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Introduction

Abstract

Salidroside, the main active ingredient extracted from Rhodiola crenulata, has been shown to be
neuroprotective in ischemic cerebral injury, but the underlying mechanism for this neuropro-
tection is poorly understood. In the current study, the neuroprotective effect of salidroside on
cerebral ischemia-induced oxidative stress and the role of the nuclear factor erythroid 2-related
factor 2 (Nrf2) pathway was investigated in a rat model of middle cerebral artery occlusion.
Salidroside (30 mg/kg) reduced infarct size, improved neurological function and histological
changes, increased activity of superoxide dismutase and glutathione-S-transferase, and reduced
malon-dialdehyde levels after cerebral ischemia and reperfusion. Furthermore, salidroside ap-
parently increased Nrf2 and heme oxygenase-1 expression. These results suggest that salidroside
exerts its neuroprotective effect against cerebral ischemia through anti-oxidant mechanisms and
that activation of the Nrf2 pathway is involved. The Nrf2/antioxidant response element pathway
may become a new therapeutic target for the treatment of ischemic stroke.
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sion injury in rats (Zou et al., 2009). However, the mecha-

Salidroside is the main active ingredient extracted from the
root of Rhodiola crenulata, a traditional Tibetan medicine
used as an adaptogen to enhance the body’s resistance to
a variety of chemical, biological, and physical stressors
(Kelly, 2001). Salidroside has a wide range of pharmaco-
logical functions, relieves stress (Mattioli et al., 2009), pro-
motes radiation-resistance (Zhou et al., 2012), enhances
immunity (Lu et al., 2013), eliminates fatigue (Huang et
al., 2009) and is anti-aging (Mao et al., 2010). Recently, a
growing body of evidence suggests that salidroside may
have a neuroprotective effect against ischemic cerebral
injury. Salidroside has been shown to protect PC12 cells
from glucose and serum depletion-induced apoptosis (Yu
et al., 2008). In another study, salidroside significantly pre-
vented ischemic cerebral injury induced by middle cerebral
artery occlusion and reperfusion in rats (Shi et al., 2012).
Pretreatment with salidroside was shown to reduce cellular
damage resulting from global cerebral ischemia/reperfu-

nisms underlying the neuroprotective effects of salidroside
remain unclear.

Strong experimental data support the notion that an
imbalance between reactive oxygen species production and
their detoxification takes place in the ischemic zone follow-
ing a stroke (Manzanero et al., 2013). The brain has an en-
dogenous system which combats oxidative stress, including
dietary-free radical scavengers (ascorbate and a-tocoph-
erol), endogenous tripeptide glutathione, and enzymatic
antioxidants, such as superoxide dismutase (SOD) and glu-
tathione peroxidase (GSH-Px) (Chen et al., 2011). Recently,
there has been a lot of evidence indicating that the tran-
scription factor nuclear factor erythroid 2-related factor 2
(Nrf2) is essential for regulating endogenous enzymatic an-
tioxidants in the brain (Zhang et al., 2013b). Nrf2 binds to
the anti-oxidant response element (ARE) with high affinity.
Activation of this transcription factor can induce the ex-
pression of Nrf2-dependent phase enzymes, such as heme
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oxygenase-1 (HO-1), NAD(P)H, quinone oxidoreductase
1, glutathione reductase, and GSH-Px (Shinkai et al., 2006).
These enzymes have been proven to combat oxidative stress
and are neuroprotective in ischemic cerebral injury (Son
et al., 2010; Li et al., 2013). The Nrf2/ARE pathway is now
considered to be a new therapeutic target for treating of
ischemic stroke. Salidroside is known to be effective in the
prevention of oxidative stress following many kinds of dis-
eases (Xu and Li, 2012; Leung et al., 2013; Yuan et al., 2013;
Zhang et al., 2013a). Whether the Nrf2 pathway is involved
in the antioxidant effects of salidroside is still unclear.

