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Abstract: Inflammation and oxidative stress are considered major factors in the pathogenesis of ischemic stroke. 
Increasing evidence has demonstrated that Schizandrin A (Sch A), a lignin compound isolated from Schisandra 
chinesnesis, exhibits prominent anti-inflammatory and antioxidant activities. In this study, we investigated the anti-
inflammatory and antioxidant effects of Sch A against cerebral ischemia/reperfusion (I/R) injury as well as the un-
derlying molecular mechanisms. Sch A treatment significantly improved the neurological score and reduced infarct 
volume 24 h after reperfusion. It dose-dependently inhibited the expression of cyclooxygenase-2 and inducible nitric 
oxide synthase, reduced the release of pro-inflammatory cytokines (tumor necrosis factor-α interleukin [IL]-1β and 
IL-6), and increased anti-inflammatory cytokines (transforming growth factor-β and interleukin-10). Furthermore, it 
increased the activity of superoxide dismutase and catalase, decreased reactive oxygen species production and 
4-hydroxynonenal and 8-hydroxy-2’-deoxyguanosine levels. Transcription of nuclear factor erythroid 2-related factor 
2 (Nrf2) and downstream genes (heme oxygenase-1 and NAD[P]H: quinone oxidoreductase 1) increased. Knock-
down of Nrf2 by siRNA inhibited the neuroprotective effects of Sch A. In addition, Sch A increased phosphorylation of 
adenosine monophosphate-activated protein kinase (AMPK) both in vivo and in vitro. Activation of the Nrf2 pathway 
as well as the protective effects of Sch A in an oxygen and glucose deprivation-induced injury model was abolished 
by AMPK knockdown. Our study indicates that Sch A protects against cerebral I/R injury by suppressing inflamma-
tion and oxidative stress, and that this effect is regulated by the AMPK/Nrf2 pathway.
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Introduction

Ischemic cerebral stroke is associated with a 
high incidence of morbidity and mortality [1]. 
The most effective treatment for stroke is 
thrombolytic treatment, but treatment is limit-
ed to a small proportion of patients because of 
the narrow therapeutic time window and the 
strict exclusion criteria due to the complex 
sequence of pathophysiological events involved 
in stroke [2]. There is still a lack of efficient 
curative treatments. Inflammation has recently 
been shown to play an essential role in second-

ary brain injury following cerebral ischemia [3]. 
Oxidative stress is another important factor 
closely related to the pathogenesis of ischemic 
stroke [4]. Post-reperfusion pronounced oxida-
tion of lesions occurs because of large amounts 
of reactive oxygen species (ROS), which lead to 
neural dysfunction, cell death, and the inflam-
matory response [5]. Thus, anti-inflammation 
and antioxidants have been considered for pre-
venting and treating ischemic stroke.

Adenosine monophosphate-activated protein 
kinase (AMPK) is a major regulator of cellular 
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and organismal energy homeostasis and its 
activation decreases oxidative stress and inhib-
its inflammation [6]. AMPK is a highly effective 
therapeutic target for protecting against cere-
bral ischemia [7], as phosphorylated AMPK 
increases glucose uptake and cellular energy 
for metabolism to induce apoptotic cell death 
in a neuronal context [8]. Nuclear factor ery-
throid 2-related factor 2 (Nrf2), which is a basic 
leucine zipper transcription factor, regulates 
the expression of numerous ROS detoxifying 
and antioxidant genes [9]. Overproduction of 
ROS or dysfunction of antioxidant enzymes 
results in oxidative stress and cellular damage 
[10]. Nrf2 prevents cells from oxidative stress 
via antioxidant enzymes. The potential for 
crosstalk between the Nrf2 and AMPK path-
ways has been noted because there are reports 
about natural anti-inflammatory agents and 
antioxidants providing neuroprotection by acti-
vating Nrf2 and upregulating AMPK expression 
in experimental stroke models [11]. 

