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Abstract. Excessive apoptosis and neuronal dysfunction are 
pathological features of ischemic stroke. Previous studies 
have demonstrated that astragalin (AST) exerted both anti‑​
apoptotic and anti‑inflammatory effects in several types 
of disease, although its potential effect in ischemic stroke 
remains unclear. The purpose of the present study was to inves-
tigate the effects of AST on cerebral ischemia/reperfusion 
(I/R)‑induced brain injury and the underlying mechanisms. 
Brain injury was assessed in an experimental rat model 
using measurement of neurological scores and inflammatory 
factors. To assess the role of AST in I/R‑induced brain injury 
and the potential mechanism of action, SH5Y were treated 
with thapsigargin and AST. Apoptotic rate and ER stress 
levels were measured by western blotting, reverse transcrip-
tion‑quantitative PCR and immunofluorescence staining. It 
was discovered that AST significantly improved long‑term 
neurological outcomes in rats following cerebral I/R injury, 
through the attenuation of the expression levels of apoptotic 
proteins (Bax and cleaved‑caspase‑3) and the release of 
inflammatory cytokines, as well as upregulating the expres-
sion levels of the anti‑apoptotic protein Bcl‑2. Furthermore, 
AST attenuated the expression levels of the endoplasmic 
reticulum  (ER) stress‑related protein, glucose‑regulated 
protein, 78 kDa, as well as its downstream apoptotic media-
tors (CHOP and caspase‑12). Thapsigargin‑induced ER stress 
activation and apoptosis were also attenuated by AST in an 
in  vitro neuronal cell culture model. In conclusion, these 
results suggested that AST may protect against I/R‑induced 
brain injury, thus, highlighting its therapeutic potential in 
patients with ischemic stroke.

Introduction

Cerebral ischemia‑reperfusion (I/R) is a devastating cerebro-
vascular disease, accounting for significant morbidity and 
mortality rates worldwide, with an estimated 41.6% death 
rate every year (1). The prevention and treatment of I/R inju-
ries remains an important challenge in clinical practice (1). 
Various pathophysiological processes have been discovered 
to be tightly involved with cerebral I/R injury, with excessive 
inflammation and neuronal apoptosis among the most critical 
responses (2,3). However, the specific mechanisms triggered 
by I/R injury remain unclear, although numerous mechanisms 
are known to contribute to neuronal death.

There is increasing evidence to suggest that endoplasmic 
reticulum (ER) stress is tightly involved with the pathophysio-
logical processes of numerous types of central nervous system 
disease, including Alzheimer's disease, Parkinson's disease, 
amyotrophic lateral sclerosis and Huntington's disease (4,5). 
Moreover, ER stress has been noted to serve an essential role 
in cerebral I/R injury (6). The ER is the primary site for the 
synthesis, processing and transportation of functional proteins, 
and has a vital role in the maintenance of cellular homeo-
stasis (7). ER function has been identified to be inhibited by 
several factors, including unfolded protein accumulation and 
an imbalance of Ca2+ homeostasis, both of which contribute to 
ER stress (7). The accumulation of misfolded proteins within 
the ER initiates the unfolded protein response  (UPR)  (8), 
which is regulated by several signaling pathways, including 
activating transcription factor 6 (ATF6) and protein kinase 
RNA‑like endoplasmic reticulum kinase (PERK), contributing 
to apoptotic activity and neuronal apoptosis (9).

Astragalin (AST), also known as kaempferol‑3‑O‑glucoside, 
is a flavonoid compound that is isolated from various traditional 
herbs, such as leaves of persimmon or Rosa agrestis (10). AST 
has been discovered to exert inhibitory effects on apoptosis 
and inflammation in the treatment of various types of disease; 
for example, AST was reported to improve antioxidant activity 
and inhibit the inflammatory responses during spermatogen-
esis in a streptozotocin‑induced diabetes model (11), while 
another study revealed that AST regulated the activity of 
ER stress in varicocelized rats (12). However, to the best of 
our knowledge, it remains unclear whether AST serves a role 
in ischemic stroke. The present study aimed to determine the 
effect of AST and its potential mechanism of action in cerebral 
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I/R injury in vivo and in vitro. The effects of AST on cerebral 
I/R injury were hypothesized to be mediated through the regu-
lation of inflammation and apoptosis.