To further characterize and understand the neuroprotec-
tive mechanisms of salidroside, we designed experiments
to reveal the effects of salidroside on the endogenous anti-
oxidant pathway and investigate a battery of endogenous
enzymes such as SOD, GSH-Px, glutathione-S-transferase
(GST) and heme oxygenases which are Nrf2-modulated pro-
teins (McCord and Edeas, 2005), and determine the levels of
Nrf2.

Materials and Methods

Animals

Male Sprague-Dawley rats aged 7-8 weeks and weighing
250-280 g were provided by the SLAC Laboratory Animal
Co., Ltd., Shanghai, China (certificate No. SCXK (Hu) 2012-
0002). The animals were housed in groups of five, in a 12-
hour light/dark cycle with free access to a standard diet and
water. The procedures followed were in accordance with the
international laws on animal experimentation and approved
by the Ethical Committee of Fujian Academy of Traditional
Chinese Medicine, China.

All surgeries were performed under chloral hydrate (10%
w/v) anesthesia, and all pain and distress of the experiment
animals were minimized. All animal experiments were car-
ried out in accordance with the United States National In-
stitutes of Health Guide for the Care and Use of Laboratory
Animal (NTH Publication No. 85-23, revised 1986).

Experimental groups

For infarct volume measurement and neurological deficit
evaluation, the rats were divided into four groups (seven
rats in each group) as follows: sham operation group, vehicle
group, and two salidroside groups (Sall5 and Sal30). Salidro-
side (C,,H,,0,, MW: 300.3, CAS:10338-51-9, purity > 99%;
Tauto Biotech Co., Shanghai, China) was dissolved in 0.9%
NaCl before use. Salidroside (15, 30 mg/kg, intraperitone-
ally) was administered twice to the Sall5 and Sal30 groups:
once immediately prior to cerebral ischemia and once imme-
diately after reperfusion. Rats in the sham operation group
and the vehicle group received 0.9% saline. For immuno-
histochemical staining, western blot assay and real-time
reverse transcription (RT)-PCR, the rats were divided into
three groups: sham operation, vehicle and salidroside (Sal),
with 3-7 rats per group. A dose of 30-mg/kg salidroside was
administrated to the Sal group. All rats were subjected to
middle cerebral artery occlusion (MCAO), except those in
the sham operation group.
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MCAO models

Focal cerebral ischemia and reperfusion was induced as
described by Longa et al. (1989). The rats were anesthe-
tized with chloral hydrate (10% w/v). A ventral median
incision was made on the neck to expose the right common
carotid artery, the external carotid artery and the internal
carotid artery. The external carotid artery and its branches
were then isolated and coagulated. A 3-0 nylon suture with
a blunt tip was inserted into the internal carotid artery,
through the external carotid artery stump, approximately
17-18-mm distal to the carotid bifurcation, until a mild re-
sistance was felt. At this point, the suture had been advanced
to the anterior cerebral artery and occluded the middle ce-
rebral artery. Body temperature was monitored rectally and
maintained between 36.5°C and 37.0°C, during the surgical
procedure, using a heat lamp. After 120 minutes, the suture
was removed from the internal carotid artery to allow mid-
dle cerebral artery reperfusion. The distal internal carotid
artery was then immediately coagulated. The rats in the
sham operation group underwent all surgical procedures,
but no suture was made.

Neurological deficit scores

The animals were neurologically assessed at 24 hours after
reperfusion by an investigator who was unaware of animal
grouping. The deficits were scored using a modified scor-
ing system based on that developed by Longa et al. (1989)
as follows: 0, no deficits; 1, difficulty in fully extending the
contralateral forelimb; 2, unable to extend the contralateral
forelimb; 3, mild circling to the contralateral side; 4, severe
circling; and 5, falling to the contralateral side.