Schizandrin A (Sch A) is a bioactive lignin com-
pound isolated from Schisandra chinesnesis 
[12]. It shows several cytoprotective activities, 
including anti-inflammatory [13], antioxidant 
[14], and anti-liver injury activities [15]. It has 
potential neuroprotective activity by inhibiting 
the TRAF6-NF-κB and Jak2-Stat3 signaling 
pathways [16]. It prevents oxygen and glucose 
deprivation followed by reperfusion (OGD/R)-
induced cell death in primary cultures of rat 
cortical neurons [13]. We hypothesized that it 
may have neuroprotective effects against cere-
bral ischemia-reperfusion-induced inflamma-
tion and oxidative injury, and that the AMPK/
Nrf-2 pathway might play an important role in 
this effect.

Materials and methods

Drugs and reagents

Sch A (purity > 99%) was supplied by the 
National Institutes for Food and Drug Control 
(Beijing, China). Fetal bovine serum (FBS), 
Dulbecco’s modified Eagle’s medium (DMEM), 
Ham’s F12, and trypsin were purchased from 
Gibco (Carlsbad, CA, USA). 3-[4,5-Dimethyl- 
thiazol-2-yl]-2,5-diphenyltetrazolium bromide 
(MTT) and 2,3,5-triphenyltetrazolium chloride 
(TTC) were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). The enzyme-linked immunoas-
say (ELISA) kits for superoxide dismutase 

(SOD), catalase (CAT), 4-hydroxynonenal (4- 
HNE) and 8-hydroxy-2’-deoxyguanosine (8-OH- 
dG) were purchased from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). The 
anti-Nrf2, anti-p-AMPK, and anti-AMPK anti-
bodies were purchased from Abcam (Cam- 
bridge, UK). Anti-β-actin and anti-histone H3 
were obtained from Beyotime Biotechnology 
(Shanghai, China).

Animals and focal cerebral ischemia model

Adult male Sprague-Dawley rats (weight, 220-
240 g) were obtained from the Beijing Vital 
River Laboratory Animal Technology Co., Ltd. 
(Beijing, China). Experimental protocols were 
approved by the Ethics Committee for Animal 
Experimentation of the Shaanxi University of 
Chinese Medicine (Xianyang, China).

Focal cerebral ischemia was induced by intralu-
minal occlusion of the right middle cerebral 
artery (MCAO) for 2 h followed by reperfusion by 
dislodging the nylon suture for 24 h. Sham-
operated rats were subjected to the same sur-
gical procedure, but the MCA was not occluded. 
Sch A was injected immediately before reperfu-
sion, i.e., 2 h after MCAO, via the vena caudalis. 
The animals were divided randomly into five 
groups (10 rats/group): sham operated (Sham), 
I/R, and the I/R + Sch A groups (low, medium, 
high dosages). Sch A was dissolved in 2 mL 
PBS for injection, and the volume of administra-
tion was 2 mL/kg. The Sham group was admin-
istered vehicle (PBS). 

Neurological deficit score

Neurological deficit was evaluated 2 h after the 
surgery using a 5-point scoring system as 
described previously [17]. Scoring was as fol-
lows: No deficit, 0; failure to stretch the contra-
lateral torso and forelimb fully, 1; turning to the 
ipsilateral side when lifted by tail, 2; falling to 
the affected side, 3; no spontaneous walking 
with depressed consciousness, 4. 

Infarct volume evaluation

All rats were euthanized 24 h after ischemia, 
and their brains were harvested for further 
examination. Six slices of 2 mm coronal brain 
sections obtained from the entire brain were 
incubated in a 1% 2,3,5-triphenyltetrazolium 
chloride (TTC; Sigma-Aldrich) solution at 37°C 
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for 30 min. Infarct volume was quantified by a 
method described previously. 

Measurement of mitochondrial-generated ROS

The 2’,7’,-dichlorofluorescein diacetate (DCFH-
DA) assay was used to measure total ROS. The 
DCFH-DA itself has no fluorescence and is free 
to cross the cell membrane. After entering the 
cell, the cells’ esterases hydrolyze 2’,7’,-dichlo-
rofluorescein (DCFH). DCFH does not pene- 
trate the cell membrane, so the probe accumu-
lates in the cell. Intracellular ROS oxidize non-
fluorescent DCFH to produce fluorescent DCF. 
Fluorescence intensity was measured at an 
excitation wavelength of 485 nm and an emis-
sion wavelength of 525 nm. ROS production is 
expressed as a percentage of fluorescence rel-
ative to the Sham group.

