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Abstract 

Ischemic stroke is characterized by the presence of both brain ischemic and reperfusion-induced injuries 
in the brain, leading to neuronal dysfunction and death. Artemisinin, an FDA-approved antimalarial drug, 
has been reported to have neuroprotective properties. However, the effect of artemisinin on ischemic 
stroke is not known. In the present study, we investigated the effect of artemisinin on ischemic stroke 
using an oxygen-glucose deprivation/reperfusion (OGD/RP) cellular model and a mouse middle cerebral 
artery occlusion (MCAO) animal model and examined the underlying mechanisms. The obtained results 
revealed that a subclinical antimalarial concentration of artemisinin increased cell viability and decreased 
LDH release and cell apoptosis. Artemisinin also attenuated the production of reactive oxygen species 
(ROS) and the loss of mitochondrial membrane potential (Δψm). Importantly, artemisinin attenuated the 
infarction volume and the brain water content in the MCAO animal model. Artemisinin also improved 
neurological and behavioural outcomes and restored grasp strength and the recovery of motor function 
in MCAO animals. Furthermore, artemisinin treatment significantly inhibited the molecular indices of 
apoptosis, oxidative stress and neuroinflammation and activated the ERK1/2/CREB/BCL-2 signaling 
pathway. Further validation of the involved signaling pathway by the ERK1/2 inhibitor PD98059 revealed 
that inhibiting the ERK1/2 signaling pathway or silencing ERK1/2 reversed the neuroprotective effects of 
artemisinin. These results indicate that artemisinin provides neuroprotection against ischemic stroke via 
the ERK1/2/CREB/BCL-2 signaling pathway. Our study suggests that artemisinin may play an important 
role in the prevention and treatment of stroke. 
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1. Introduction 
Artemisinin (ART) is a traditional Chinese 

medicine that has been used as an anti-malaria drug 
in the clinic for decades. In addition to its antimalarial 
effects, artemisinin and its derivatives have also been 
reported to have anti-cancer, anti-allergic and 
anti-inflammatory effects that are mediated by a large 
number of molecular targets [1-3]. Moreover, we 
recently reported that artemisinin and its derivatives 

have neuroprotective effects and may have potential 
applications in the prevention and treatment of brain 
disorders [4-8]. However, the protective effects and 
potential mechanisms by which artemisinin protects 
against ischemic stroke-induced cell injury have not 
yet been reported and need to be further investigated.  

Stroke is the second leading cause of death 
worldwide, killing approximately 6 700 000 
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individuals each year [9, 10]. Ischemic stroke accounts 
for more than 80% of cases and is mainly due to an 
abrupt blockage of the internal carotid or the middle 
cerebral arteries [11, 12]. It has been reported that the 
five-year recurrence risk of ischemic stroke ranges 
from 15% to 40%, and according to Wolfe’s 
survey[13], and the number of ischemic stroke 
patients will increase approximately 30% in 2023 
compared to 1983, urging the development of more 
effective therapies. Ischemic stroke, which results 
from an acute cerebral artery block, can be caused by 
proximal middle cerebral artery occlusion (MCAO) 
(large vessel occlusion), distal MCAO (small vessel 
occlusion), or by thrombotic occlusion [14]. Thus, the 
MCAO experimental model, which mimics the 
blockage of blood flow in patients, is the most 
commonly used transient focal cerebral ischemic and 
reperfusion injury animal model, as it can be used to 
study the pathophysiology of ischemic stroke and its 
underlying mechanisms in preclinical studies [15-17].  

Ischemic stroke is characterized by the presence 
of both ischemic and reperfusion-associated brain 
injuries, leading to neuronal dysfunction and death. 
During ischemic stroke, the initial injury occurs 
within a few minutes and prevents the blood supply 
to the focal core of the ischemic injury area [18], 
resulting in a significant lack of oxygen and glucose to 
neurons. At the blockage region, which is the focal 
core of the ischemic injury area, many cells, especially 
neurons, die via cell necrosis, making the attempt to 
restore the blood and oxygen supply almost worthless 
[19]. During ischemic and reperfusion-induced 
injuries, due to anaerobic metabolism and lactic acid 
accumulation, ATP levels decline, leading to 
ATP-dependent ion transport dysfunction, calcium 
overload in mitochondria, cells swelling, and cell 
death via different mechanisms, including necrosis, 
apoptosis, and autophagy[20]. Therefore, many 
molecular and cellular signaling pathways are 
activated [21]. Cell apoptosis is a critical mechanism 
in ischemic stroke, and inhibiting apoptosis may 
attenuate ischemic and reperfusion induced bran 
injuries that follow ischemic stroke [22]. These 
findings further indicate that apoptosis may 
contribute to identifying the most effective targets for 
ischemic stroke treatment, offering new hope for 
patients suffering from this serious disease.  

Cells have extremely complex activities that 
need to be strictly regulated. During evolutionary 
development and natural selection, a complex signal 
transduction network was gradually established, 
which is formed by different signal transmission 
pathways through mutual connections and actions 
[23, 24]. The mitogen-activated protein kinase 
(MAPK) signaling pathway plays a pivotal role in 

controlling different physiological processes such as 
cell growth, development, division and death [25]. 
Extracellular signal-regulated kinase (ERK) belongs to 
the MAPK family, and this signaling pathway is 
involved in the regulation of cell growth, 
development and division [26]. Researchers have 
shown that the phosphorylation of ERK in the 
cerebral ischemia-reperfusion side of mice was 
significantly reduced [27, 28], indicating its role in the 
ischemic and reperfusion induced injury. Our study 
showed that ERK was significantly activated after the 
administration of artemisinin. However, the effect of 
artemisinin on ischemic stroke is not known. Thus, we 
assessed the protective effect of artemisinin against 
ischemic stroke using an OGD/RP cellular model 
and an MCAO animal model. The results showed 
that artemisinin significantly protected neuronal 
cells and brain tissues from ischemic stroke via the 
ERK1/2/CREB/BCL-2 signaling pathway. Our 
findings suggest the potential use of artemisinin in 
the treatment of ischemic stroke. 

2. Materials and Methods 
2.1 Materials  

Artemisinin (ART) (purity≥98%) was purchased 
from Dalian Meilun Biotechnology, China. 
Glucose-free and glucose-containing Dulbecco’s 
modified Eagle’s medium (DMEM) was obtained 
from GIBCOTM, Invitrogen Corporation. Bovine 
serum albumin (BSA) and fetal bovine serum (FBS) 
were obtained from GIBCOTM. Invitrogen Corpora-
tion. Lipofectamine 2000 and 2,3,5-triphenyltetra-
zolium chloride (TTC, Cat# T8877) were obtained 
from Sigma Aldrich (St. Louis, MO, USA). MTT and 
Hoechst 33342 were purchased from Molecular 
Probes (Eugene, OR, USA). An Annexin V-FITC/PI 
apoptosis detection kit was purchased from BD 
Biosciences (San Diego, CA, USA). The LDH assay 
kit, Caspase 3 assay kit, DCFH-DA reagent, JC-1 dye, 
Nissl staining solution, TUNEL assay kit, MDA assay 
kit and SOD assay kit were obtained from Beyotime 
Institute of Biotechnology (Shanghai, China). 
Monofilament nylon sutures were purchased from 
Beijing Sunbio Biotech Co. Ltd. (Beijing, China). 
Anti-phospho-ERK1/2, anti-ERK1/2, anti-phospho- 
CREB, anti-NeuN, anti-GFAP, IL-18, IL-1β, NF-κB and 
anti-GAPDH antibodies were purchased from Cell 
Signaling Technology (Woburn, MA, USA). Anti-BAX 
and anti-BCL-2 antibodies were purchased from 
Signalway Antibody (College Park, Maryland, USA). 
The biotinylated anti-rabbit IgG and TRITC- 
conjugated anti-rabbit IgG secondary antibodies were 
purchased from Cell Signaling Technology (Woburn, 
USA). The ERK1/2 inhibitor PD98059 was ordered 
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from Calbiochem (San Diego, CA, USA). siERK1/2 
was purchased from Genepharma (Shanghai, China). 