Materials and methods

Animal model. Male Sprague‑Dawley rats (300‑320  g; 
8‑weeks‑old; n=30) were purchased from the Animal Center 
of the Chinese Academy of Sciences (Shanghai, China) 
Animals were housed at 23±2˚C and 40‑70% humidity with 
a 12‑h  light/dark cycle and ad libitum access to food and 
water. Rats (n=10) were assigned into three groups: i) Sham; 
ii) I/R; and iii) I/R + AST. The cerebral I/R injury model was 
developed according to the intraluminal occlusion method 
previously described (13). Briefly, animals were anesthetized 
using 50 mg/kg pentobarbital. A nylon thread (0.3 mm) was 
then embedded into the external carotid artery and extended 
to the middle cerebral artery. The thread was removed to 
induce I/R injury after 2 h of ischemia. In the sham group, 
the thread was extended to the middle cerebral artery and 
immediately removed. Animals in the I/R  + A ST group 
received 50 mg/kg/day of AST orally, beginning immediately 
post operation (14). Rats in the other groups received equal 
volumes of saline. The animals were sacrificed 3 days after 
brain I/R injury for further research (western blotting and 
PCR) (n=5 in each group). All animal research was approved 
by the Animal Care and Use Committee of Hainan Medical 
University (Haikou, China).

Neurological score. Neurological outcomes were measured 
using a foot fault test, as previously described  (15). The 
animals were trained for 3  days pre‑operation; an initial 
neurological outcome was then recorded for use as a base-
line at day 0. The neurological scores  (15) (left forelimb 
score + foot fault score) of each group (Sham, I/R, I/R + AST; 
n=15) were subsequently recorded at 1, 3, 5, 7, 14 and 28 days 
post operation.

Chemicals and reagents. AST (purity >98%) was acquired 
from Chengdu Must Bio‑Technology Co., Ltd. (Fig.  1). 
Thapsigargin (TG), a commonly used inducer of ER stress (6), 
was acquired from Sigma‑Aldrich; Merck KGaA. Primary 
antibodies against CHOP (cat. no. 2895), glucose‑regulated 
protein 78 kDa (GRP78; cat. no. 3183), Bax (cat. no. 2772), 
Bcl‑2 (cat. no. 3498), cleaved (c)‑caspase‑3 (cat. no. 9661) 
and GADPH, and a caspase‑3 activity kit and anti‑mouse 
(cat.  no.  7076) and anti‑rabbit (cat.  no.  7074) horseradish 
peroxide (HRP)‑conjugated secondary antibodies (1:10,000) 
were acquired from Cell Signaling Technology, Inc. An 
in situ cell death detection kit (cat. no. PH0534) was acquired 
from Roche Diagnostics. Other reagents were acquired from 
Sigma‑Aldrich; Merck KGaA, unless otherwise specified.

Cell culture, drug treatment and Cell Counting Kit‑8 (CCK‑8) 
assay. The human‑derived neuroblastoma SH‑SY5Y cells 
were acquired from the American Type Culture Collection. 
SH‑SY5Y  cells were passaged every 3‑5  days in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) with 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc.) in a cell 
incubator (5% CO2, 37˚C).

To determine the effects of AST against TG‑induced 
apoptotic activity, cells were seeded into a 96‑well plate 
(8x103 cells/well). Cells were subsequently incubated with 
a range of AST concentrations (0‑200 µM) with or without 
TG (10 µM) for 8 h at 37˚C. Following the incubation, 10 µl 
CCK‑8 dye was added into every well for 1 h at 37˚C, and 
the optical density (450 nm) was detected on a microplate 
spectrophotometer according to the manufacturer's protocol.

