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Artesunate attenuates
inflammatory injury and
inhibits the NF-jB pathway
in a mouse model of
cerebral ischemia

Ying Liu1,2 , Wei Dang3, Shiyang Zhang4,
Lina Wang1,2 and Xiangjian Zhang1,2

Abstract

Objective: Inflammation is an important factor in the pathological process of cerebral ischemia.

Artesunate exhibits a broad range of anti-inflammatory properties in many diseases. We investigated

the potential protective effect of artesunate against cerebral ischemia and the related mechanisms.

Methods: Mice were divided into distal middle cerebral artery occlusion (dMCAO), sham, low

dose, and high dose groups and subjected to dMCAO, except for the sham group. The low and

high dose groups were administered artesunate (15 and 30mg/kg), and the neuroprotective

effects were analyzed by evaluating infarct volumes and neurological deficits. Microglial activation

and neutrophil infiltration were evaluated by immunofluorescence, immunohistochemical stain-

ing, and western blotting. Inflammatory mediators were measured by enzyme-linked

immunosorbent assays. Nuclear factor (NF)-jB nuclear translocation was detected by immuno-

fluorescence and western blotting.

Results: Compared with the dMCAO group, artesunate significantly improved neurological

deficit scores and infarct volumes and ameliorated inflammation by reducing neutrophil infiltra-

tion, suppressing microglial activation, and downregulating tumor necrosis factor-a and interleu-

kin-1b expression. Furthermore, artesunate inhibited nuclear translocation of NF-jB and

inhibitor protein a proteolysis.

Conclusions: Artesunate protected against inflammatory injury by reducing neutrophil infiltra-

tion and microglial activation, suppressing inflammatory cytokines, and inhibiting the NF-jB
pathway. Therefore, artesunate is a potential ischemic stroke treatment.
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Introduction

Ischemic cerebrovascular disease is one of
the most common causes of disability and
death. Both secondary damage caused by
neuroinflammation and primary damage
following arterial occlusion can cause
brain damage. Abundant evidence has
shown that neuroinflammation has a long
therapeutic time window. Therefore, con-
trol of inflammation might be a promising
therapeutic target. Cerebral ischemia acti-
vates endogenous immune cells (such as
microglia) and induces the adhesion and
infiltration of leukocytes.1,2 These activated
inflammatory cells generate various pro-
inflammatory cytokines including interleu-
kin (IL)-1 and tumor necrosis factor
(TNF)-a, which can lead to cellular
damage and death. Nuclear factor (NF)-
jB is an important transcription factor in
inflammatory processes. NF-jB can be acti-
vated by IL-1, TNF-a, oxidative stress, and
hypoxia. During cerebral ischemia, NF-jB
is activated in neurons, endothelial cells,
astrocytes, neutrophils, and microglia.3–5

Activated NF-jB regulates numerous
genes, including TNF-a, IL-6, IL-1b, inter-
cellular adhesion molecule 1, matrix metal-
lopeptidase 9, and inducible nitric oxide
synthase,3,4 which can increase inflammato-
ry damage.

Artesunate is recommended for treat-
ment of cerebral and other types of severe
malaria by the World Health Organization
Guidelines.6 It is a derivative of artemisinin
and has high water solubility and thus can
pass through the blood-brain barrier.
Artesunate can also be maintained at a
high concentration in the nervous system

and exhibits high efficacy and low toxici-
ty.7–10 Increasing evidence has shown that
artesunate may exert multiple functions
including anti-inflammatory, immune regu-
latory, blood-brain barrier protective, anti-
microbial, and antitumor effects.9,10 Some
anti-inflammatory effects of artesunate
were reported to be mediated by NF-jB
and inflammatory cytokine suppression. A
study by Lai et al. reported that artesunate
could alleviate hepatic fibrosis and inflamma-
tion by inhibiting the lipopolysaccharide/
toll-like receptor 4/NF-jB pathway.11 In
another study by Okorji and Olajide, artesu-
nate was shown to decrease pro-
inflammatory cytokine production by
inhibiting the p38 MAPK-NF-jB signaling
pathway in activated BV2 microglia.12

Artesunate also exerted protective
effects In cerebral ischemia/reperfusion
injury and suppressed TNF-a and IL-1b
expression.13

Artesunate may act as a potential anti-
neuroinflammatory agent by inhibiting the
NF-jB pathway in diseases involving cere-
bral ischemia. We aimed to investigate
whether artesunate had neuroprotective
and anti-inflammatory effects in a mouse
model of distal middle cerebral artery
occlusion (dMCAO) and explore the poten-
tial mechanisms of these effects.