Measurement of SOD, CAT, 4-HNE and 8-OHdG

SOD and CAT are important antioxidant en- 
zymes and the mitochondrial targets of ROS; 
thus, their activities might reduce ROS expo-
sure. 4-HNE is a reaction product of lipid hydro-
peroxide break down that occurs in response to 
oxidative stress. 4-HNE rapidly modifies pro-
teins on several amino acid residues, leading to 
loss of protein function. 8-OHdG, one of the 
most abundant oxidative modified lesions in 
DNA, is produced when nucleic acids are ex- 
posed to oxidative stress. Ischemic cerebral 
cortex 4-HNE, 8-OHdG and SOD activities were 
determined using specific ELISA kits according 
to the manufacturers’ instructions.

Measurement of IL-1β, IL-6, TGF-β, TNF-α and 
IL-10

The concentrations of interleukin (IL)-1β, IL-6, 
transforming growth factor (TGF)-β, tumor 
necrosis factor (TNF)-α, and IL-10 in the cere-
bral cortex were determined using ELISA kits, 
according to the manufacturer’s instructions 
(Nanjing KeyGEN Biotech. Co., Ltd., Nanjing, 
China).

Cell culture

SH-SY5Y (a human neuroblastoma cell line) 
was obtained from the American Type Culture 
Collection (ATCC, Manassas, VA, USA). SH-SY5Y 
cells are normally induced to differentiate in- 
to neuron-like cells by stimulation with ATRA, 

which has been used to imitate the respons- 
es of neurons. In the present study, SH-SY5Y 
cells were cultured in a humidified atmosphere 
of 5% CO2 in a mixture of 1:1 Ham’s F12 and 
DMEM supplemented with 10% (v/v) FBS and 
100 U/mL penicillin and streptomycin. When 
the cells reached 80-90% confluence, 10 μM 
ATRA was added to the medium to stimulate 
cell differentiation.

Sch A treatment and oxygen glucose depriva-
tion

After the Sch A treatment at different concen-
trations from 5 to 100 μM for 6 h before OGD, 
the cells were exposed to model ischemia-like 
conditions in vitro. Briefly, the culture medium 
was replaced with glucose-free Earle’s bal-
anced salt solution, and the cells were placed 
in an oxygen deprived (95% N2/5% CO2) incuba-
tor at 37°C for 2 h. Control cells were incubated 
in Earle’s balanced salt solution with 10 mM 
glucose under normoxic conditions (95% O2/5% 
CO2) for the same duration. The cells were 
returned to normoxic conditions in regular 
medium to terminate OGD and start the 24 h of 
reperfusion.

Cell viability assay 

Cell viability was determined using the MTT 
(Sigma) assay. In brief, the cell line was plated 
in 96-well plates (3,000 cells/plate), the MTT 
solution was added (0.5 mg/mL), and the 
plates were incubated for an additional 4 h at 
37°C. Then the medium was removed and dye 
crystals were dissolved in 150 µL DMSO. Ab- 
sorbance was measured at 490 nm. 

Transient transfection of siRNA 

The AMPK and Nrf2-specific small interfer- 
ing RNAs (siRNAs), as well as the correspond- 
ing non-targeting scrambled control siRNA  
were designed and chemically synthesized by 
GenePharma (Shanghai, China). Differentiated 
SH-SY5Y cells were transfected with target-
specific siRNA or control siRNA using Lipo- 
fectamine 2000 (Invitrogen, Carlsbad, CA,  
USA) according to the manufacturer’s proto- 
col. After 48 h of transfection, the cells were 
treated with Sch A and subjected to a 2 h OGD 
challenge followed by reoxygenation for 24 h. 
The cell samples were collected for the MTT 
assay.
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Western blotting