Western blotting. SH‑SY5Y cells were subsequently incu-
bated with AST concentrations (50  µM) with or without 
TG (10 µM) for 24 h at 37˚C. Ischemic cortex and neuronal 
cell culture samples were homogenized in RIPA lysis buffer 
(Sigma‑Aldrich; Merck KGaA) supplemented with PMSF 
(1:100) and quantified using a BCA protein assay kit to assess 
protein concentration. Proteins (50 µg) were resolved on an 
8 and 10% SDS‑PAGE gel and transferred onto a nitrocel-
lulose membrane. Samples were then incubated with 5% 
skimmed milk for 90 min at room temperature. Subsequently, 
the membranes were incubated with the following primary 
antibodies at 4˚C overnight: Anti‑Bax (1:1,000), anti‑Bcl‑2 
(1:1,000), anti‑c‑caspase‑3 (1:1,000), anti‑GRP78 (1:1,000), 
anti‑CHOP (1:1,000) and anti‑GAPDH (1:5,000). Following 
the primary antibody incubation, the membranes were incu-
bated with a HRP‑conjugated secondary antibody (1:10,000) 
for 60 min at room temperature. Finally, protein bands were 
detected using western blotting detection reagents (MAC 
Gene Technology Ltd.) by an imaging system (Bio‑Rad 
Laboratories, Inc.). Data was analyzed using the Image Lab 3.0 
software (Bio‑Rad Laboratories, Inc.).

Apoptosis analysis. SH‑SY5Y cells were planted onto cover 
slips in 6‑well plates at a density of 5x105 cells/ml. Cells were 
subsequently incubated with AST concentrations (50 µM) with 
or without TG (10 µM) for 24 h at 37˚C. Apoptotic activity 
was detected by both a TUNEL kit (and caspase‑3 activity 
kit. Briefly, SH‑SY5Y cells (6x104/ml) were incubated with 
precooled 4% paraformaldehyde for 1 h, followed by 3% (v/v) 
H2O2 for 15 min and then 0.1% Triton X‑100 for 8 min at room 
temperature. Specimens were analyzed using an TUNEL kit 
solution at 37˚C for 2 h and nuclei were visualized following 
incubation with DAPI for 8 min at room temperature. TUNEL 
positive cells were analyzed using a Nikon Eclipse Ti confocal 
microscope (magnification, x10; Nikon Corporation), and the 
percentage of apoptotic cells was counted in three random 
high‑power fields of three different slides and analyzed 
using GraphPad Prism (Version  8.0, GraphPad Software, 
Inc.). Caspase‑3 activity was detected as a marker of apop-
tosis using a Caspase‑3 Activity assay kit according the 
manufacturer's protocol.