Measurement of infarct volume

Infarct volume was measured using 2,3,5-triphenyltetra-
zolium chloride staining. After neurological deficit scoring,
the rats were deeply anesthetized with 10% chloral hydrate
solution. The brains were quickly removed and frozen for 5
minutes at —20°C. Each brain was then sliced into five cor-
onal slices of the same thickness. The sliced sections were
subsequently stained with 1.5% 2,3,5-triphenyltetrazolium
chloride (w/v) at 37°C for 30 minutes, then fixed in 4%
paraformaldehyde (w/v) at 4°C for 24 hours. Finally, images
of brain slices were captured using a digital scanner and a per-
son masked to the treatment groups manually delineated the
areas of unstained tissue (representing the infarct area) using
Image Pro Plus 6.0 software. Infarct areas in all sections were
combined to obtain a whole infarct area. The whole infarct
area was then multiplied by the thickness of brain sections to
calculate the volume of infarction. Volume was carried out
using the following equation: volume correction = infarct
volume X contralateral volume/ipsilateral volume x 100%.
The size of the infarct volume was represented by the per-
centage of the volume of infarction.

Nissl staining

At 24 hours after reperfusion, the rat was deeply anesthetized
with chloral hydrate (10% w/v), rapidly perfused with 0.9%
physiological saline and fixed with 4% paraformaldehyde
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Figure 1 Effects of salidroside on infarct volume and neurological deficit scores in rats with cerebral ischemia/reperfusion.

(A) 2,3,5-Triphenyltetrazolium chloride staining of brain slices. The white represents ischemic areas. Salidroside decreased infarct volume (B) and
decreased neurological deficit scores (C) at 24 hours after ischemia and reperfusion (#P < 0.05). Data are expressed as the mean + SD (n = 7; one-
way analysis of variance, followed by the least significant difference post hoc test). *P < 0.05, vs. sham. Sham: Sham operation group; vehicle: 0.9%

saline-treated group; Sall5: 15 mg/kg salidroside group; Sal30: 30 mg/kg salidroside group.
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solution from the heart until the rat limbs were stiff. Subse-
quently, the brain was removed and fixed in 4% paraformal-
dehyde, dehydrated in sucrose gradient until it submerged
to the bottom of the vessel. For Nissl staining, coronal brain
frozen sections at 30-um thickness containing the cortex
and striatum (from anteroposterior +1.7 to —0.3, relative to
bregma) were sliced and mounted to the slides and treated
with 70% ethylalcohol for at least 4 hours to degrease. After
washing with distilled water for several minutes, the sections
were incubated in cresyl violet solution (Beyotime Institute
of Biotechnology, Haimen, China) for 5 minutes, and dehy-
drated in 100% ethylalcohol for 1 minute. The images were
captured on an inverted microscope (IX70; Olympus Ameri-
ca, Melville, NY, USA).

Figure 2 Salidroside improved the morphology of
neurons in the cortex and striatum after ischemia
/reperfusion (Nissl staining, X 400).

Histological changes in the cortex and the striatum
were evaluated by Nissl staining. In the vehicle
group (vehicle + MCAO), cells in the cortex and
striatum were disarranged and a large number of
cells were swollen. Cellular shapes changed from
triangular to rounded, and normal cell structures
were invisible. In the Sal group (salidroside +
MCAO), the morphology of neurons was regu-
lar. Arrows show swelling and distension. Sham:
Sham operation group; vehicle: 0.9% saline-treated
group; Sal: 30 mg/kg salidroside group; MCAO:
middle cerebral artery occlusion. Scale bar: 20 um.

Enzyme assays

The rats were euthanized by decapitation at 24 hours after
reperfusion. The brains were removed quickly and the cor-
tex of the ischemic hemisphere was dissected on ice. The
dissected part of the brain was homogenized (10%, w/v) in
normal saline. The homogenate was centrifuged at 1,000 X g
for 10 minutes at 4°C and the levels of SOD, GST, GSH-Px,
and MDA in the supernatant were determined. The level of
SOD was determined using the WST-1 method (Kit A001,
Jiancheng Bioengineering Institute, Nanjing, China). The
levels of GST and GSH-Px were assayed using the spectro-
photometric method (Kit A004 and Kit A005, Jiancheng Bio-
engineering Institute). The MDA content was determined
using the TBA method (Kit A003, Jiancheng Bioengineering
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Institute). The protein concentration was determined by
bicinchoninic acid assay with bovine serum albumin as the
standard. The levels of SOD, GST and GSH-Px were repre-
sented by its enzyme activity unit per mg protein, and MDA
content was represented by its bicinchoninic acid per mg
protein. All enzymes were measured according to the manu-
facturers’ protocols.