2.2 Cell Culture  
PC12 cells were purchased from the Cell Bank of 

Sun Yat-sen University (Guangzhou, China). The cells 
were grown in DMEM with 10% fetal bovine serum 
(FBS), 1% streptomycin and 1% penicillin, and 
maintained at 37°C in a humidified atmosphere of 5% 
CO2. 

Primary cultured neurons from C57BL/6J 
embryonic (E18) foetuses were cultured for 6-7 days 
in DMEM/F12 supplemented with 2% B27, 20 μM 
L-glutamine, 15 mM HEPES, 10 U/ml penicillin, and 
10 μg/ml streptomycin. 

2.3 Animals  
The animal experimental protocol was approved 

by the Animal Ethics and Welfare Committee of the 
University of Macau and was carried out in 
accordance with approved guidelines and 
regulations. Male C57BL/6J mice were used and the 
body weights of the mice was 21-23 g. The mice were 
obtained from the Animal Research Core in the 
Faculty of Health Science of the University of Macau 
and kept under controlled temperature (24-26 °C), 
humidity and lighting (12 hours light/dark cycle). 
Food and water were available ad libitum throughout 
the experiment.  

2.4 Establishment of the OGD/RP model  
PC12 cells and primary cultured neurons were 

cultured in glucose-containing DMEM with all the 
standard supplements for 24 hours and then placed in 
a special incubator loaded with a gas mixture 
containing 5% CO2, 1% O2 and 94% N2 for 2, 4, 6, 8 and 
24 hours at 37 °C before reperfusion. Cells were then 
incubated in glucose-containing DMEM supple-
mented with 10% FBS at 37 ℃ in an O2-free incubator 
under humid conditions for another 22, 20, 18, 16 and 
0 hours. Then, the cells were incubated with MTT (0.5 
mg/mL) for 3 hours in the dark at 37 °C. The medium 
was replaced with DMSO (100 µL/well). The 
absorbance at 570 nm was measured on a 
BIO-RAD680 microplate reader (Thermo Fisher, MA, 
USA). 

2.5 Assessment of cell viability using MTT 
assay 

PC12 cells and primary cultured neurons were 
seeded in 96-well plates (5×103 cells per well for PC12 
cells and 7x103 cells per well for primary cultured 
neurons) in DMEM with 0.5% FBS. After 24 hours, the 
cells were pretreated with different concentrations of 
artemisinin (6.25-50 µM) or 0.1% DMSO for 2 hours 
and then subjected to 4 hours of OGD followed by 20 

hours of reperfusion. Cell viability was tested by MTT 
assays. After 24 hours, PC12 cells and primary 
cultured neurons were incubated with MTT (0.5 
mg/mL) for 3 hours in the dark at 37°C. Then, the 
medium was replaced with DMSO (100 µL/well). The 
absorbance at 570 nm was measured on a BIO-RAD 
680 microplate reader (Thermo Fisher, MA, USA).  

2.6 Assessment of cell cytotoxicity using LDH 
assays 

Cell cytotoxicity induced by OGD/RP model 
was assessed by measuring LDH activity as 
previously described [29]. Briefly, PC12 cells and 
primary cultured neurons were seeded in 96 well 
plates (1×104 cells/well). After being pretreated with 
different concentrations of artemisinin or 0.1% DMSO 
for 2 hours, PC12 cells and primary cultured neurons 
were incubated with or without OGD/RP for 4 hours 
followed by 20 hours of reperfusion. LDH release into 
the medium was measured according to the LDH 
assay kit instructions, and the results were recorded 
on an Infinite M200 PRO multimode microplate at a 
wavelength of 490 nm. 

2.7 Measurement of cell apoptosis using 
Hoechst 33342 staining  

A Hoechst 33342 staining assay was used to 
study the effect of artemisinin on apoptosis as 
previously described with minor modifications [30]. 
After being pretreated with artemisinin or 0.1% 
DMSO for 2 hours, PC12 cells and primary cultured 
neurons were incubated with or without OGD/RP for 
4 hours followed by 20 hours of reperfusion. Then, 
PC12 cells and primary cultured neurons were rinsed 
with PBS followed by and fixed using 4% cold 
paraformaldehyde (PFA) for 15 minutes. The fixed 
cells were then rinsed and stained with Hoechst 33342 
dye for 3-5 minutes at room temperature and 
visualized by an EVOS FL Imaging System (Thermo 
Fisher Scientific, Waltham, MA, USA). The percentage 
of apoptotic cells was calculated and analyzed.  

2.8 Measurement of cell apoptosis using the 
Annexin V-FITC/PI assay  

Cellular apoptosis was further analyzed using 
FACS according to the Annexin V-FITC/PI Kit 
instructions. Briefly, PC12 cells were seeded into 
6-well plates (2×105 cells/mL). After being treated as 
indicated, the cells were harvested and washed twice 
with cold PBS and suspended in the binding buffer. 
Then, PC12 cells were incubated with Annexin 
V-FITC (10 μg/mL, 5 μL) and 10 μL of PI (20 μg/mL). 
The number of apoptotic cells was calculated by flow 
cytometry (BD FACS Calibur).  
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2.9 Measurement of cell apoptosis using a 
caspase 3 activity assay 

Measurement of caspase 3 activity was 
performed using a caspase 3 activity assay kit 
according to the manufacturer’s protocol. Briefly, 
after the indicated treatments, PC12 cells and primary 
cultured neurons were lysed and centrifuged for 
5 min. The collected cells were resuspended in the 
lysis buffer for another 15 min before being 
centrifuged for 15 min. The supernatant was collected 
and incubated (50 μL) with 40 μL of assay buffer and 
10 μL of the Caspase 3 substrate Ac-DEVD-pNA for 2 
hours at 37 °C. Then, caspase 3 activity was measured 
at 405 nm using BIO-RAD680 microplate reader 
(Thermo Fisher, MA, USA).  

2.10 Measurement of intracellular ROS 
Intracellular ROS levels were evaluated using 

DCFH-DA. After the indicated treatments, the 
medium was replaced with 5 μM DCFH-DA in 
DMEM for 1 hour away from the light. Then, PC12 
cells and primary cultured neurons were rinsed twice 
with PBS and photographed by an EVOS FL Imaging 
System (excitation wavelength: 488 nm; emission 
wavelength: 525 nm). Intracellular ROS levels were 
quantified using Image J software. All % ROS levels 
were calculated compared to the ctrl group. 

2.11 Measurement of mitochondrial 
membrane potential (△ψm)  

The JC-1 assay was used to measure the Δψm. In 
short, PC12 cells and primary cultured neurons were 
seeded into 96-well plates, and after being treated, the 
cells were incubated with JC-1 dye. Images were 
taken by an EVOS FL Imaging System. The ratio of 
JC-1 red/green fluorescence intensity was calculated 
by Image J software, and the value was calculated 
relative to the control group.  