Immunofluorescence assay. SH‑SY5Y cells were planted onto 
cover slips in 6‑well plates at a density of 5x105 cells/ml. Cells 
were subsequently incubated with AST concentrations (50 µM) 
with or without TG (10 µM) for 24 h at 37˚C. Following drug 
treatment, cells were incubated with 4% paraformaldehyde for 
1 h, 0.5% Triton X‑100 for 8 min, then 5% BSA (Sigma‑Aldrich; 
Merck KGaA) for 45 min. Samples were subsequently incu-
bated with an anti‑caspase 12 primary antibody (1:200; 
cat.  no.  62484; Abcam) overnight at 4˚C. Following the 
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primary antibody incubation, the sections were incubated with 
Donkey Anti‑Rabbit IgG‑TRITC secondary antibody (1:500; 
cat. no. 7980; Abcam) for 1 h at room temperature. Nuclei were 
visualized by incubation with DAPI for 8 min at room tempera-
ture. Samples were then visualized using a Nikon Eclipse Ti 
microscope (magnification, x40; Nikon Corporation).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the ischemic cortex of rats using 
TRIzol® reagent (Sigma‑Aldrich; Merck KGaA). RNA was 
then quantified by spectrophotometry by calucluating the 
optical density (OD)260 and OD280 ratio. Total RNA(1 µg) 
was reverse transcribed into cDNA using a PrimeScript RT 
reagent kit (Takara Bio, Inc.) as follows: 2 µl 5X PrimeScript 
buffer, 0.5 µl PrimeScript RT Enzyme Mix, 2 µl total RNA, 
5 µl RNase Free distilled H2O. The reaction was carried out 
in water bath at 37˚C for 15 min, and then at 85˚C for 15 sec. 
qPCR was subsequently performed using a SYBR Premix 
Ex Taq mixture (Takara Bio, Inc.). The expression levels of 
target genes in the ischemic cortex were quantified using 
the 2‑ΔΔCq method (16). PCR primers were as follows: IL‑1β 
forward, 5'‑AAT​GAC​CTG​TTC​TTT​GAG​GCT​GAC‑3' and 
reverse, 5'‑CGA​GAT​GCT​GCT​GTG​AGA​TTT​GAA​G‑3'; IL‑6 
forward 5'‑AGG​AAC​GAA​AGT​CAA​CTC​CAT​CTG‑3' and 
reverse, 5'‑GGC​AGT​GGC​TGT​CAA​CAA​CAT​C‑3'; TNF‑α 
forward, 5'‑AGT​CCG​GGC​AGG​TCT​ACT​TT‑3' and reverse, 
5'‑TTC​AGC​GTC​TCG​TGT​GTT​TC‑3'; IL‑8 forward, 5'‑CAG​
AGA​CTT​GGG​AGC​CAC​TC‑3' and reverse 5'‑GCT​GAA​ATT​
ATC​CAC​CCT​GAT​T‑3'; cyclooxygenase (COX)‑2 forward, 
5'‑TGA​GTA​CCG​CAA​ACG​CTT​CTC‑3' and reverse, 5'‑TGG​
ACG​AGG​TTT​TTC​CAC​CAG‑3'; inducible nitric oxide 
synthase (iNOS) forward, 5'‑ATG​GAA​CAG​TAT​AAG​GCA​
AAC​ACC‑3' and reverse, 5'‑GTT​TCT​GGT​CGA​TGT​CAT​
GAG​CAA​AGG‑3'; β‑actin forward, 5'‑GAG​AGG​GAA​ATC​
GTG​CGT‑3' and reverse, 5'‑GGA​GGA​AGA​GGA​TGC​GG‑3'.

Statistical analysis. Each experiment was performed at 
≥3  times and data are represented as the mean ± SD. All 
statistical significances between groups were calculated using 
a one‑way ANOVA and the Tukey's post hoc test using Prism 
(Version 8.0, GraphPad Software, Inc.). P<0.05 was considered 
to indicate a statistically significant difference.

Results

AST improves long‑term neurological outcomes in rats with 
cerebral I/R injury. To investigate the effects of AST on cere-
bral I/R injury, animals were examined following I/R injury 
with and without AST treatment. Compared with sham group, 
neurological scores markedly decreased in I/R model rats 
at 1‑day post operation, and then recovered slowly during 
one‑month post operation (Fig. 2). Notably, AST administra-
tion significantly improved neurological scores by day‑14 and 
day‑28 post operation compared with the I/R group, which 
indicated that AST administration may improve the long‑term 
neurological outcomes in rats with cerebral I/R injury.

AST suppresses mRNA expression levels of inflammatory 
cytokines induced by cerebral I/R injury in vivo. The mRNA 
expression levels of the inflammatory factors, IL‑1β, IL‑6, 
IL‑8, TNF‑α, COX‑2 and iNOS, were analyzed by RT‑qPCR. 
Significant inflammatory‑related changes were evident in the 
rats with I/R injury; the expression levels of the inflamma-
tory factors were significantly upregulated in the I/R group 
compared with the sham group (Fig.  3). In contrast, the 
I/R  + A ST  group demonstrated significantly downregu-
lated mRNA expression levels of inflammatory cytokines 
compared with the I/R group, which indicated that AST may 
regulate inflammatory gene responses in the cerebral I/R 
injury model.