Immunohistochemical staining

Coronal brain frozen sections at 30-um thickness were pre-
pared as described before for Nissl staining. Immunohisto-
chemical staining was performed on floating sections. The
slices were treated with antigen retrieval reagent (Beyotime
Institute of Biotechnology) for 20 minutes in a 90°C water
bath, and slowly cooled to room temperature. The sections
were then incubated in 3% hydrogen peroxidase for 10
minutes and in blocking reagent (Solution A, SP kit, ZSGB
Biological Co., Beijing, China) for 15 minutes. Subsequently,
sections were reacted with a rabbit Nrf2 polyclonal antibody
(1:100; Abcam, New Territories, HK, China), or a rabbit
anti-HO-1 polyclonal antibody (1:100; Abcam) diluted in
0.01-M phosphate-buffered saline at 4°C overnight. After
incu-bation, the sections were washed with PBS and reacted
with biotinylated conjugates secondary anti-rabbit antibod-
ies (Solution B, SP kit, ZSGB Biological Co.) at 37°C for 15
minutes. Finally, the immunoreactive products were visual-
ized using 0.01% 3,3'-diaminobenzidine tetrachloride as the
chromogen reagent. Images of immunostained sections were
captured using an optical microscope. Three discontinuous
sections of each rat were selected, and five non-overlapping
visual fields of each section were selected and photographed
under an inverted microscope (IX70; Olympus America,
Melville, NY, USA) for measurement. For each captured
photo, the immunostaining intensity was represented with
the integrated optical density of the whole photo, which was
analyzed using Image-Pro Plus 6.0 software (Media Cyber-
netics, Bethesda, MD, USA). The immunostaining intensity
of one animal was calculated from the average integrated
optical density of all acquired photos of the animal.

Western blot assay

Cortical tissue of the ischemic hemisphere was used for
western blot assay. The protein was extracted in ice-cold
radioimmune precipitation assay lysis buffer (50-mM Tris-
HCI, pH 7.4, 150-mM sodium chloride, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, I-mM
phenylmethylsulfonyl fluoride. Protein concentrations were
determined using the bicinchoninic acid Protein Assay Kit
(Beyotime Institute of Biotechnology). The following meth-
ods were used for protein electrophoresis and immuno-
blotting. Equal amounts of protein (80 pg) were loaded on
a 10% sodium dodecyl sulfate-polyacrylamide gel for elec-
trophoresis, then transferred onto polyvinylidene fluoride
transfer membranes (Millipore, Billerica, MA, USA) at 110 V
for 50 minutes. Membranes were blocked for 2 hours with 5%
non-fat milk, dissolved in Tris-buffered saline with Tween
20 buffer (20-mM Tris, 0.14 M NaCl, and 0.1% Tween-20,
pH 7.6), at room temperature, then incubated in polyclonal
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rabbit anti-Nrf2 antibody (ab31163, Abcam, New Territories,
HK, China) (1:1,000 diluted in 5% non-fat milk-Tris-buff-
ered saline with Tween 20) or anti-HO-1 antibody (ab13243,
Abcam) (1:500 diluted in 5% non-fat milk-Tris-buffered
saline with Tween 20) at 4°C overnight. Membranes were
then incubated in goat anti-rabbit-horseradish peroxidase
secondary antibody (1:1,000, Thermo-Pierce, Rockford, IL,
USA) for 2 hours at room temperature and visualized using
an enhanced chemiluminescence kit (Beyotime Institute of
Biotechnology). Images were captured with a FluorChem M
System (ProteinSimple, Santa Clara, CA, USA). Semiquan-
tification of western blot bands was achieved by analyses of
optical density using AlphaView SA software (Version 3.4.0;
Protein-Simple).