After 24 h of MCAO or OGD, cytoplasmic and 
nuclear proteins were extracted from the isch-
emic cerebral cortex and differentiated cells, 
using nuclear and cytoplasmic extraction kits, 
according to the manufacturer’s instructions. A 
bicinchoninic acid kit was used to detect pro-
tein concentrations. Nuclear Nrf2, p-AMPK, 
and AMPK expression was tested briefly as fol-
lows: after quantifying the protein concentra-
tion, equal amounts of nuclear or cytoplasmic 
protein samples (each well, 30 µg per sample) 
were subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and electro-
transferred to polyvinylidene fluoride mem-
branes using 100 V transfer-molded voltage 
lasting for 45-70 min. Then the samples were 
incubated at room temperature for 1 h with 5% 
bovine serum albumin and then with primary 
antibodies (1:1,000 dilution) at 4°C overnight. 
The samples were washed three times (5 min/
time) with Tris-buffered saline Tween 20. The 
corresponding secondary antibody was added 
and incubated at room temperature for 1 h. 
Then the membranes were washed three times 
(5 min/time). The samples were developed with 
chemiluminescence reagents, and the bands 
were scanned and quantified by densitometric 
analyses.

GTA TTG GCC CAC GCA GA-3’; reverse: 5’-CGA 
CCA CCT CCC ATC CTT TC-3’; Keap-1 forward: 
5’-GGA AAC AGA CGT GGA CTT TCG TA-3’; 
reverse: 5’-TCC AGG AAC GTG TGA CCA TCA 
TA-3’; SOD1 forward: 5’-AGG GCG TCA TTC ACT 
TCG AG-3’; reverse: 5’-CCT CTC TTC ATC CGC 
TGG AC-3’; GAPDH forward: 5’-AGG AGT CCC 
CAT CCC AAC TC-3’; reverse: 5’-CCC ACA ACA 
CTG CAT TCA CAC-3’.

Statistical analysis

All the values are presented as means ± SD 
and were analyzed by SPSS 21.0 software. 
Mean difference among multiple groups was 
compared with one-way ANOVA. A value of P < 
0.05 was considered as statistically signifi- 
cant. 

Results

Sch A pretreatment protects the rat brain 
against ischemia-reperfusion injury 

Infarct volume and neurological score are the 
specific markers for evaluating brain injury. As 
shown in Figure 1A and 1B, the infarct volume 
in the different groups was examined by post-
mortem TTC staining 24 h after reperfusion. No 
infarction was found in the Sham group, and 

Figure 1. Sch A pretreatment protects the brain against cerebral I/R injury in 
rats. A and B. Effects of Sch A on cerebral infarct volume. C. Effects of Sch A 
on neurological scores. All data are mean ± SD. (n = 6, ##P < 0.01 vs. Sham 
group; *P < 0.05 vs. I/R group).

Quantitative real-time 
polymerase chain reaction 
(qPCR)

Total RNA was extracted from 
ischemic penumbras of rat 
brains and reversed based on 
the protocol. qPCR was car-
ried out according to the  
manufacturer’s instructions. 
All data were quantified using 
the threshold cycle normal-
ized to GAPDH. The primers 
used in the study were listed: 
COX-2 forward: 5’-GAT GAC 
GAG CGA CTG TTC CA-3’; 
reverse: 5’-TGG TAA CCG CTC 
AGG TGT TG-3’; iNOS forward: 
5’-TCA GGC TTG GGT CTT GTT 
AGC-3’; reverse: 5’-TGT TGG 
GCT GGG AAT AGC AC-3; HO-1 
forward: 5’-GAA CTG TGG  
TCG GTA GAG GC-3’; reverse: 
5’-ATC AAA GTG GCC ATG ACG 
CT-3’; NQO-1 forward: 5’-ATT 
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the infarct volumes in the MCAO group were  
the largest. The Sch A treatment, particularly 
the high-dose group, markedly reduced in- 
farct volume compared to the MCAO group. No 
neurological deficit was found in the Sham 
group, while the other groups had different 
degrees of neurological findings. All Sch A  
dosages improved neurological function and 
decreased the neurological scores, particularly 
in the high-dose groups (Figure 1C). These 
results indicate that Sch A ameliorates cerebral 
ischemia. 