Methods

Animals and the dMCAO model

Vital River (Beijing Vital River Laboratory
Animal Technology, China) provided spe-
cific pathogen-free grade adult male
C57BL/6 mice. The experimental animals
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were housed in controlled conditions with
12-hour light/dark cycles, a temperature of
22� 3�C, and 60� 5% humidity. The mice
were housed for at least 1 week before the
experiment. All mice had ad libitum access
to water and a standard rodent diet. The
experimental procedures were approved by
the Experimental Animal Ethics Committee
of Hebei Medical University (Shijiazhuang,
China, Permit No. HMUSHC-130318). All
studies were performed in accordance with
the Guide for the Care and Use of
Laboratory Animals (8th Edition) and the
ARRIVE guidelines.14

Focal cerebral cortical ischemia was
induced in mice, with the body temperature
maintained at 37� 0.5�C. After anesthesia
was induced with isoflurane (induction dose
3%; maintenance dose 1.5%), the right
common carotid artery was ligated, and
the right middle cerebral artery distal to
the striatal branch was coagulated with a
cauterizer.15 The exclusion criteria were as
follows: cerebral hemorrhage or subarach-
noid hemorrhage during the operation,
death before the experimental observation
time point, or recanalization after two elec-
trocoagulation attempts. None of the mice
exhibited these symptoms in our study.
Sham-operated mice were operated in the
same manner, except occlusion of the
distal middle cerebral artery and common
carotid artery was not performed.

Groups and drug administration

A total of 168 mice were divided into four
groups with a random number table that
was generated with IBM SPSS Statistics
for Windows, version 21 (IBM Corp.,
Armonk, NY, USA), including the
dMCAO group (42 mice), sham group
(42 mice), low dose group (42 mice), and
high dose group (42 mice). Seven groups
of mice were used for different studies,
including 2,3,5-triphenyltetrazolium chlo-
ride (TTC) staining (n¼ 6), the rotarod

test (n¼ 6), immunofluorescence staining

(n¼ 6), a myeloperoxidase (MPO) activity

assay (n¼ 6), western blotting (n¼ 6), an

enzyme-linked immunosorbent assay

(ELISA) (n¼ 6), and immunohistochemis-

try (n¼ 6). All efforts were made to mini-

mize animal suffering and the number of

animals used.
Artesunate (Meilun Biotechnology Co.

Ltd, Dalian, China) was dissolved in 5%

sodium bicarbonate solution at a concen-

tration of 100mg/mL. After the drug was

completely dissolved, 0.9% sodium was

added to dilute the concentration to

2mg/mL. Artesunate (15 and 30mg/kg,

with saline added to produce a total

volume of 0.5mL) was administered once

daily to the low dose and high dose

groups, respectively, by intraperitoneal

injection immediately after cerebral ische-

mia. The same volume of saline was injected

in the dMCAO and sham groups. At

72 hours after cerebral ischemia, mice

were sacrificed by rapid decapitation

under deep anesthesia. Samples were col-

lected for further studies. Investigators

who were blinded to the experimental

group assignment evaluated the results.

Infarct volume measurement

Mice were euthanized at 72 hours after

cerebral ischemia was induced. The brains

were then removed and dissected into four

2-mm coronal sections, which were stained

with 2% TTC. Normal tissues were stained

red, and the infarcted areas exhibited a pale

color. The infarct volume was calculated

using the following formula: % hemisphere

lesion volume¼ (total infarct volume�
(ipsilateral hemisphere volume� contralat-

eral hemisphere volume))/contralateral

hemisphere volume. The volume was calcu-

lated with ImageJ software (National

Institutes of Health, Bethesda, MD, USA,

RRID: SCR_003070).

Liu et al. 3



Rotarod test

Sensorimotor deficits of the mice were eval-

uated using the rotarod test. An examiner

who was blinded to the experimental

groups administered the test. Before the

test, mice were placed on the rotating rod

and practiced the procedure three times a

day. All mice were trained 5 days before

the operation. After cerebral ischemia was

induced, mice were tested on rotating rods

that accelerated from 4 rpm to 40 rpm in 4

minutes. The results were recorded as the

latency until falling from the rod.