Real-time RT-PCR

Total RNA was extracted from the cortex of the ischemic
hemisphere using RNApure Tissue Kit (CWbio Co., Ltd.,
Beijing, China) according to the manufacturer’s protocol.
The quantity of total RNA was measured using Nano-Drop
2000 (Thermo, MA, USA). Reverse transcription was per-
formed using SuperRT cDNA Kit (CWbio Co., Ltd.). Quan-
titative RT-PCR was carried out on a ABI 7500 real-time
fluorescence quantitative PCR apparatus (Applied Biosyste-
ms, Foster City, CA, USA) using a UltraSYBR Mixture (With
ROX) kit (CWbio Co., Ltd.). Amplification procedure was
as follows: 95°C for 10 minutes, 45 cycles of 95°C for 15 sec-
onds and 60°C for 60 seconds. The oligonucleotide primer
sequences were designed as follows: HO-1 (92 bp), forward:
TCA CTG GCA GGA AAT CAT CC, reverse: CTG AGA GGT
CAC CCA GGT A; GADPH (138 bp), forward: TGG AGT
CTA CTG GCG TCT T, reverse: TGT CAT ATT TCT CGT
GGT TCA. All samples were assayed in triplicate, and relative
gene expression was quantified using the 27**“ method as
previously described (Livak and Schmittgen, 2001).

Statistical analysis

Data are presented as the mean = SD. All analyses were
performed using the SPSS 13.0 software (SPSS, Chicago,
IL, USA). Measurement data were first analyzed for normal
distribution test. Comparisons among multiple groups were
assessed by one-way analysis of variance, followed by the
least significant difference post hoc test. P values less than 0.05
were considered statistically significant.

Results

Neuroprotective effects of salidroside on cerebral
ischemia/reperfusion

Significantly reduced infarct volume and decreased neu-
rological deficit scores were observed in the Sal30 group
compared with the vehicle group (P < 0.05). No significant
changes in infarct volume and decreased neurological deficit
scores were detected in the Sall5 group (P > 0.05; Figure 1).

Salidroside improved the morphology of neurons in the
cortex and striatum

Neural cells in the sham operation group were arranged
tightly with regular shape and had an intact cell structure.
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Figure 3 Effects of salidroside on SOD, GST, and GSH-Px activities and MDA content in rats with cerebral ischemia.
(A) Effects of salidroside on cerebral antioxidant enzyme activity after ischemia and reperfusion. (B) Effects of salidroside on MDA content after
ischemia and reperfusion. Data are expressed as the mean * SD (n = 7; one-way analysis of variance, followed by the least significant difference post
hoc test). **P < 0.01, vs. sham; #P < 0.05, vehicle. Sham: Sham operation group; vehicle: 0.9% saline-treated group; Sal: 30 mg/kg salidroside group;
SOD: superoxide dismutase; GST: glutathione-S-transferase; GSH-Px: glutathione peroxidase; MDA: malondialdehyde.
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Figure 4 Effects of salidroside on Nrf2 and HO-1 immunoreactivity in the cortex and striatum of rats with cerebral ischemia (x 400).
Immunohistochemical staining was used to detect the distribution of Nrf2 and HO-1 in cortex and striatum at 24 hours after cerebral ischemia
and reperfusion. (A) Representative images of immunohistochemistry for Nrf2. Brown Nrf2-stained cells were prominently observed in the vehicle
group. In the cortex, the Nrf2 immunoreactivity was enhanced in the Sal group compared with the vehicle group. Arrows show Nrf2-immunoreac-
tive cells. (B) Quantification of the IOD for Nrf2. (C) Representative images of immunohistochemistry for HO-1. Brown HO-1-stained cells were
prominently observed in the vehicle group. In the striatum, the HO-1 immunostaining intensity was enhanced in the Sal group compared with the
vehicle group. Arrows show HO-1-immunoreactive cells. (D) Quantification of IOD for HO-1. Data are expressed as the mean * SD (n = 5; one-
way analysis of variance, followed by the least significant difference post hoc test). **P < 0.01, vs. sham; #P < 0.05, vs. vehicle. Sham: Sham operation
group; vehicle: 0.9% saline-treated group; Sal: 30-mg/kg salidroside group; IOD: integrated optical density; Nrf2: nuclear factor erythroid 2-related
factor 2; HO-1: heme oxygenase-1. Scale bars: 20 pum. Experiments were conducted in triplicate.
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The blue Nissl bodies in neural cells were visible and distinct.
After cerebral ischemia and reperfusion, the morphology of
the cells in the cortex and the striatum clearly changed; the
cells in the cortex were disarranged and a large number of
cells were swollen. The shape of the cells changed from tri-
angular to rounded, and normal cell structures were invisible
(Figure 2). Compared with the vehicle group, the morpholo-
gy of the cells in the cortex and striatum was regular, and the
number of normal cells increased in the Sal group (Figure 2).
The results indicated that salidroside attenuated injury-in-
duced histological change.