Sch A treatment reduces the inflammatory 
reaction in rat tissues after cerebral I/R injury

To access the anti-inflammatory effects of Sch 
A, we evaluated transcription of proinflamma-
tory genes (inducible nitric oxide synthase 
[iNOS], cyclooxygenase-2 [COX-2]) and the re- 
lease of proinflammatory and anti-inflammato-
ry cytokines. As shown in Figure 2A and 2B, 
iNOS and COX-2 mRNA levels increased signifi-

cantly in response to the I/R injury. However, 
Sch A dose-dependently downregulated the 
transcription of iNOS and COX-2. In addition, 
increased production of inflammatory cyto-
kines, such as IL-1β, IL-6 and TNF-α, induced by 
I/R injury decreased significantly with Sch A 
treatment, particularly at the high dosage. The 
release of anti-inflammatory cytokines was 
also tested. Sch A effectively increased the lev-
els of both TGF-β and IL-10. Taken together, our 
results demonstrate that Sch A inhibits the 
inflammatory reaction in the cerebral I/R injury 
model.

Sch A activates antioxidant reactions in rat tis-
sues after cerebral I/R injury

ROS, SOD, CAT, 4-HNE and 8-OHdG levels were 
assessed to identify the antioxidant effects of 
Sch A (Figure 3). A significant increase in ROS 
production was observed in the I/R group com-
pared to the Sham group. ROS production 
decreased markedly after treatment compared 

Figure 2. Sch A reduces the inflamma-
tory reaction in rat tissues after I/R 
injury. (A and B) The relative mRNA 
levels of COX-2 and iNOS. (C) IL-1β (D) 
IL-6 (E) TNF-α (F) TGF-β, and (G) IL-10. 
All data are mean ± SD. (n = 6, ##P < 
0.01 vs. Sham group; *P < 0.05 vs. 
I/R group).
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to that in the I/R group (P < 0.05). SOD and  
CAT activities decreased markedly in the I/R 
group compared to the Sham group (P < 0.01), 
and Sch A reversed this downregulation.  
The levels of 4-HNE and 8-OHdG in the cor- 
tex of I/R group rats were significantly higher 
than those in the Sham group. Treatment with 

data demonstrate that Sch A activates the Nrf2 
signaling pathway. 

Sch A protects cells against OGD injury

An OGD model was utilized with differentiated 
SH-SY5Y cells to further investigate the neuro-

Figure 3. Sch A reduces oxidative dam-
age. A. Mitochondria-generated ROS 
levels. B. SOD activity. C. CAT activity. 
D. 4-HNE content. E. 8-OHdG content. 
All data are mean ± SD. (n = 6, ##P < 
0.01 vs. Sham group; *P < 0.05 vs. I/R 
group).

Figure 4. Sch A induces Nrf2 activation in tissues. Protein expression of 
Nrf2, HO-1, and NQO-1 (A) was evaluated by Western blotting analyses. (B-D) 
Quantification of Nrf2, HO-1, and NQO-1 levels normalized to that of β-actin. 
All data are mean ± SD. (##P < 0.01 vs. Sham group; *P < 0.05, **P < 0.01 
vs. I/R group).

Sch A significantly reduced 
4-HNE and 8-OHdG levels, 
particularly in the high-do- 
se group (P < 0.05 vs. I/R 
group). Thus, Sch A activates 
the antioxidant reactions to 
protect tissues against I/R 
injury.

Sch A induces activation of 
the Nrf2 signaling pathway in 
rat tissues

Western blotting was used  
to analyze the expression of 
Nrf2 in the ischemic cerebral 
cortex (Figure 4). Sch A clearly 
increased nuclear Nrf2 pro-
tein expression 24 h after 
MCAO. We further tested 
HO-1 and NQO-1 expression 
to study the activation of Nrf2 
signaling. Sch A significantly 
increased HO-1 and NQO-1 
protein levels dose-depend-
ently. Taken together, these 
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protective effects of Sch A. The MTT assay 
(Figure 5) showed that OGD induced a signifi-
cant decrease in cell viability to 49.32% com-
pared to control cells (P < 0.01), whereas the 
Sch A treatment significant increased cell sur-
vival to 50.3%, 55.6%, 72.3% and 80.4%, re- 
spectively. Sch A (100 μM) significantly revers- 
ed cell death caused by OGD injury.