AST administration downregulates the expression levels of 
apoptotic‑related proteins in vivo. To determine whether AST 
could affect the protein expression levels of apoptosis‑related 
proteins following I/R injury, the expression levels of apop-
tosis‑related proteins [apoptotic protein (Bax and c‑caspase3) 
and anti‑apoptotic protein Bcl‑2] were analyzed using western 
blotting analysis. The I/R group exhibited significantly (~4 fold) 
upregulated Bax expression levels compared with the sham 
group, which were subsequently significantly downregulated in 
the I/R + AST treatment group (Fig. 4A and B). Furthermore, 
the I/R + AST group exhibited a significant upregulation in the 
expression levels of the anti‑apoptotic protein Bcl‑2 compared 
with the I/R model group (Fig. 4A and C). Finally, the expres-
sion levels of c‑caspase‑3 were significantly upregulated in the 

Figure 1. Chemical structure of astragalin.

Figure 2. AST improves the long‑term neurological outcomes in vivo. Data 
are presented as the mean ± SD, n=5/group. #P<0.05 vs. sham group, *P<0.05 
vs. I/R + AST group. AST, astragalin; I/R, ischemia/reperfusion.
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I/R group compared with the sham group, but subsequently 
significantly downregulated in the I/R + AST group compared 
with the I/R group (Fig. 4A and D). Together, these findings 
suggested that AST may downregulate the apoptotic rate in a 
cerebral I/R injury model.

AST attenuates ER  stress and related apoptotic protein 
expression levels induced by cerebral I/R injury in vivo. To 
determine whether the protective effects of AST were tightly 
associated with its regulation of ER stress, the expression 
levels of the ER stress‑related proteins GRP78 and CHOP in 
the rats following AST treatment were compared with the rats 
that did not receive AST treatment. The I/R group exhibited a 
significant upregulation of GRP78 (Fig. 5A and B) and CHOP 
(Fig. 5A and C) expression levels compared with the sham 
group, which were subsequently significantly downregulated 
following the administration of AST in both cases. These 
findings indicated that ER stress may be associated with the 
protective effects of AST in rats with cerebral I/R injury.

AST improves survival in TG‑treated SH‑SY5Y cells. CCK‑8 
assays were used to analyze the cytoprotective role of AST 
on ER stress‑stimulated SH‑SY5Y cells. Preliminary analyses 
revealed that AST did not exhibit any significant cellular 
toxicity at doses of up to 200 µM (Fig. 6A). Thus, to exclude 
the potential toxic effects of AST on cells, 0‑100 µM AST 
was used in all subsequent experiments. To further investigate 
whether the cytoprotective effects of AST were related to its 
regulation of ER stress, SH‑SY5Y cells were treated with 
TG, a commonly used inducer of ER stress. The viability 
of TG‑treated SH‑SY5Y cells was significantly decreased 

compared with the control group; this viability was signifi-
cantly rescued by the administration of AST (25‑100 µM; 
Fig. 6B). Together, these data indicated that AST may exert a 
cytoprotective effect on TG‑treated SH‑SY5Y cells.

AST inhibits TG‑induced ER stress and downregulates apop‑
totic protein expression levels in SH‑SY5Y cells. Western 
blotting analysis discovered that the TG‑treated cells exhib-
ited significantly upregulated expression levels of GRP78 and 
the downstream apoptotic protein CHOP compared with the 
control cells. Notably, the upregulation of both GRP78 and 
CHOP expression levels was significantly reversed following 
the administration of AST (Fig. 7A‑C). Immunofluorescence 
analysis of caspase‑12 expression levels suggested there was 
higher level of caspase12‑positive puncta in TG‑induced 
apoptotic cells, which was reversed by the treatment of AST 
(Fig. 7D). Together, these data provided strong evidence to 
suggest that AST treatment may attenuate ER stress.