Effects of salidroside on SOD, GST, GSH-Px activities and
MDA content in ischemic cortex

As shown in Figure 3A, the activity of SOD and GST were sig-
nificantly higher 24 hours after cerebral ischemia and reper-
fusion (Figure 3A, P < 0.01) and there was a higher trend
for GSH-Px activity. Treatment with 30-mg/kg salidroside
significantly increased the activity of SOD and GST (P < 0.05).
Furthermore, as shown in Figure 3A, salidroside seemed to
increase the activity of GSH-Px, but this was not significant.
MDA, the product of lipid peroxidation, is an indicator of the
severity of oxidative stress. The cerebral content of MDA was
significantly diminished in the vehicle group (P < 0.01; Figure
3B), while salidroside further decreased MDA content com-
pared with the vehicle group (P < 0.05; Figure 3B).

Effects of salidroside on Nrf2 and HO-1

immunoreactivity in the cortex and striatum

In the MCAO model, the striatum is the ischemic core and
its surrounding cortex is regarded as the ischemic periphery.
Nrf2 positive cells were observed in the striatum and cortex
of rats in the sham operation, vehicle and Sal groups. The
Nrf2-immunoreactive products were distributed in the cyto-
plasm of neural cells (Figure 4A). In the cortex, the intensity
of the immunostaining was higher in the vehicle group than
in the sham operation group (P < 0.01; Figure 4B). Treat-
ment of salidroside significantly enhanced immunostaining
intensity in the cortex (P < 0.05; Figure 4B). In the striatum,
an obvious increase of immunostaining intensity was seen in
the vehicle group compared with the sham operation group
(P < 0.01; Figure 4B), but there was no change after treat-
ment with salidroside.

The change in HO-1 was different. HO-1-positive cells
were visible in the sham operation, vehicle and Sal groups in
the region of interest. Immunoreactive products were main-
ly distributed in the cytoplasm (Figure 4C). In the sham
operation group, the immunostaining reaction was weak in
the cortex and striatum. In the striatum, the immunostain-
ing intensity was significantly higher in the vehicle group
than in the sham operation group (P < 0.01; Figure 4D).
The size and shape of immunoreactive neural cells in the
striatum were altered (Figure 4C). Treatment of salidroside
significantly enhanced the immunostaining intensity in the
striatum (P < 0.05; Figure 4D). In the cortex, the changes
were not so evident, and the immunostaining intensity was
greater in the vehicle group compared with the sham opera-
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tion group (P < 0.01; Figure 4D). Treatment with salidroside
enhanced im-munostaining intensity, but statistical analysis
did not show a significance.