Immunofluorescence

After perfusion with 0.01 M phosphate-

buffered saline, mice were transcardially

perfused with 4% paraformaldehyde.

First, mouse brains were placed in 30%

sucrose for approximately 24 hours at

4�C. Then, the brains were cut into 30-lm
coronal sections. Coronal slices were

obtained from the center of the ischemic

tissue (approximately �1.5mm to

þ0.5mm relative to bregma). Three slices

were randomly selected from one mouse

corresponding to every 10th coronal

slice.16 The brain slices were exposed to

0.3% Triton X-100 and incubated with

blocking solution (10% donkey serum,

Solarbio, Beijing, China) for 1 hour at

room temperature. Then, the slices were

incubated with primary antibodies, includ-

ing rabbit anti-NF-jB (1:100, Bioworld

Biotechnology, Nanjing, China) and goat

anti-Iba1 (1:100, Abcam, Cambridge, MA,

USA), overnight at 4�C. The following

morning, the final incubation was conducted

using secondary antibodies (1:500, Alexa

Fluor 488 or 594, Jackson Immuno

Research, West Grove, PA, USA). After

counterstaining the nuclei with Hoechst

stain, a laser scanning confocal microscope

(LSM880, Zeiss, Gottingen, Germany) was

used to capture immunofluorescence images.

A researcher who was blinded to the exper-

imental groups counted the cells in three

peri-infarct regions. A peri-infarct region

consisted of the cortical region (1mm wide)

around the core of the infarct region.17 The

cells that exhibited NF-jB in the nuclei were

counted as NF-jB-positive cells.

Western blotting

The nuclear and cytosolic extracts used for

western blotting were prepared from the

peri-infarct region using a kit according to

the manufacturer’s instructions (Applygen,

Beijing, China). Cytosolic protein was pre-

pared to detect inhibitor protein a (Ij-Ba),
MPO, and Iba-1. Nuclear protein was pre-

pared to detect NF-jB. Bicinchoninic acid

and protein assay reagent kits (Thermo

Scientific, Rockford, IL, USA) were used

to identify the protein contents of the

samples. Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis was

performed to separate the protein samples.

Then, they were transferred to polyvinyli-

dene difluoride membranes. Nonfat dried

milk (5%) was used to block the mem-

branes. The membranes were then incubat-

ed with primary antibodies, including

rabbit anti-NF-jB (1:1000; Abcam), rabbit

anti-Ij-B (1:1000; Abcam), rabbit anti-

MPO (1:1000; Abcam), rabbit anti-Iba1

(1:1000; Cell Signaling Technology,

Danvers, MA, USA), rabbit anti-

glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) (1:1000; Bioworld Technology),

and rabbit anti-H3 (1:1000; Santa Cruz,

CA, USA) overnight at 4�C. GAPDH and

H3 were used as internal controls. On the

following day, the membranes were incu-

bated with fluorescently-labeled secondary

antibodies (1:10,000, rabbit anti-goat,

Rockland, Gilbertsville, PA, USA) for 1

hour. A researcher who was blinded to the

experimental groups analyzed the relative

density of each band using an imaging
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densitometer (LI-COR Biosciences UK

Ltd., Cambridge, UK).

Immunohistochemical staining

Paraffin-embedded sections were used to

histologically evaluate MPO expression at

72 hours after cerebral ischemia. The sec-

tions were incubated with anti-MPO

antibodies (1:100 rabbit, Abcam).

MPO-positive cells indicated infiltrating

neutrophils. The secondary biotinylated

conjugates, diaminobenzidine, and the sec-

ondary antibodies were supplied in a Vect

ABC kit (Zhong Shan Biology Technology

Company, Beijing, China). Cells exhibiting

immunofluorescence were counted in three

separate areas of the peri-infarct region

from three slides per mouse by a researcher

who was blinded to the experimental

groups.

MPO activity assay

Seventy-two hours after cerebral ischemia

was induced, brain tissues were collected

from the peri-infarct region for an MPO

activity assay. The brains were rinsed,

weighed, and homogenized. The MPO

activity in the homogenate was measured

by spectrophotometry using a commercial

diagnostic kit (A003, Nanjing Jiancheng

Bioengineering Institute, Nanjing, China).