2.12 Western blotting 
Western blotting was performed as previously 

described [31]. In brief, after the appropriate 
treatments, the cells were collected and lysed with 
RIPA buffer, and the protein concentration was 
determined using a BCA kit. Equal amounts of 
protein were separated using polyacrylamide gel 
electrophoresis (PAGE) and transferred onto 
polyvinylidene fluoride (PVDF) membranes. Then, 
the membranes were blocked with 5% nonfat milk in 
TBST for 1–2 h at room temperature. Primary 
antibodies against P-ERK1/2, T-ERK1/2, P-CREB, 
BAX, BCL2, IL-18, IL-1β, NK-κB, GAPDH and Actin 
were used to detect the different proteins after an 
overnight incubation at 4 °C overnight. The 
membranes were then incubated with HRP- 

conjugated secondary antibodies after being washed 
with TBST. The protein bands were visualized using 
Clarity Western ECL substrate with a Bio-Rad Gel 
Doc XR documentation system. Blot intensity was 
analyzed using image J analysis software. 

2.13 ERK1/2 silencing using siRNA in PC12 
cells 

Interfering RNA (siRNA) targeting ERK1 and 
ERK2 (ERK1/2) and scrambled control siRNA were 
synthesized by Genepharma. Cells were transfected 
with the target siRNA or scrambled siRNA using 
Lipofectamine 2000 for 6 hours and were then place in 
normal medium. The efficiency of ERK1/2 
knockdown was assessed by western blotting using 
specific antibodies, and cell viability was determined 
by MTT assays. 

2.14 Establishment of the middle cerebral 
artery occlusion (MCAO) model 

The mice were randomly divided into the control 
group (Ctrl), MCAO model group (Model) and model 
plus artemisinin (2, 6, 18 mg/kg, i.p.) groups (ART), 
and 20 mice were used in each group. To establish the 
MCAO mouse model, the animals were anaesthetized 
with an intraperitoneal injection (i.p.) of 1% sodium 
pentobarbital, and the right common carotid artery 
(CCA), the external carotid artery (ECA) and the 
internal carotid artery (ICA) were exposed. The ICA 
was temporarily blocked using a microarterial clip, 
and a surgical nylon filament was inserted from the 
ECA to the ICA to block blood flow. Then, the 
filament was withdrawn, and the ECA was ligated. 
Cerebral blood flow (CBF) in the middle cerebral 
artery (MCA) was measured by a Laser Specke 
Perfusion Imager System (RWD, Shenzhen, China) 
through the skull (Fig. S1). All the animals with a CBF 
reduction of < 80% in MCA regional center were 
excluded from the study. After 1 hour of occlusion, 
reperfusion was allowed by gently removing of the 
monofilament. Body temperature was maintained at 
37 °C using a heat lamp during the surgery. 
Artemisinin was administered via intraperitoneal 
injection. 

2.15 Infarct volume and brain water content 
measurements 

The mice were sacrificed by decapitation 24 
hours after the surgery and the brains were 
immediately collected. Coronal brain slices (2 mm 
thickness) were stained with 2,3,5-triphenyltetra-
zolium chloride (TTC). In short, after the animals 
were sacrificed, the brains were removed quickly, and 
washed with cold PBS. Then, the brains were chilled 
at -20 ℃ for 30 min, and cut into coronal brain slices 
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with a thickness of 2 mm. The brain slices were 
immersed in 2% TTC solution at 37 ℃ for 30 min in 
the dark. To fully stain the slices, the container was 
shaken slightly every 5 min. Finally, the brain slices 
were removed from TTC solution and fixed with 4% 
PFA overnight. Brain sections from each group were 
photographed and the infarct size was calculated 
using the following formula: corrected infarct volume 
% = [contralateral hemisphere area - (infarct area in 
ipsilateral hemisphere/contralateral hemisphere 
area)] x 100%. The brain water content was measured 
using a standard wet/dry weighing method in which 
the collected brains were divided into ischemic and 
nonischemic hemispheres and weighed (wet weight). 
Afterwards, the samples were dried for 48 hours in an 
oven at 95 °C and the tissues were weighed again (dry 
weight). The brain water content was calculated using 
the following equation: brain water content = [(wet 
tissue weight − dry tissue weight)/wet tissue 
weight] × 100%. 

2.16 Neurological evaluation and behaviour 
analyses 

The neurological deficit score was obtained by 
an investigator who was blinded to the groups of the 
animals. The neurological score (Zea-Longa Scale) 
was used to evaluate neurological function at 0 and 24 
hours after drug administration [32]. The score criteria 
were as follows: 0 points, no symptoms of 
neurological damage; 1 point, slight neurological 
impairment and an inability to fully extend the 
contralateral forepaw; 2 points, severe neurological 
deficits, circling continuously to the contralateral side 
but standard posture at rest; 3 points, severe 
neurological deficits, falling to the injured side; and 4 
points, no spontaneous autonomic activity, loss of 
consciousness. Grip strength test aimed to assess the 
recovery of the motor function of the affected limbs. 
All animals were evaluated 24 hours after drug 
administration. Three consecutive trials were carried 
out to measure the forelimb-strength of each animal. 
The strength of the affected limb was measured using 
a grip strength meter (Bioseb, USA). The pole-jump 
test was further performed after drug administration. 
The time that the mice stayed on the pole, fell down or 
jumped was recorded (when mice stayed on the pole 
for more than 60 seconds, 60 seconds was the time 
recorded, and if the mice fell down or jumped off after 
120 seconds, 120 seconds was the time recorded). 

2.17 Nissl Staining and TUNEL Assays 
Neuronal survival was examined using Nissl 

staining and neuronal cell apoptosis was measured 
using the TUNEL assay as previously described [33]. 
Nissl staining was performed according to the 
manufacturer’s protocol. Briefly, samples were 

stained with Nissl staining solution and then 
dehydrated with ethanol and cleared with xylene. For 
the TUNEL assay, the samples were incubated with 
the TUNEL reaction mixture for 1 hour at 37 °C in the 
dark. Color development was performed in DAB 
solution. Images were taken using a microscope 
(EVOS FL Imaging System). Analyses were 
performed on 8 sections per sample, and there were 4 
animals in each group. 

2.18 Immunofluorescence (IF) and 
immunohistochemistry (IHC) 

Brain slices were processed for immunofluores-
cence and immunohistochemistry as previously 
described [34]. Mice were transcardially perfused 
with 0.1 M phosphate buffer followed by 4 % PFA in 
0.1 M phosphate buffer. Coronal sections of the 
collected brains were examined (10 μm frozen 
sections for IF and 4 μm paraffin sections for IHC). For 
immunofluorescence analysis, samples were 
incubated with anti-NeuN primary antibodies (1:200) 
for 24 hours at 4 °C. After being washed 3 times with 
PBS, the slices were incubated with TRITC-conjugated 
anti-rabbit IgG (1:500) at room temperature for 1 hour. 
Images were acquired with a Nikon A1 confocal 
microscope. For immunohistochemical analysis, brain 
sections were dewaxed and hydrated before antigen 
retrieval, incubated with 3% H2O2 for 30 min and 
blocked with 10% bovine serum albumin (BSA). After 
that, the samples were incubated with the primary 
antibody (GFAP, 1:500) overnight at 4 °C. Afterwards, 
the samples were incubated with a biotinylated anti- 
rabbit IgG secondary antibodies (1:500) at room 
temperature for 1 hour and color development was 
performed with DAB solution. Images were taken 
using an EVOS FL Imaging System. Analyses were 
performed on 8 sections per sample, and there were 4 
animals in each group. 

2.19 Measurement of SOD and MDA activities 
Superoxide dismutase (SOD) and malondialde-

hyde (MDA) activities were determined by a total 
Superoxide Dismutase Assay Kit with WST-8 and a 
Lipid Peroxidation MDA Assay Kit, according to the 
manufacture’s protocols. Briefly, SOD activity was 
determined by measuring the production of a 
water-soluble formazan dye at a wavelength of 450 
nm. MDA levels were determined by measuring the 
red products resulting from the reaction of MDA and 
thiobarbituric acid at a wavelength of 532 nm. 
Absorbances were measured using a BIO-RAD680 
microplate reader (Thermo Fisher, MA, USA).  