Effects of salidroside on Nrf2 and HO-1 protein levels

To verify the results of the immunohistochemical staining,
western blot assay was used to determine the protein levels
of the transcriptional factor Nrf2 and HO-1. The results
showed that the expression of Nrf2 and HO-1 protein was
significantly enhanced in the vehicle group (P < 0.01; Figure
5B, C), while salidroside treatment significantly increased
protein levels of Nrf2 and HO-1 (P < 0.05; Figure 5B, C).

Effect of salidroside on mRNA expression of HO-1

HO-1 is one of the most important downstream enzymes
of the Nrf2 pathway modulation. The mRNA expression
of HO-1 is an indicator of Nrf2 pathway activation. Thus,
mRNA expression of HO-1 was measured by real-time RT-
PCR. There was an increase of HO-1 mRNA expression in the
vehicle group at 24 hours after reperfusion (P < 0.01; Figure
5D) and treatment of salidroside significantly enhanced the
mRNA expression of HO-1 (P < 0.01; Figure 5D).

Discussion
The neuroprotective effects of salidroside and the underlying
mechanisms were examined in a rat model of transient focal
cerebral ischemia and reperfusion. We demonstrated the
effectiveness of salidroside for reducing infarct volume and
improving neurological deficit scores after cerebral ischemic
injury. In addition, the influence of salidroside on cerebral
antioxidant enzymes after cerebral ischemia and reperfusion
was explored. Three enzymes, SOD, GSH-Px and GST, which
play a key role in ischemia/reperfusion injury, were tested.
Our results showed that salidroside increased the activity
of the antioxidant enzyme SOD and GST and reduced the
content of MDA in the cerebral ischemic cortex. To further
clarify the mechanism of the antioxidant activity, the effect
of salidroside on the expression of Nrf2 and its downstream
enzyme HO-1 was examined after cerebral ischemia and
reperfusion. Results from immunohistochemical staining
and western blot assays showed that cellular Nrf2 was higher
in the cortex of the ischemic hemisphere and that salidro-
side further increased Nrf2 levels. HO-1, a ubiquitous and
redox-sensitive inducible stress protein that degrades heme
to CO, iron and biliverdin, is the phase II gene that is di-
rectly modulated by Nrf2. The level of HO-1 is an indicator
of Nrf2 pathway activation. Previous studies have demon-
strated that HO-1 protein is induced after focal cerebral
ischemia and reperfusion, which may augment oxidative
defense mechanisms that are compromised by this insult
(Tanaka et al., 2011). In the current study, HO-1 protein and
mRNA levels were elevated 24 hours after cerebral ischemia
and reperfusion, and administration of salidroside further
enhanced HO-1 protein level and mRNA expression. These
results indicate that salidroside may be able to activate the
Nrf2-ARE endogenous antioxidant system.

Recently, several research groups reported salidroside acti-
vates the Nrf2/ARE pathway. Shao et al. (2012) reported that
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salidroside activated Nrf2-ARE-dependent gene expression
in an in vitro Nrf2-ARE screening model. Salidroside acti-
vates Nrf2-regulated antioxidant signaling in its protective
effect against OGD/re-oxygenation-induced H9¢2 cell injury
(Zheng et al., 2014). In MPP"-induced PC12 cells, salidro-
side attenuated cell apoptosis by the activation of Nrf2 (Wang
et al., 2013). Salidroside protects against myocardial damage
after exhaustive exercise and peroxisome proliferator-acti-
vated receptor-gamma coactivator 1 alpha and Nrf2 protein
expression increase-induced mitochondrial biogenesis were
involved in its mechanism (Cui et al., 2014). The results from
the current study provided further proof that Nrf2 activation
was involved in the protective effect of salidroside in ischemic
cerebral injury. As the study was performed in vivo, it has
some significance in the development of salidroside as a new
neuroprotectant against ischemic stroke.