Neuroprotective effects of Sch A are Nrf2-
dependent in the OGD model

Nrf2 expression was investigated after OGD 
injury in differentiated SH-SY5Y cells by We- 
stern blotting (Figure 6A). Nuclear Nrf2 protein 
expression increased slightly (P > 0.05) com-
pared to the control group. The Sch A treatment 
markedly increased the Nrf2 expression levels 
dose-dependently compared to those in the 
OGD group.

Moreover, siRNA was used to knockdown  
Nrf2 expression and verify the role of Nrf2  
in Sch A-induced neuroprotection. First, we 
determined knockdown efficiency in transfect-
ed differentiated SH-SY5Y cells after 48 h  
by Western blotting. Nuclear translocation of 
Nrf2 was significantly reduced after Nrf2  
siRNA interference, but nonsense siRNA did not 
have this effect (Figure 6B). Nrf2 knockdown 
inhibited the increased cell viability in advance 
of the 6 h Sch A treatment under OGD (Figure 
6D).

Furthermore, HO-1, NQO-1 and Keap-1 mRNA 
levels increased in response to the OGD and 
Sch A treatments but were downregulated by 
Nrf2 siRNA interference, but SOD1 mRNA level 

decreased in the OGD group and Sch A treat-
ments were downregulated by Nrf2 siRNA inter-
ference. The expressions of the COX-2 gene as 
well as the pro-inflammatory cytokines IL-6, 
IL-1β, and TNF-α increased markedly after OGD 
injury and were downregulated by Sch A treat-
ment. However, the effects of Sch A were par-
tially blocked by knockdown of Nrf2 (Figure 6E 
and 6F). Taken together, these data indicate 
that the neuroprotective effects of Sch A are 
Nrf2 dependent.

Neuroprotective effects of Sch A involve the 
AMPK pathway

Western blotting analyses of ischemic cerebral 
cortex 24 h after MCAO showed that Sch A 
clearly increased p-AMPK protein expression. 
Similar results were observed in the OGD injury 
model. The MTT assay results showed that cell 
viability downregulated by OGD injury was 
reversed by Sch A treatment (Figure 7E). 
However, the effects were blocked by AMPK 
siRNA (Figure 7C-E). Thus, the protective ef- 
fects of Sch A may involve activation of the 
AMPK pathway.

Nrf2-dependent neuroprotective effects of Sch 
A are regulated by the AMPK pathway

We further determined if Nrf2 nuclear translo-
cation is regulated by AMPK. As shown in Figure 
8, the levels of nuclear Nrf2 protein were down-
regulated by OGD injury and restored by Sch A 
treatment. However, upregulation was effec-
tively blocked by AMPK siRNA. These results 
demonstrate that the Nrf2-dependent neuro-
protective effects of Sch A are regulated by the 
AMPK pathway.

Discussion

Although the mechanism of ischemic stroke is 
complex, overproduction of free radicals is one 
of the most important initiating factors that 
cause severe damage to biological macromol-
ecules, leading to cell and tissue damage [18]. 
Therefore, anti-inflammatory agents and anti-
oxidants have been considered as treatments 
for preventing and treating stroke, and certain 
anti-inflammatory agents with antioxidant ef- 
fects have demonstrated neuroprotective ef- 
fects [19]. Here, our in vitro and in vivo studies 
show for the first time that Sch A has protective 
effects against cerebral I/R injury. 

Figure 5. Sch A protects cells against OGD injury. 
Cell viability was determined using the MTT assay. All 
data are mean ± SD. (##P < 0.01 vs. Control group; 
*P < 0.05 vs. OGD group).
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Sch A improved neurological scores, reduc- 
ed infarct volume ratios, reduced the number 
of necrotic neurons, increased SOD and CAT 
activities, decreased ROS production, and de- 
creased 4-HNE and 8-OHdG contents by in- 
hibiting oxidative stress. It also inhibited 
release of inflammatory cytokines, including 
IL-1β, IL-6 and TNF-α, and increased the con-
centrations of anti-inflammatory cytokines 
such as TGF-β and IL-10. These results demon-
strate that Sch A protects rats against I/R injury 
by activating antioxidant and anti-inflammatory 
reactions.