2.20 Statistical analysis 
Statistical analysis was performed using 

GraphPad Prism 7.0 statistical software (GraphPad 
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Software, Inc., San Diego, CA, USA). All values are 
presented as the mean ± SEM. Multiple comparisons 
were performed by one-way ANOVA using Tukey's 
multiple comparison post hoc-test and p<0.05 was 
considered statistically significant. 

3. Results 
3.1 Artemisinin attenuated OGD/RP-induced 
loss of cell viability and cytotoxicity in PC12 
cells 

To evaluate the cytotoxicity of OGD/RP, PC12 
cells were subjected to different durations of OGD, 
which resulted in a time-dependent decrease in cell 
viability in a time-dependent manner (Fig. 1B). OGD 
for 4 hours caused a significant loss (approximately 
30%) of viability; thus, this time was used in 
subsequent experiments to examine neuroprotection. 
To investigate the protective effect of artemisinin, 
PC12 cells were pretreated with artemisinin or 0.1% 
DMSO at concentrations ranging from 6.25 to 50 μM 
for 2 hours and then exposed to OGD for 4 hours and 
reperfusion for 20 hours, and viability was analyzed 
by MTT assays. The cell viability in the model group 
decreased significantly compared with that in the 
control group, and artemisinin reversed OGD/RP- 
induced death in a concentration-dependent manner. 
The protective effect of artemisinin started at a 
concentration of 6.25 μM, was significant at 12.5 μM, 
peaked at 25 μM and slightly decreased from at 50 μM 
(Fig. 1C). The LDH assay, results further revealed that 
artemisinin attenuated OGD/RP-induced LDH 
release (Fig. 1D). 

3.2 Artemisinin attenuated OGD/RP-induced 
PC12 cell apoptosis  

Hoechst 33342 staining was used to measure 
apoptosis by detecting apoptotic changes in nuclei. 
The results revealed that OGD/RP increased the 
number of apoptotic cells and nuclear condensation, 
while pretreatment with different concentrations of 
artemisinin for 2 hours markedly reduced the number 
of apoptotic cells and nuclear condensation caused by 
OGD/RP (Fig. 1E-F). Flow cytometry analysis with 
Annexin V-FITC/PI staining revealed that the model 
group (OGD/RP) had a significantly higher rate of 
apoptosis than the control group and that 
pretreatment with 25 μM artemisinin significantly 
protected the cells against OGD/RP-induced 
apoptosis significantly reducing the rate of apoptotic 
cells (Fig. 1G-H). Consistent with these findings, 
caspase 3 activity measurements indicated that 2 
hours of artemisinin (25 μM) pretreatment attenuated 
OGD/RP induced activation of caspase 3 (Fig. 1I-J). 

3.3 Artemisinin attenuated OGD/RP-induced 
reactive oxygen species (ROS) production and 
loss of mitochondrial membrane potential 
(Δψm) in PC12 cells 

To further understand the mechanisms 
underlying in the protective effect of artemisinin, ROS 
production and mitochondrial membrane potential 
were measured. As shown in Fig. 2, OGD/RP resulted 
in a remarked increase in intracellular ROS levels and 
a decrease in mitochondrial membrane potential 
(mitochondrial damage), whereas pretreatment with 
25 μM artemisinin significantly inhibited OGD/RP- 
induced excessive ROS production and the loss of 
Δψm. 

3.4 The ERK1/2/CREB/BCL2 signaling pathway 
mediated the protective effects of artemisinin 
against OGD/RP-induced injury in PC12 cells 

The pathways involved in the artemisinin- 
mediated neuroprotective effect were examined by 
western blotting and revealed that the phosphoryla-
tion levels of ERK1/2 and CREB gradually increased 
after artemisinin administration, indicating the 
involvement of this pathway (Fig. 3A-C). Moreover, 
OGD/RP induced a significant increase in the 
BAX/BCL2 ratio, and this effect was reversed by 
treatment (Fig. 3D). To gain further insight into the 
role of ERK1/2 in the protective effect of artemisinin, 
we used PD98059 (ERK1/2 inhibitor) and siRNA 
specific for ERK1 and ERK2 to knock down its 
expression in PC12 cells. As expected, precondi-
tioning the cells with 25 μM PD98059 or downregula-
tion ERK1/2 notably blocked the protective effect of 
artemisinin, including the increase in viability (Fig. 3 
E and J) and decrease in apoptosis (Fig. 3 F-H). 

3.5 Artemisinin protected primary cultured 
neurons against OGD/RP-induced injury via 
ERK1/2  

To verify whether the neuroprotective effects of 
artemisinin against OGD/RP insult were not specific 
to PC12 cells, we also examined its protective effects 
on primary cultured neuronal cells. As expected, 
artemisinin also protected primary cultured neurons 
against OGD/RP-induced injury in a concentration- 
dependent manner. As shown in Fig. 4A, the 
protective effect of artemisinin was significant at 
concentration of 6.25 μM, peaked at 12.5 μM, and 
slightly decreased at 25 μM. Moreover, the protective 
effect of artemisinin was inhibited by PD98059 
treatment of primary cultured neurons (Fig. 4 B-J). 
These results were consistent with the results 
obtained in PC12 cells, further confirming the 
involvement of the ERK1/2 pathway in the 
neuroprotective effect of artemisinin. 
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Figure 1. Artemisinin attenuated OGD/RP-induced loss of cell viability and cytotoxicity in PC12 cells. (A) Structure of artemisinin. (B) Cells were treated with 
different durations of OGD followed by reperfusion and cell viability was measured using MTT assay, *** p< 0.001 were considered significantly different; (C) Cells were 
pretreated with different concentrations of artemisinin and then incubated with OGD for 4 hours followed by 20 hours of reperfusion and cell viability was measured using MTT 
assay. (D) Cells were pretreated with different concentrations of artemisinin and then incubated with OGD for 4 hours followed by 20 hours of reperfusion and the cytotoxicity 
was measured by lactate dehydrogenase (LDH) assay. The percentage was calculated by the ratio of the optical density (OD) values compared with ctrl group. (E) Cells were 
pretreated with artemisinin at the indicated concentrations and then subjected to OGD/RP conditions. Representative images of Hoechst 33342 staining. Scale bar: 100 μm. (F) 
Quantitative analysis of Hoechst 33342 staining. (G) Cells were pretreated with 25 μM artemisinin and then subjected to OGD/RP. Representative images of Annexin V-FITC/PI 
staining detected by flow cytometry. (H) Quantitative analysis of Annexin V-FITC/PI staining. (I) Cells pretreated with 25 μM artemisinin and then subjected to OGD/RP. The 
activity of caspase 3 was measured by caspase 3 activity assay. (J) Cells pretreated with 12.5 μM, 25 μM, 50 μM artemisinin and then subjected to OGD/RP. The expression level 
of caspase 3 (green) was detected by immunofluorescence. Scale bar: 150 μm. *** p < 0.001, versus ctrl group; # p < 0.05, ## p < 0.01, ### p < 0.001, versus model group were 
considered significantly different. The assay was repeated at least 3 times. 
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Figure 2. Artemisinin attenuated OGD/RP-induced reactive oxygen species (ROS) production and loss of mitochondrial membrane potential (Δψm) in 
PC12 cells. (A) Cells were pretreated with 25 μM artemisinin and then subjected to OGD/RP. Representative images of ROS levels and mitochondrial membrane potential. 
Scale bar: 100 μm. (B) Quantitative analysis of ROS levels. (C) Quantitative analysis of mitochondrial membrane potential. ** p < 0.05, *** p < 0.001, versus ctrl group; # p < 0.05, 
## p < 0.01, versus model group were considered significantly different. The assay was repeated at least 3 times. 