AST inhibits TG‑induced apoptosis in vitro. To further inves-
tigate the association between ER stress and the anti‑apoptotic 
effects of AST in the cerebral I/R injury model, the expression 
levels of apoptotic proteins were analyzed in SH‑SY5Y cells. 
Western blotting analysis revealed that AST administration 
partially reversed the significant upregulation of Bax and down-
regulation of Bcl‑2 expression levels observed in TG‑treated 
SH‑SY5Y cells compared with the control cells (Fig. 8A‑C). 
Analysis of caspase‑3 activity suggested there was higher 
apoptotic activity in TG‑induced apoptotic cells compared 
with that of the control group, which was reversed by the 
treatment of AST (Fig. 8D). TUNEL staining and subsequent 

Figure 3. AST suppresses the release of inflammatory cytokines in cerebral I/R injury model rats. The relative mRNA expression levels of (A) IL‑1β, 
(B) IL‑6, (C) IL‑8, (D) TNF‑α, (E) COX‑2 and (F) iNOS in cerebral I/R injury model rats with or without AST treatment (50 µM) were analyzed using 
reverse transcription‑quantitative PCR. Data are presented as the mean ± SD, n=5/group. *P<0.05, **P<0.01. AST, astragalin; COX‑2, cyclooxygenase‑2; 
I/R, ischemia/reperfusion; iNOS, inducible nitric oxide synthase.
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semi‑quantification demonstrated that AST treatment signifi-
cantly reduced the numbers of apoptotic cells compared with 
TG‑treated SH‑SY5Y cells, which were significantly increased 
compared with the control cells (Fig. 8E and F). Together, 
these results suggested that the anti‑apoptotic roles of AST 
may be related to the regulation of ER stress.

Discussion

Cerebral I/R remains one of the most devastating cerebro-
vascular events, which results in significant mortality and 
long‑term disability, with an estimated 41.6% death rate every 
year (1), thereby exerting a heavy social and economic burden. 
It has been hypothesized that the only effective approach for 

the treatment of cerebral I/R injury is restoration of blood 
perfusion within an effective time window (17). Various studies 
have reported that the restoration of blood flow initiated a 
complex series of molecular events, including oxidative stress, 
inflammation, mitochondrial dysfunction and ER dysfunc-
tion, ultimately contributing to cerebral I/R injury (18,19). 
Cerebral I/R  injury may also occur in the perioperative 
period, especially in elderly or critically ill patients (1). Thus, 
the development of an effective strategy to both treat and 
prevent cerebral I/R injury has become the primary focus of 
I/R research (2,3).

Numerous studies have demonstrated that the neuro-
logical damage that occurs during cerebral I/R injury may 
be enhanced under various complex pathophysiological 
conditions such as inflammation and apoptosis, which 
subsequently regulates the cell death‑related signaling 
pathway (2,20). Previous studies have revealed that excessive 
inflammation and neuronal apoptosis were critical factors 
for cerebral I/R injury (2,3,21). In fact, several inflamma-
tory mediators (TNF‑α, IL‑1β and iNOS) were discovered 
to damage microvessels, further enhancing the expression 
of inflammatory factors through the activation of leukocytes 
and causing secondary neuronal damage  (22,23). It has 
been demonstrated that inflammation has an essential role 
in cerebral I/R injury (24,25). In an analysis of 37 patients 
with ischemic stroke, peak IL‑6 plasma concentrations 
were identified to be closely related to brain infarct volume 
and neurological outcomes (26). Treatment with recombi-
nant IL‑33 reduced the infarct area, attenuated microglia 
activation and decreased proinflammatory macrophage 
infiltration in a mouse model of middle cerebral artery occlu-
sion (MCAO) (27). Infarct size and neurological outcomes 

Figure 6. AST improves the survival of TG‑induced SH‑SY5Y  cells. 
(A) CCK‑8 assays were performed to determine the viability of cells treated 
with a series of concentrations of AST. (B) CCK‑8 assays were performed 
to determine the cell viability of AST‑treated chondrocytes stimulated by 
TG (10 µM). Data are represented as the mean ± SD, n=5 in each group. 
*P<0.05 vs. 0 µM AST; &P<0.05 vs. 0 µM AST + TG group. AST, astragalin; 
TG, thapsigargin; CCK‑8, Cell Counting Kit‑8.