Studies have not thoroughly investigated the 
anti-inflammatory signaling pathways, particu-
larly the network around the Nrf2-mediated 
antioxidant pathway. AMPK has gained much 
attention, as it acts as an attractive target to 
control inflammation [20]. Activation of AMPK 
inhibits inflammation by inhibiting inflamma- 
tory signaling, such as the NF-κB pathway, and 
serves as a potential target for treating inflam-
mation disorders, whereas downregulation of 
AMPK activity increases inflammation [21]. 
Accumulating evidence suggests that oxidative 
stress is a major mechanism involved in brain 

Figure 6. SchA exhibits neuroprotective effects in an Nrf2-dependent manner in OGD model. A. Effect of Sch A on 
Nrf2 expression in differentiated SH-SY5Y cells. The cells treated with 5-100 μM Sch A for 6 h before OGD. All data 
are mean ± SD. B, C. The cells were transfected with control or Nrf2 siRNA for 48 h, followed by treatment with 
100 μM Sch A for 6 h. Nrf2 expression levels were analyzed by Western blotting. D. The viability of cells in differ-
ent groups was evaluated by the MTT assay. E. Relative COX-2, HO-1, NQO-1, SOD1 and Keap-1 mRNA levels were 
determined by real-time RCR. F. The release of IL-6, IL-1β, and TNF-α was detected by ELISA. (##P < 0.01 vs. Control 
group; *P < 0.05, **P < 0.01 vs. OGD group).

Figure 7. Neuroprotection of Sch A involves the AMPK pathway. A, B. The effects of Sch A on p-AMPK and AMPK 
expression were assessed by Western blotting. C, D. Cells were transfected with control or AMPK siRNA for 48 h, 
followed by treatment with 100 μM Sch A for 6 h; AMPK expression levels were analyzed by Western blotting. E. The 
viability of cells in different groups was evaluated using the MTT assay. Data are mean ± SD. (##P < 0.01 compared 
to Control cells; *P < 0.05, **P < 0.01 compared to si-Control (si-Ctrl) cells).
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diseases [22]. Many studies have established 
that the underlying mechanism of acute organ 
IR injury, including cerebral I/R injury, mainly 
involves a burst of ROS/oxidative stress from 
ischemic organs/tissues during reperfusion of 
ischemic tissues that can trigger the opening of 
the mitochondrial permeability transition por- 
es, mitochondrial depolarization, decreased 
ATP synthesis, and increased generation of 
ROS/oxidative stress [23]. As a crucial regula-
tor in response to oxidative stress and activa-
tion of endogenous antioxidant enzymes, a 
growing body of evidence from both in vitro and 
in vivo studies has established that transcrip-
tional activation of the Nrf2 signaling pathway 
protects cells against oxidative/electrophilic 
stress, which might lead to inflammation, apop-
tosis, premature aging, and cellular transfor-
mation [24]. 

In the current study, we found that Sch A mark-
edly increased the expression of nuclear Nrf2 
and phosphorylation of AMPK in the ischemic 
cerebral cortex 24 h after MCAO. Similar results 
were found in the OGD model in vitro.

To further examine if AMPK/Nrf2 is involved in 
Sch A-induced neuroprotection, we used RNA 

interference directed against Nrf2 and AMPK. 
Knockdown of Nrf2 abolished the protective 
effects of Sch A on cell viability and reversed 
the downregulation of inflammatory reactions 
and Nrf2 downstream gene levels induced by 
Sch A. In addition, the neuroprotective effects 
of Sch A were blocked when AMPK was knocked 
down, and nuclear translocation of Nrf2 was 
also inhibited. Taken together, these data indi-
cate that the neuroprotective effects of Sch A 
are regulated by the AMPK/Nrf2 signaling 
pathway.

In conclusion, our study elucidates a novel 
pathway by which Sch A protects against I/R-
induced inflammation and oxidative injury in 
vivo and in vitro. Our results demonstrate that 
Sch A has a neuroprotective effect on neonatal 
hypoxic ischemic brain injury and that the effect 
is related to the anti-inflammation and antioxi-
dant effects of the AMPK/Nrf2 pathway. These 
results provide a better understanding of the 
molecular mechanisms associated with the 
neuroprotective effects of Sch A and may pro-
vide new insight into a better design of neuro-
protective agents against ischemic stroke. 
More work is needed before Sch A therapy for 
stroke can be advanced to the clinic. 
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