 

3.6 Artemisinin decreased ischemia/ 
reperfusion-induced cerebral infarction and 
brain water content 

To evaluate the protective effect of artemisinin in 
vivo, a middle cerebral artery occlusion (MCAO) 
animal model was established, and the effect of 
artemisinin on infarction size was measured by TTC 
staining. MCAO mice showed increased infarct 
volumes, which were significantly decreased in the 
artemisinin-treated group in a time- and dose- 
dependent manner (Fig. 5A-D). Moreover, treatment 
with 6mg/kg artemisinin significantly decreased the 
brain water content in the ischemic hemisphere 
compared with that in the model group (Fig. 5E). The 
neuroprotective effect of artemisinin was examined in 
MCAO rats, and treatment decrease the infarction 
volume and brain water content (Fig. S2 A-C).  

3.7 Artemisinin improved the recovery of 
motor function and decreased neuronal injury 
induced by ischemia/reperfusion  

The effect of artemisinin on the neurological 
deficits, grip strength and motor behaviours of the 
MCAO mouse model was measured using different 
behaviour tests. As shown in Fig. 6A, before 

artemisinin administration, the animals in the model 
group and model plus artemisinin treatment groups 
exhibited significantly increased neurological deficits 
relative to animals in the ctrl group. After 24 hours of 
artemisinin treatment, the mice showed significantly 
lower neurological deficits than untreated animals in 
the model group. Similar results were obtained in the 
MCAO rat model (Fig. S2D). Moreover, artemisinin 
promoted significant recovery of grip strength (Fig. 
6B) and improved of the pole jump performance 
compared with those in the model group (Fig. 6C). 

Histopathological changes were analyzed by 
Nissl staining (Fig. 6D-Nissl, E) and revealed that 
Nissl bodies were numerous in the ctrl group, 
indicating that the cell condition was improved; in the 
model group, the number of Nissl bodies was 
reduced, and this pathological change was attenuated 
by 6 mg/kg artemisinin. The effect of artemisinin on 
apoptosis was analyzed by TUNEL staining (Fig. 
6D-TUNEL, F), and the number of apoptotic cells was 
significantly increased in the model group, while 
artemisinin reversed the effect of ischemic injury, 
significantly reducing the number of apoptotic cells. 
In addition, artemisinin reversed the decrease in the 
number of neurons observed in the model group (Fig. 
6D-NeuN, G).  
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Figure 3. The ERK1/2/CREB/BCL2 signaling pathway mediated the protective effects of artemisinin and ERK1/2 inhibitor PD98059 or silencing of ERK1/2 
blocked the protective effect of artemisinin in PC12 cells. (A) PC12 cells were incubated with artemisinin at the indicated concentrations and then subjected to 
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OGD/RP conditions. The expression of phosphorylated ERK, CREB, BAX and BCL2 were detected by Western blotting. (B-D) Densitometric analysis of the immunoblots 
expressed as percentage of control. Moreover, PC12 cells were pre-treated with 25 μM PD98059 for 40 min, then treated with 25 μM artemisinin for 2 hours and then induced 
with OGD for 4 hours followed by 20 hours of reperfusion. Cell viability was determined by MTT assay (E), cell apoptosis was determined by Hoechst 33342 staining (F, G) and 
caspase 3 activity (H). (I) Cells were transfected with ERK1/2 siRNA and the expression of ERK was detected by Western blotting. GAPDH were used as a loading control. (J) 
Cells were transfected with ERK1/2 siRNA, further treated with 25 μM artemisinin and then induced with OGD for 4 hours followed by 20 hours of reperfusion. Cell viability 
was measured by MTT assay. *** p < 0.001, versus ctrl group; # p < 0.05, ## p < 0.01,### p < 0.001, versus model group; & p < 0.05, && p < 0.01,versus ART+ model group were 
considered significantly different. The assay was repeated at least 3 times. 

 
Figure 4. Artemisinin protected primary cultured neurons against OGD/RP induced injury via the ERK1/2. (A) Primary cultured neurons were pre-treated with 
different concentrations of artemisinin for 2 h and then induced with OGD for 4 hours followed by 20 hours of reperfusion. Cell viability was determined by MTT assay. Primary 
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cultured neurons pretreated with 20 μM PD98059 for 30 min were treated with 12.5 μM artemisinin for 2 hours and then induced with OGD for 4 hours followed by 20 hours 
of reperfusion. Cell viability was determined by MTT assay (B), LDH release was measured by LDH assay (C), Cell apoptosis detected by Hoechst 33342 staining (D, E) and 
Caspase 3 activity (G). Scale bar: 100 μm. Reactive oxygen species (ROS) production and mitochondrial membrane potential (Δψm) were measured by DCFH-DA and JC-1 
assays (F, H, I). Scale bar: 100 μm and 150μm. * p < 0.05, ** p < 0.01, *** p < 0.001, versus ctrl group; # p < 0.05, ## p < 0.01, ### p < 0.001, versus model group; & p < 0.05, &&& p 
< 0.001, versus ART+ model group were considered significantly different. The assay was repeated at least 3 times. 

 
Figure 5. Artemisinin decreased ischemia/reperfusion-induced cerebral infarction and brain water content (A) Brain infarct volume was measured 24 hours after 
MCAO treatment with different doses of artemisinin (2, 6, 18 mg/kg) and the representative pictures of the TTC staining were shown. (B) Quantification of the infarction volume 
of A. (C) Brain infarct volume was measured at different time points of artemisinin treatment after ischemia (eg. Ischemia 0 h means artemisinin treatment 1 hour before 
reperfusion; Ischemia 1 h means artemisinin treatment while reperfusion; Ischemia 2 h means artemisinin treatment 1 h after reperfusion.) (D) Quantification of the infarction 
volume of C. (E) The brain water content was measured 24 hours after MCAO treatment with artemisinin (6 mg/kg). *** p < 0.001, versus ctrl group; ## p < 0.01, ### p < 0.001, 
versus model group were considered significantly different. The assay was repeated at least 3 times. 
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Figure 6. Artemisinin improved the recovery of motor function and decreased neuronal injury induced by ischemia/reperfusion. (A) Evaluation of the effect of 
different doses of artemisinin (2, 6, 18 mg/kg) in the MCAO mice neurological deficits using Zea-Longa Scale neurological score. (B) Behavioral evaluation of the grasping strength 
of the forelimb with 6 mg/kg artemisinin. (C) Behavioral evaluation of the pole-jump test with 6 mg/kg artemisinin. * p < 0.05, ** p < 0.01, *** p < 0.001 were considered significantly 
different. (D) Representative images of Nissl staining, TUNEL staining and immunofluorescence of NeuN from the different groups. Scale bar: 100 μm and 200 μm. (E) 
Quantitative analysis of Nissl staining. (F) Quantitative analysis of TUNEL staining. (G) Quantitative analysis of immunofluorescence of NeuN. ** p < 0.01, *** p < 0.001, versus ctrl 
group; # p < 0.05, ## p < 0.01, ### p < 0.001 versus model group. The assay was repeated at least 3 times. 
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Figure 7. The ERK1/2/CREB/BCL2 signaling pathway mediated the protective effects of artemisinin in an ischemia reperfusion mouse model. (A) Western 
blot analysis of P-ERK, P-CREB, BAX and BCL2 protein levels 24 hours after MCAO treatment with different doses of artemisinin (2, 6, 18 mg/kg) and normalized with GAPDH. 
(B) Quantification of the P-ERK protein expression levels. (C) Quantification of the P-CREB protein expression levels. (D) Quantification of the BAX/BCL2 protein expression 
ratio. (E-G) Western blot analysis and quantification of P-ERK and P-CREB protein levels 24 hours after MCAO treatment with 1 mg/kg PD98059 followed by 6 mg/kg 
artemisinin and normalized with actin. (H) The brain infarct volume was measured 24 hours after MCAO treatment with 1 mg/kg PD98059 followed by 6 mg/kg artemisinin. 
Representative images of the TTC staining. (I) Quantification of the infarction volume of H. (J) Evaluation of the neurological deficits using Zea-Longa Scale neurological score 
of each group. (K) Behavioral evaluation of the grasping strength of the forelimb. (L) Behavioral evaluation of the pole-jump test. * p < 0.05, *** p < 0.001, versus ctrl group; ## p 
< 0.01, ### p < 0.001, versus model group; & p < 0.05, &&& p < 0.001 versus ART + model group were considered significantly different. The assay was repeated at least 3 times. 

