The inflammatory factors released into microenvironment,
such as IL-1β and TNF-α, will accelerate the Ca2+ influx and
exitotoxicity of neurons through binding to their receptors on
the membrane. As a result, the dysfunctions of mitochondrial
lead to the decrease of ATP and the production and release of
ROS. The energy failure and oxidative stress start up cellular
apoptosis [57–59].

The members of Bcl-2 family play important parts in cel-
lular apoptosis [60]. This protein family can be divided into
two categories according to their molecular biological effects:
the members of anti-apoptosis group include Bcl-2, Bcl-XL,
Bcl-W, etc., and the members of pro-apoptosis group includes
Bax, Bak, Bad, etc. [56, 61]. Bcl-2 is localized to the outer
membrane of mitochondria, where it plays an important role
in promoting cellular survival and inhibiting the actions of
pro-apoptotic proteins. The pro-apoptotic members, such as
Bcl-2-associated X protein (Bax), and Bcl-2 homologous an-
tagonist killer (Bak), normally act on the mitochondrial mem-
brane to promote permeabilization and release of cytochrome
c and ROS, which are important signals in the apoptosis cas-
cade [62].

Bcl-2 can combine with the other proteins in Bcl-2 family
to form dimer. The dimer formed by Bcl-2 and Bax can reg-
ulate the apoptosis in cell. The Bax/Bax homo-dimers will
form if Bax keeps on a higher level than Bcl-2, which pro-
motes cell death. On the contrary, if the relative amount of
Bcl-2 is higher than that of Bax, more Bcl-2/Bax heterodimers
will replace Bax/Bax homo-dimers in cell, thus inhibits the
cell death. Meanwhile, the amount of Bcl-2/Bcl-2 homo-
dimers will form in this case, which acts as cell death inhibi-
tors. Dephosphorylated BAD, which belongs to the BH3-only
subfamily of Bcl-2 family, can form heterodimer with Bcl-2
and Bcl-xL, and thus allowing Bax to trigger apoptosis [63,
64]. When phosphorylated by Akt, BAD forms protein dimer,
and leaves Bcl-2 free to inhibit Bax-triggered apoptosis [65].

Bcl-2 can also inhibit cellular apoptosis through other mech-
anisms. Over-expression of Bcl-2 can reduce the generation of
oxygen free radicals and the formation of lipid peroxide, thus
scavenge the reactive oxygen species in cell indirectly [66].
The release of cytochrome c (Cyt c), which may block the
transport of electron in the respiratory chain and result in the
accumulation of superoxide anion, can also be inhibited by Bcl-
2 [67]. Besides, Bcl-2 can up-regulate the level and the activity
of glutathione (GSH), inhibit the release of AIF into cytoplasm,
and regulate the transmembrance flow of Ca2+ [68]. On the
contrary, Bax and Bak are believed to initiate apoptosis by
forming a pore in the mitochondrial outer membrane that al-
lows cytochrome c to escape into the cytoplasm and activate
the pro-apoptotic caspase cascade [62]. Bcl-2 and Bax are both
pivotal apoptosis-related molecular in mitochondria and
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antagonize each other to keep balance, which would break in
the pathological conditions. This study shows that PTE can
alleviate apoptosis caused by EBI through the Bcl-2 up-regu-
lating and Bax/caspase cascade inhibiting mechanism.

In addition, evidence also suggests that the phosphoinositide
3-kinase (PI3K)/Akt pathway plays an important neuroprotec-
tive role in apoptosis after SAH. PI3K can be activated by
growth factors, and then catalyzes the phosphorylation of
PIP2 and generates PIP3, which would activate the 3′-
phosphoinositide-dependent kinase (PDK). The activated
PDK activates Akt. As an inhibitor to apoptosis, phosphorylat-
ed Akt inactivates its downstream targets, such as Bcl2-
associated agonist of cell death, glycogen synthase kinase 3
and caspase-3 [69, 10, 70].

In this study, we have detected the total protein expression
level and the phosphorylation level of Akt to investigate
whether Akt pathway takes part in the protective effect of
PTE. The current data of western blot did not show significant
changes on the phosphorylation level of Akt. Taking the lim-
itation of technologies and the deviations of experiments into
consideration, we could not draw the conclusion whether Akt
pathway takes part in the protective effect of PTE till now.
And further research based on the expansion of sample size
and the change of experimental conditions is still needed.

The current situation of SAH treatment is that most thera-
pies aim at the primary injury, such as the removal of aneu-
rysm by interventional operation, and the treatment to im-
prove symptoms including the control of intracranial pressure,
blood pressure, plasma osmotic pressure, and body tempera-
ture [71]. While, the methods to wipe off EBI through
blocking or weakening the oxidative stress, inflammation,
and apoptosis are novel treatment concepts and have not been
widely used. So, this study might be enlightening, in a man-
ner, and a fresh impetus to improve the prognosis of subarach-
noid hemorrhage patients [72].

In summary, the present study demonstrates that PTE alle-
viates EBI following SAH via the inhibition of NLRP3
inflammasome activation and Nox2-related oxidative stress.
Our findings suggest the possible therapeutic application of
PTE for the treatment of SAH. But the underlying mecha-
nisms and the relationship between themmust be made clearer
before clinical use.
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