ELISA

The levels of the inflammatory cytokines

TNF-a and IL-1b in brain homogenates

from the peri-infarct region were measured

using ELISAs, following the manufac-

turer’s instructions (Joyee Biotechnics,

China), by a researcher who was blinded

to the experimental groups.

Data analysis

IBM SPSS Statistics for Windows, version

21, was used for the statistical analysis.

The data are presented as the mean�
SEM. One-way analysis of variance was
used for data analysis. The Student–
Newman–Keuls test was used for inter-
group comparisons. A value of P< 0.05
was considered to be statistically
significant.

Results

Artesunate reduced neurological deficits
and the infarct volume

On the first day after cerebral ischemia, no
difference was observed between the
dMCAO and artesunate groups regarding
the functional outcomes. At 72 hours after
cerebral ischemia, the latency to fall times
in the sham, dMCAO, low dose, and high
dose groups were 99.83� 3.71, 50.5� 4.68,
57.33� 7.52, and 63.17� 6.65 s, respective-
ly. The brain infarct sizes in the sham,
dMCAO, low dose, and high dose groups
were 0%, 23� 3%, 20� 3%, and 12� 2%,
respectively. A significant decrease in the
infarct volume was observed in the high
dose group (P< 0.05, Figure 1a, b). The
low dose group tended to have a lower
volume, but the value did not reach statis-
tical significance. Furthermore, mice
treated with 30mg/kg artesunate remained
on the rotarod for a significantly
longer time than those in the dMCAO
group (P< 0.05, Figure 1c). These results
indicate that 30mg/kg artesunate
improved the neurological recovery and
decreased the infarct volume after cerebral
ischemia.

Artesunate reduced post-ischemic
neutrophil infiltration

MPO is an important indicator of neutro-
phil accumulation and inflammation. The
MPO activity, number of MPO-positive
cells, and MPO expression were quantified
in the ischemic cortex. The numbers of
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MPO-positive cells in the sham, dMCAO,

low dose, and high dose groups were

8.33� 2.16, 76� 8.76, 63.17� 6.43, and

56� 5.87, respectively. The brains in the
sham group exhibited little neutrophil infil-

tration. After cerebral ischemia, the number

of MPO-positive cells was obviously
increased. The number of MPO-positive

cells was significantly lower in the group

administered 30mg/kg artesunate than

that in the dMCAO group (P< 0.05,
Figure 2a, b). This result was consistent

with the western blotting analysis.

Ischemia led to an increase in the MPO

level in the right cortex, whereas this
increase was attenuated by 30mg/kg artesu-

nate, (MPO/GAPDH density ratio: 0.46�
0.05 vs 0.7� 0.12, P< 0.05, Figure 2c).

Meanwhile, administration of 30mg/kg
artesunate reduced MPO activity in the

ischemic cortex compared with that in the

dMCAO group (0.30� 0.04 vs 0.48�
0.05U/g, P< 0.05, Figure 2d). In the
group administered 15mg/kg artesunate,

MPO activity tended to be lower but did

not reach statistical significance (0.43�
0.05 vs 0.48� 0.05U/g).

Artesunate suppressed microglial

activation

After ischemia, activated microglia trans-

form into round amoeboid-like cells. In

normal brains, microglia have a small

soma and exhibit a ramified morphology.

Immunofluorescence staining was per-

formed to evaluate the morphological

changes in microglia. Iba1-positive cells

were counted to quantify microglia. Few

microglia with a ramified morphology

were detected in the sham group. At 72

hours after ischemia, the number of Iba1

positive cells in the sham, dMCAO, low

dose, and high dose groups were 16.83�
3.49, 76.17� 7.7, 68.17� 8.01, and

59.33� 7.23, respectively, indicating that

the number of microglia was significantly

increased in the peri-infarct region after cere-

bral ischemia (P< 0.05). Furthermore, the

majority of Iba1-positive cells had trans-

formed into an amoeboid-like morphology.

Compared with the dMCAO group, the

number of Iba1-positive cells was decreased

by administration of 30mg/kg artesunate.