Figure 4. AST administration attenuates the apoptotic levels in vivo. (A) Western blotting was used to analyze Bax, Bcl‑2 and c‑caspase‑3 expression levels in 
cerebral I/R injury model rats with or without AST treatment (50 µM). Semi‑quantification of the expression levels of (B) Bax, (C) Bcl‑2 and (D) c‑caspase‑3 
from part (A). Data are represented as the mean ± SD, n=5/group. *P<0.05, **P<0.01. AST, astragalin; c‑, cleaved; I/R, ischemia/reperfusion.

Figure 5. AST downregulates the expression levels of endoplasmic reticulum stress‑ and apoptosis‑related proteins in vivo. (A) Western blotting was used 
to analyze the expression levels of GRP78 and CHOP in cerebral I/R injury model rats with or without AST treatment (50 µM). Semi‑quantification of the 
expression levels of (B) GRP78 and (C) CHOP from part (A). Data are represented as the mean ± SD, n=5/each group. *P<0.05, **P<0.01. AST, astragalin; 
I/R, ischemia/reperfusion; GRP78, glucose regulated protein, 78 kDa.
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were also improved in Toll‑like receptor 4‑deficient mice of 
cerebral I/R injury (28).

The enhancement of neuronal apoptotic activity was 
discovered to be a main feature of cerebral I/R injury (29). 
The suppression of growth arrest through RNA interference 
was demonstrated to markedly upregulate apoptotic protein 
expression levels and enlarge the infarct size in rats with 
MCAO (29). Previous studies have also noted the roles of AST 
in the regulation of inflammation and apoptosis in various 
types of disease; for example, AST improved diabetes‑induced 
spermatogenic dysfunction in male mice through the regula-
tion of antioxidant activities and inflammation (11). Similar 
effects were also observed in varicocelized Sprague‑Dawley 
rats, in which AST promoted spermatogenesis by regulating 
inflammation, oxidative stress, ER stress and apoptosis (12). 
From a mechanistic standpoint, AST has been illustrated to 
confer various cardioprotective effects through a combination 
of anti‑oxidative, anti‑apoptotic and anti‑inflammatory activi-
ties (30). Among IL‑1β‑stimulated human chondrocytes, these 
effects were mediated by the suppression of various inflam-
matory factors through the regulation of NF‑κB and MAPK 
signaling (31). The present study observed significant cell 

death following cerebral I/R injury, which was significantly 
attenuated by treatment with AST. AST also significantly 
downregulated the expression levels of the pro‑apoptotic 
proteins Bax and c‑caspase‑3, inhibited caspase‑3 activity and 
upregulated the expression levels of the anti‑apoptotic protein 
Bcl‑2 following I/R. Moreover, AST suppressed the release 
of inflammatory cytokines, resulting in improved long‑term 
neurological outcomes of cerebral I/R injury in vivo. Together, 
these results demonstrated the neuroprotective effects of AST 
against cerebral I/R injury in vivo and in vitro.

Numerous studies have proved that ER stress contributed 
to apoptotic activity following cerebral I/R injury (6,32‑35). 
These effects appeared to be partially mediated by the 
upregulation of ER  stress markers, including CHOP, 
eukaryotic initiation factor 2α and GRP78 (6,32). Previous 
work has demonstrated that ER stress exerted a positive 
effect on neuronal apoptosis and the detection of cellular 
damage in ischemic stroke (33,34). GRP78 is an ER resi-
dent protein triggered by microenvironmental damage that 
disturbs ER function (35). There is increasing evidence to 
suggest that GRP78 may regulate the UPR in the ER, and 
that it is a critical regulator of cellular apoptosis under stress 