 

3.8 The ERK1/2/CREB/BCL2 signaling pathway 
mediated the protective effects of artemisinin 
in an ischemia reperfusion mouse model 

As the results of the in vitro experiments 
suggested the involvement of the ERK/CREB/BCL2 

signaling pathway in the protective effect of 
artemisinin, we examined the involvement of this 
pathway in vivo. As shown in Fig. 7A-D, the 
expression levels of P-ERK1/2 and P-CREB were 
significantly increased, and the ratio of BAX/BCL2 
was significantly decreased in the artemisinin treated 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

4591 

group compared with the model group. Further 
inhibition of ERK1/2 with the ERK1/2 inhibitor 
PD98059 (1mg/kg) prevented the protective effects of 
artemisinin (Fig. 7E-I). Moreover, after PD98059 
administration, the improvements in neurological 
deficits, grip strength and pole jump performance 
induced by artemisinin were reversed (Fig. J-L). These 
results, which were consistent with those obtained in 
vitro, indicate that artemisinin attenuated ischemic 
stroke-induced apoptosis through activation of the 
ERK1/2/CREB/BCL-2 signaling pathway. In 
addition, we examined the levels of superoxide 
dismutase (SOD) and malondialdehyde (MDA) in 
vitro and in vivo, which are widely used to evaluate 
the effect of oxidative stress [35]. The results showed 
that SOD levels were decreased and MDA levels were 
increased in the model group, and artemisinin 
reversed the effect of ischemia injury on SOD and 
MDA levels (Fig. S3A-D). Further investigation of the 
role of astrocytes, revealed that animals in the model 
group exhibited astrocytic activation in the brain, and 
this effect was inhibited by artemisinin treatment (Fig. 
S3E-F). Furthermore, artemisinin decreased the levels 
of the inflammatory cytokines IL-18, IL-1β and NF-κB 
after MCAO injury (Fig. S3G-J). These results suggest 
that artemisinin may have antioxidative and 
anti-inflammatory effects. 

4. Discussion 
Cerebral ischemic and reperfusion injury include 

a transient or permanent blockage of blood flow, that 
results in cerebral infarction, ultimately leading to 
disability or death [36]. Currently, there are no 
effective treatments for stroke, with the exception of 
antithrombolytic drugs and hypothermia strategies, 
demonstrating the necessity of safe and more effective 
drugs [37]. In this study, we found that artemisinin 
could protect neuronal cells from ischemia stroke 
injury in both cellular and animal experimental 
models and that this neuroprotective effect was 
mediated by the ERK/CREB/BCL2 signaling 
pathway. 

Artemisinin has been used as a safe and 
affordable antimalarial drug for decades. Because it is 
able to cross the blood brain barrier (BBB), artemisinin 
was recently reported to also have a neuroprotective 
effect on PC12 cells [5, 38], human retinal pigment 
epithelial cells [29, 39], SH-SY5Y cells [7], rat bone 
marrow-derived mesenchymal stem cells [8], ventral 
spinal cord 4.1 (VSC4.1) cells [40] and in an AD mouse 
model [34] and brachial plexus injury mouse model 
[40]. However, there have been no studies reporting 
the neuroprotective effect of artemisinin in the 
treatment of ischemic stroke. Thus, our study was the 
first time to evaluate the neuroprotective effect of 

artemisinin and the related signaling pathways in 
ischemic stroke using an OGD/RP cellular model and 
an MCAO animal model. The obtained results 
provide evidence of a new therapeutic candidate for 
the treatment of ischemic stroke. 

Apoptosis leads to the fragmentation of DNA, 
degradation of cytoskeletal and nuclear proteins and 
the formation of apoptotic bodies [41]. Ischemic stroke 
is characterized by pivotal molecular events that 
initiate apoptosis, such as excitotoxicity, calcium 
overload and free radical overproduction [22]. 
Previous reports have suggested that apoptosis may 
contribute to a significant proportion of neuronal 
death following acute brain ischemia [42, 43], and 
apoptosis within the ischemic penumbra may occur 
after several hours or even several days. Caspase-3 
plays an important role in a variety of apoptotic 
signaling pathways and may also be involved in 
ischemic stroke [44, 45]. Hence, in the present study, 
apoptosis was examined both in vitro and in vivo. 
Artemisinin increased cell viability, decreased LDH 
activity, reduced apoptosis and attenuated the 
production of ROS and the loss of mitochondrial 
membrane potential in the OGD/RP cellular model. 
Additionally, artemisinin inhibited the ratio of the 
apoptosis-related protein BAX/BCL2 and activated 
signaling pathways related to cell survival. Further 
validation of the neuroprotective effect of artemisinin 
in an MCAO animal model revealed that this 
treatment could attenuate the infarction volume and 
the brain water content, improve neurological deficits, 
restore grip strength and recover motor function. 
Moreover, artemisinin significantly inhibited 
apoptosis, oxidative stress and neuroinflammation, 
suggesting that the neuroprotective effect of 
artemisinin on ischemic stroke may occur through 
antiapoptotic, antioxidative and anti-inflammatory 
effects. 

ERK1/2 regulates several cellular processes such 
as proliferation, differentiation, and survival [46]. It 
has been shown that neuroprotection in ischemic 
stroke could be regulated by ERK [47]. These findings 
of this study also suggest that the protective effect of 
artemisinin may be mediated by ERK signaling 
pathway activation, since the phosphorylation of ERK 
was increased by artemisinin treatment. Moreover, 
cell survival can be further regulated by the activity of 
the transcription factor CREB (downstream of ERK) 
[48, 49] and by BAX and BCL2 [50]. In this study, 
artemisinin reversed the ischemic stroke-induced 
decrease in the phosphorylation of ERK and CREB 
and increase in the ratio of BAX/BCL2. Furthermore, 
specific inhibition of ERK1/2 or ERK1/2 silencing 
reversed the neuroprotective effect of artemisinin in 
vitro and in vivo. Collectively, these results provide 
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mechanistic evidence that the ERK1/2/CREB/BCL2 
signaling pathway plays a role in the neuroprotective 
effect of artemisinin on ischemic stroke. 