Zou et al. (2009) and Shi et al. (2012) analyzed the neuro-
protective effects of salidroside on cerebral ische-mia/reperfu-
sion injury in vivo. They concluded that salidroside prevented
cerebral ischemia/reperfusion injury after pretreatment of
salidroside (12 mg/kg per day) for 7 consecutive days. In our
study, we did not pretreat and salidroside was administered
twice, immediately before MCAO and immediately after
reperfusion. Additionally, 2,3,5-triphenyltetrazolium chloride
staining and neurological deficit scoring showed that 15 mg/
kg salidroside was not as effective as 30 mg/kg, so we used the
effective dosage 30 mg/kg to analyze the mechanisms.

Ischemic stroke promotes the upregulation of many cel-
lular antioxidant defense systems including enzymes such
as SOD and HO-1 (Takizawa et al., 1998; Fukui et al., 2002).
Despite their neutralizing power of reactive oxygen species,
they are not sufficient to prevent the deleterious stroke-in-
duced generation of reactive oxygen species. The present
results showed that at 24 hours after ischemia and reper-
fusion, the activity of the anti-oxidant enzymes SOD and
GST increased in the ischemic cortex (considered to be the
peripheral region of the ischemic core) (Tanaka et al., 2011).
Correspondingly, MDA levels decreased, and the expression
of Nrf2 and HO-1 increased. It is well-documented that the
transcriptional control of the expression of these enzymes is
mediated, at least in part, through the ARE found in the reg-
ulatory regions of the corresponding genes. The transcrip-
tion factor, Nrf2, binds to ARE and appears to be essential
for the induction of prototypical phase 2 enzymes such as
HO-1 and GSTs (Ramos-Gomez et al., 2001). The increase
in Nrf2 and its downstream enzymes indicate that the brain’s
endogenous antioxidant system was activated 24 hours after
cerebral ischemia and reperfusion. This result is consis-tent
with other reports (Tanaka et al., 2011; Chen et al., 2012).
Results of this study also indicated that salidroside may in-
crease the expression of Nrf2 and its downstream phase en-
zymes after cerebral ischemia and reperfusion.

Interestingly, our results showed that the Nrf2 and HO-1
immunoreactivity showed different patterns in the cortex
and striatum. One possible explanation may be that the ex-
pression levels of Nrf2 and HO-1 were different in different
cell types in the brain. Double-staining immunofluorescence
can be used to show in which cell types Nrf2 and HO-1 ex-

pressed. Further research is needed to fully clarify the path-
way(s) involved in Nrf2 elevation and its associated down-
stream enzymes.

In summary, salidroside has neuroprotective effects after
cerebral ischemia/reperfusion injury, and may involve acti-
vation of the Nrf2 pathway and its endogenous antioxidant
system. Salidroside may be a potential therapeutic agent for
ischemic stroke. The Nrf2/ARE pathway could be regarded
as a potent therapeutic target for oxidative stress-related
neurological disorders.
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Figure 5 Salidroside increased the protein level of Nrf2 and HO-1 and up-regulated HO-1 mRNA expression in the ischemic cortex.

(A) Representative images of western blot assay for Nrf2, HO-1. (B) Quantification of optical density for Nrf2, normalized to B-actin. (C) Quanti-
fication of optical density for HO-1, normalized to B-actin. (D) Effect of salidroside on relative HO-1 mRNA level in the ischemic brain. Salidro-
side (30 mg/kg) significantly reduced HO-1 mRNA expression compared with the vehicle group. Data are expressed as the mean + SD (n = 3 for
western blot assay; n = 5 for reverse transcription-PCR test; one-way analysis of variance, followed by the least significant difference post hoc test).
**P < 0.01, vs. sham; #P < 0.05, ##P < 0.01, vs. vehicle. Sham: Sham opera-tion group; vehicle: 0.9% saline-treated group; Sal: 30-mg/kg salidroside
group; Nrf2: nuclear factor erythroid 2-related factor 2; HO-1: heme oxygenase-1. Immunoblots were repeated at least twice and no less than three

samples were used per test.
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