Figure 7. AST inhibits TG‑induced endoplasmic reticulum stress and subsequent apoptosis in vitro. (A) Western blotting was used to analyze the expression 
levels of GRP78 and CHOP in TG (10 µM)‑induced SH‑SY5Y cells with or without AST (50 µM) treatment. Semi‑quantification of (B) GRP78 and (C) CHOP 
expression levels from part (A). (D) Immunofluorescence staining of caspase‑12 protein expression levels (red) and nuclei labeled with DAPI (blue). Scale 
bar, 50 µm. Data are represented as the mean ± SD, n=5 in each group. *P<0.05, **P<0.01. AST, astragalin; TG, thapsigargin; GRP78, glucose regulated 
protein, 78 kDa.
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conditions  (36). There is also accumulating evidence to 
support the essential role of CHOP during apoptosis which 
is triggered by ER stress (37). Under conditions of ER stress, 
caspase‑12 becomes dissociated from the membrane, 
leading to the elevated production of c‑caspase‑12, which 
then activates various apoptotic signaling mechanisms such 
as PERK/ATF6 (38‑40). The UPR activates the PERK/ATF6 
signaling pathway and enhances chaperone expression 
9GRP78 and protein disulfide isomerase (PDI)], which 
results in the elevated production of CHOP and caspase‑12, 
as well as increased apoptosis (39,40). In the present study, 
the neuroprotective effects of AST were analyzed along 

with its potential association with ER stress and apoptotic 
signaling. The present findings demonstrated that the 
administration of AST downregulated the expression levels 
of GRP78, CHOP and caspase‑12, indicating a potential 
mechanism for AST. To further investigate the effect of 
ER  stress on cerebral I/R  injury, TG, a well‑established 
inducer of ER  stress, was used in an in  vitro neuronal 
cell culture model. AST treatment significantly reduced 
TG‑stimulated ER stress related‑protein (GRP78, CHOP 
and caspase‑12) in SH‑SY5Y  cells. Furthermore, AST 
treatment partially reversed the upregulation in Bax and 
downregulation in Bcl‑2 expression levels, contributing to 

Figure 8. AST inhibits TG‑stimulated increases in apoptotic levels in SH‑SY5Y cells. (A) Western blotting was used to determine the expression levels of 
Bax and Bcl‑2 in TG (10 µM)‑induced SH‑SY5Y cells with or without AST treatment (50 µM). Semi‑quantification of the expression levels of (B) Bax and 
(C) Bcl‑2. (D) Caspase‑3 activity in TG (10 µM)‑induced SH‑SY5Y cells with or without AST treatment (50 µM). (E) TUNEL assay was used to analyze 
the levels of apoptosis in SH‑SY5Y cells of each groups as treated above. Scale bar, 50 µm. (F) Semi‑quantification of the results of the TUNEL assay from 
part (E). Data are represented as the mean ± SD, n=5/group. *P<0.05, **P<0.01, ***P<0.001. AST, astragalin; TG, thapsigargin.



LIU et al:  ASTRAGALIN ALLEVIATES ISCHEMIA/REPERFUSION-INDUCED BRAIN INJURY 4077

the significant attenuation of neuronal apoptosis. These data 
suggested that ER stress may be tightly associated with the 
protective effects of AST.

However, some limitations should be noted in the current 
study. AST has been demonstrated to have a concentra-
tion‑dependent protective effect on other types of disease, 
such as spermatogenesis and osteoarthritis (11,30). However, 
only one drug dose was used in the present animal study and 
the mechanism was not clarified, thus other concentrations 
and in‑depth investigations into the mechanisms need to be 
further studied.

In conclusion, the findings of the present study indicated 
that the administration of AST may improve long‑term neuro-
logical outcomes in cerebral I/R  injury model rats. These 
protective effects were regulated through the inhibition of 
neuronal apoptosis, the inflammatory response and ER stress 
following injury. In vitro analyses further supported these 
observations: AST significantly attenuated ER  stress and 
apoptosis in a neuronal cell culture model. Thus, these results 
suggested that the regulation of ER stress by AST may be 
associated with neuronal apoptosis and neurological recovery, 
highlighting the potential use of AST as a therapeutic candidate 
in the treatment of cerebral I/R injury.
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