5. Conclusion 
In conclusion, we showed that artemisinin has 

protective effects on PC12 cells, primary cultured 
neurons and an MCAO animal model, and 
demonstrated that artemisinin could attenuate 
ischemic stroke induced apoptosis through activation 
of the ERK1/2/CREB/BCL-2 signaling pathway in 
vitro and in vivo (Fig. 8). Our findings reveal the 
molecular mechanisms underlying the antiapoptotic 
effect of artemisinin on ischemic stroke models, 
supporting its potential use as a novel 
neuroprotective agent to prevent and treat ischemic 
stroke. 
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Supplementary figures.  
https://www.ijbs.com/v18p4578s1.pdf  

Acknowledgments 
This research was supported by National 

Natural Science Foundation of China (File No. 
31771128 and 32070969), The Science and Technology 

Development Fund, Macau SAR (File 
No.0038/2020/AMJ, 0127/2019/A3, 0044/2019/AGJ, 
0113/2018/A3), University of Macau (File No. 
MYRG2018-00134-FHS and MYRG2020-00158-FHS), 
The Guangdong Provincial Funding Committee for 
Basic and Applied Fundamental Research (2022- 
Natural Science Foundation). Science and Technology 
foundation of Sichuan (2021YJ0430); Luzhou Munici-
pal People's Government-Southwest Medical 
University Joint Project (2020LZXNYDJ33). We are 
grateful to UM-FHS and core facilities for the 
equipment and administrative support for this study. 
We thank Dr. Marta Silva for a revision of the 
manuscript. 

Author Contributions 
Tangming Peng, Shuai Li performed the 

experiments and drafted the manuscript. Linlin Liu, 
Chao Yang, Mohd Farhan performed part of 
experiments. Wenhua Zheng conceived the 
hypothesis, designed the experiments, Ligang Chen, 
Qiaozhu Su and Wenhua Zheng revised the 
manuscript. All authors read and approved the final 
manuscript. 

Data Availability Statement 
The data that support the findings of this study 

 
Figure 8. The possible mechanism of artemisinin mediated neuroprotection against ischemic stroke-induced injury. Artemisinin stimulated ERK1/2 related 
signaling pathway in PC12 cells and the brain of MCAO mice model, resulting in the reduction of oxidative stress and inhibition of apoptosis and neuroinflammation. 

 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

4593 

are available on request from the corresponding 
author. The data are not publicly available due to 
privacy or ethical restrictions. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Yao Y, Guo Q, Cao Y, Qiu Y, Tan R, Yu Z, et al. Artemisinin derivatives 

inactivate cancer-associated fibroblasts through suppressing TGF-β signaling 
in breast cancer. 2018; 37: 282. 

2. Wong YK, Xu C, Kalesh KA, He Y, Lin Q, Wong WSF, et al. Artemisinin as an 
anticancer drug: Recent advances in target profiling and mechanisms of 
action. 2017; 37: 1492-517. 

3. Wang KS, Li J, Wang Z, Mi C, Ma J, Piao LX, et al. Artemisinin inhibits 
inflammatory response via regulating NF-κB and MAPK signaling pathways. 
Immunopharmacol Immunotoxicol. 2017; 39: 28-36. 

4. Xu G, Huang YL, Li PL, Guo HM, Han XP. Neuroprotective effects of 
artemisinin against isoflurane-induced cognitive impairments and neuronal 
cell death involve JNK/ERK1/2 signalling and improved hippocampal 
histone acetylation in neonatal rats. The Journal of pharmacy and 
pharmacology. 2017; 69: 684-97. 

5. Zeng Z, Xu J, Zheng W. Artemisinin protects PC12 cells against 
beta-amyloid-induced apoptosis through activation of the ERK1/2 signaling 
pathway. Redox Biol. 2017; 12: 625-33. 

6. Das SS, Nanda GG, Alone DP. Artemisinin and curcumin inhibit Drosophila 
brain tumor, prolong life span, and restore locomotor activity. IUBMB life. 
2014; 66: 496-506. 

7. Zhao X, Fang J, Li S, Gaur U, Xing X, Wang H, et al. Artemisinin Attenuated 
Hydrogen Peroxide (H2O2)-Induced Oxidative Injury in SH-SY5Y and 
Hippocampal Neurons via the Activation of AMPK Pathway. Int J Mol Sci. 
2019; 20. 

8. Fang J, Zhao X, Li S, Xing X, Wang H, Lazarovici P, et al. Protective 
mechanism of artemisinin on rat bone marrow-derived mesenchymal stem 
cells against apoptosis induced by hydrogen peroxide via activation of 
c-Raf-Erk1/2-p90(rsk)-CREB pathway. Stem cell research & therapy. 2019; 10: 
312. 

9. Thrift AG, Thayabaranathan T, Howard G, Howard VJ, Rothwell PM, Feigin 
VL, et al. Global stroke statistics. International journal of stroke : official 
journal of the International Stroke Society. 2017; 12: 13-32. 

10. Wu O, Winzeck S, Giese AK, Hancock BL, Etherton MR, Bouts M, et al. Big 
Data Approaches to Phenotyping Acute Ischemic Stroke Using Automated 
Lesion Segmentation of Multi-Center Magnetic Resonance Imaging Data. 
Stroke. 2019; 50: 1734-41. 

11. Kvistad CE, Novotny V, Kurz MW, Rønning OM, Thommessen B, Carlsson M, 
et al. Safety and Outcomes of Tenecteplase in Moderate and Severe Ischemic 
Stroke. Stroke. 2019; 50: 1279-81. 

12. Kanai M, Izawa KP, Nozoe M, Kubo H, Kobayashi M, Onishi A, et al. 
Long-Term Effect of Promoting In-Hospital Physical Activity on Postdischarge 
Patients with Mild Ischemic Stroke. Journal of stroke and cerebrovascular 
diseases : the official journal of National Stroke Association. 2019; 28: 1048-55. 

13. Wolfe CD. The impact of stroke. British medical bulletin. 2000; 56: 275-86. 
14. Guzik A, Bushnell C. Stroke Epidemiology and Risk Factor Management. 

Continuum (Minneapolis, Minn). 2017; 23: 15-39. 
15. Hu L, Chen W, Tian F, Yuan C, Wang H, Yue H. Neuroprotective role of 

fucoxanthin against cerebral ischemic/reperfusion injury through activation 
of Nrf2/HO-1 signaling. Biomedicine & pharmacotherapy = Biomedecine & 
pharmacotherapie. 2018; 106: 1484-9. 

16. Li S, Bian L, Fu X, Ai Q, Sui Y, Zhang A, et al. Gastrodin pretreatment 
alleviates rat brain injury caused by cerebral ischemic-reperfusion. Brain Res. 
2019; 1712: 207-16. 

17. Qin C, Zhou P, Wang L, Mamtilahun M, Li W, Zhang Z, et al. 
Dl-3-N-butylphthalide attenuates ischemic reperfusion injury by improving 
the function of cerebral artery and circulation. Journal of cerebral blood flow 
and metabolism : official journal of the International Society of Cerebral Blood 
Flow and Metabolism. 2019; 39: 2011-21. 

18. Cao G, Xiao M, Sun F, Xiao X, Pei W, Li J, et al. Cloning of a novel 
Apaf-1-interacting protein: a potent suppressor of apoptosis and ischemic 
neuronal cell death. The Journal of neuroscience : the official journal of the 
Society for Neuroscience. 2004; 24: 6189-201. 

19. Cheon SY, Kim EJ, Kim JM, Koo BN. Cell Type-Specific Mechanisms in the 
Pathogenesis of Ischemic Stroke: The Role of Apoptosis Signal-Regulating 
Kinase 1. 2018; 2018: 2596043. 

20. Kalogeris T, Baines CP, Krenz M, Korthuis RJ. Cell biology of 
ischemia/reperfusion injury. International review of cell and molecular 
biology. 2012; 298: 229-317. 

21. Guo F, Lou J, Han X, Deng Y, Huang X. Repetitive Transcranial Magnetic 
Stimulation Ameliorates Cognitive Impairment by Enhancing Neurogenesis 

and Suppressing Apoptosis in the Hippocampus in Rats with Ischemic Stroke. 
Frontiers in physiology. 2017; 8: 559. 

22. Radak D, Katsiki N, Resanovic I, Jovanovic A, Sudar-Milovanovic E, Zafirovic 
S, et al. Apoptosis and Acute Brain Ischemia in Ischemic Stroke. Current 
vascular pharmacology. 2017; 15: 115-22. 

23. Soyer OS, Salathé M, Bonhoeffer S. Signal transduction networks: topology, 
response and biochemical processes. Journal of theoretical biology. 2006; 238: 
416-25. 

24. Thorner J, Hunter T, Cantley LC, Sever R. Signal transduction: From the 
atomic age to the post-genomic era. Cold Spring Harbor perspectives in 
biology. 2014; 6: a022913. 

25. Zhang W, Liu HT. MAPK signal pathways in the regulation of cell 
proliferation in mammalian cells. Cell Res. 2002; 12: 9-18. 

26. Sun Y, Liu WZ, Liu T, Feng X, Yang N, Zhou HF. Signaling pathway of 
MAPK/ERK in cell proliferation, differentiation, migration, senescence and 
apoptosis. Journal of receptor and signal transduction research. 2015; 35: 600-4. 

27. Liu R, Tang JC, Pan MX, Zhuang Y, Zhang Y, Liao HB, et al. ERK 1/2 
Activation Mediates the Neuroprotective Effect of BpV(pic) in Focal Cerebral 
Ischemia-Reperfusion Injury. Neurochem Res. 2018; 43: 1424-38. 

28. Zhou J, Du T, Li B, Rong Y, Verkhratsky A, Peng L. Crosstalk Between 
MAPK/ERK and PI3K/AKT Signal Pathways During Brain 
Ischemia/Reperfusion. ASN Neuro. 2015; 7. 

29. Li S, Chaudhary SC, Zhao X, Gaur U, Fang J, Yan F, et al. Artemisinin Protects 
Human Retinal Pigmented Epithelial Cells Against Hydrogen 
Peroxide-induced Oxidative Damage by Enhancing the Activation of 
AMP-active Protein Kinase. Int J Biol Sci. 2019; 15: 2016-28. 

30. Li S, Gaur U, Chong CM, Lin S, Fang J, Zeng Z, et al. Berberine Protects 
Human Retinal Pigment Epithelial Cells from Hydrogen Peroxide-Induced 
Oxidative Damage through Activation of AMPK. Int J Mol Sci. 2018; 19. 

31. Zheng WH, Fink DW, Jr., Guroff G. Role of protein kinase C alpha in nerve 
growth factor-induced arachidonic acid release from PC12 cells. J Neurochem. 
1996; 66: 1868-75. 

32. Shen Z, Zheng Y, Wu J, Chen Y, Wu X, Zhou Y, et al. PARK2-dependent 
mitophagy induced by acidic postconditioning protects against focal cerebral 
ischemia and extends the reperfusion window. Autophagy. 2017; 13: 473-85. 

33. Li S, Zhao X, Lazarovici P, Zheng W. Artemether Activation of 
AMPK/GSK3beta(ser9)/Nrf2 Signaling Confers Neuroprotection towards 
beta-Amyloid-Induced Neurotoxicity in 3xTg Alzheimer's Mouse Model. 
2019; 2019: 1862437. 

34. Zhao X, Li S, Gaur U, Zheng W. Artemisinin Improved Neuronal Functions in 
Alzheimer's Disease Animal Model 3xtg Mice and Neuronal Cells via 
Stimulating the ERK/CREB Signaling Pathway. Aging and disease. 2019: 0. 

35. Lingabathula H, Yellu N. Evaluation of oxidative stress induction in rats 
following exposure to silver nanorods. Toxicology mechanisms and methods. 
2017; 27: 272-8. 

36. Patel RAG, McMullen PW. Neuroprotection in the Treatment of Acute 
Ischemic Stroke. Progress in cardiovascular diseases. 2017; 59: 542-8. 

37. Rabinstein AA. Treatment of Acute Ischemic Stroke. Continuum 
(Minneapolis, Minn). 2017; 23: 62-81. 

38. Zheng W, Chong C-M, Wang H, Zhou X, Zhang L, Wang R, et al. Artemisinin 
conferred ERK mediated neuroprotection to PC12 cells and cortical neurons 
exposed to sodium nitroprusside-induced oxidative insult. Free Radical 
Biology and Medicine. 2016; 97: 158-67. 

39. Chong CM, Zheng W. Artemisinin protects human retinal pigment epithelial 
cells from hydrogen peroxide-induced oxidative damage through activation of 
ERK/CREB signaling. Redox Biol. 2016; 9: 50-6. 

40. Liu L, Zhao X, Silva M, Li S, Xing X, Zheng W. Artemisinin protects 
motoneurons against axotomy-induced apoptosis through activation of the 
PKA-Akt signaling pathway and promotes neural stem/progenitor cells 
differentiation into NeuN(+) neurons. Pharmacol Res. 2020; 159: 105049. 

41. Majtnerová P, Roušar T. An overview of apoptosis assays detecting DNA 
fragmentation. 2018; 45: 1469-78. 

42. Ye X, Shen T, Hu J, Zhang L, Zhang Y, Bao L, et al. Purinergic 2X7 
receptor/NLRP3 pathway triggers neuronal apoptosis after ischemic stroke in 
the mouse. Exp Neurol. 2017; 292: 46-55. 

43. Uzdensky AB. Apoptosis regulation in the penumbra after ischemic stroke: 
expression of pro- and antiapoptotic proteins. Apoptosis : an international 
journal on programmed cell death. 2019; 24: 687-702. 

44. Muhammad IF, Borné Y, Melander O, Orho-Melander M, Nilsson J, 
Söderholm M, et al. FADD (Fas-Associated Protein With Death Domain), 
Caspase-3, and Caspase-8 and Incidence of Ischemic Stroke. Stroke. 2018; 49: 
2224-6. 

45. Chen B, Wang G, Li W, Liu W, Lin R, Tao J, et al. Memantine attenuates cell 
apoptosis by suppressing the calpain-caspase-3 pathway in an experimental 
model of ischemic stroke. Exp Cell Res. 2017; 351: 163-72. 

46. Jin L, Cao Y, Zhang T, Wang P, Ji D, Liu X, et al. Effects of ERK1/2 
S-nitrosylation on ERK1/2 phosphorylation and cell survival in glioma cells. 
International journal of molecular medicine. 2018; 41: 1339-48. 

47. Xing Y, Yang SD, Wang MM, Dong F, Feng YS, Zhang F. Electroacupuncture 
Alleviated Neuronal Apoptosis Following Ischemic Stroke in Rats via Midkine 
and ERK/JNK/p38 Signaling Pathway. 2018; 66: 26-36. 

48. Landeira BS, Santana T, Araújo JAM, Tabet EI, Tannous BA, Schroeder T, et al. 
Activity-Independent Effects of CREB on Neuronal Survival and 
Differentiation during Mouse Cerebral Cortex Development. Cerebral cortex 
(New York, NY : 1991). 2018; 28: 538-48. 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

4594 

49. Dong Q, Jie Y, Ma J, Li C, Xin T, Yang D. Renal tubular cell death and 
inflammation response are regulated by the MAPK-ERK-CREB signaling 
pathway under hypoxia-reoxygenation injury. Journal of receptor and signal 
transduction research. 2019; 39: 383-91. 

50. Lee EF, Harris TJ, Tran S, Evangelista M, Arulananda S, John T, et al. BCL-XL 
and MCL-1 are the key BCL-2 family proteins in melanoma cell survival. 2019; 
10: 342. 