Meanwhile, most of the Iba1-positive cells

Figure 1. Artesunate ameliorated neurological deficits and the infarct volume.
(a) 2,3,5-Triphenyltetrazolium chloride staining. (b) Infarct volumes of mice at 72 hours after distal middle
cerebral artery occlusion (dMCAO) (*P< 0.05 vs the dMCAO group). (c) Rotarod test on the first, second,
and third days after dMCAO (*P< 0.05 vs the dMCAO group).
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exhibited a ramified morphology (Figure 3a,

b). The western blot results were consistent

with those of immunofluorescence staining.

After ischemia, Iba1 expression was obvi-

ously increased in the dMCAO group com-

pared with that in the sham group (Iba1/

GAPDH density ratio: 0.54� 0.03 vs

0.19� 0.02, P< 0.05). Artesunate (30mg/

kg) markedly reduced Iba1 expression

(Iba1/GAPDH density ratio: 0.43� 0.01 vs

0.54� 0.03, P< 0.05, Figure 3c) compared

with that in the dMCAO group, indicating

that artesunate decreased microglial activa-

tion in the ischemic brain.

Artesunate deregulated inflammatory

cytokines

TNF-a and IL-1b are the most important

inflammatory mediators at the onset of

ischemia. The levels of both cytokines

were measured via ELISAs. Compared

with the sham group, the TNF-a
(334.02� 30.96 vs 52.15� 10.59 pg/mg pro-

tein, P< 0.05) and IL-1b (82.64� 5.84 vs

24.57� 3.16 pg/mg protein, P< 0.05)

levels in the dMCAO group were elevated.

However, treatment with 30mg/kg artesu-

nate decreased TNF-a (267.24� 33.33 vs

334.02� 30.96 pg/mg protein, P< 0.05)

and IL-1b (61.78� 5.55 vs 82.64� 5.84 pg/

mg protein, P< 0.05) expression compared

with that in the dMCAO group (Figure 4a,

b). These results indicated that administra-

tion of 30mg/kg artesunate ameliorated the

inflammatory response after cerebral

ischemia.

Artesunate inhibited the nuclear

translocation of NF-jB

To observe the NF-jB p65 distribution,

brain sections were double-stained with

anti-NF-jB (red) antibodies and Hoechst

Figure 2. Effect of artesunate on myeloperoxidase (MPO) expression and activity. (a) MPO staining in the
cerebral cortex in different groups 72 hours after cerebral ischemia (200� magnification). (b) Measurement
of MPO-positive cells in the cerebral cortex in different groups after cerebral ischemia. (c) Western blotting
analysis of MPO in the cerebral cortex in different groups. (d) Artesunate reduced MPO activity after
cerebral ischemia. The bar graph shows MPO activity in the cerebral cortex in different groups after cerebral
ischemia (*P<0.05 vs the distal middle cerebral artery occlusion (dMCAO) group).
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(blue). The merged area indicated nuclear
translocation. According to Figure 5a,
NF-jB p65 was mostly present in the cyto-
plasm in the sham group. At 72 hours after
ischemia, NF-jB p65 translocated into the
nucleus. The distribution of NF-jB p65 in
the nucleus was partly reversed by adminis-

tration of 30mg/kg artesunate according to

a comparison with the dMCAO group
(number of cells with NF-jB in the nucleus

31� 4.7 vs 42.83� 5, P< 0.05; Figure 5a, b).

These results showed that artesunate inhib-
ited translocation of NF-jB from the cytosol

to the nucleus in the ischemic cortex.
When NF-jB p65 is activated, Ij-Ba,

which binds to NF-jB and prevents its

Figure 3. Artesunate suppressed microglial activation induced by cerebral ischemia. (a) Brain sections
were double-stained with anti-Iba-1 (green) and Hoechst (blue) to label microglia in the cerebral cortex in
different groups at 72 hours after distal middle cerebral artery occlusion (dMCAO). (b) Quantification of
Iba1-immunopositive cells. *P< 0.05 vs the dMCAO group. (c) Western blotting analysis and quantification
of the Iba1 protein level in the cerebral cortex in different groups (*P< 0.05 vs the dMCAO group).

Figure 4. Artesunate downregulated pro-inflammatory cytokines in the ischemic brain. The expression of
interleukin (IL)-1b (a) and tumor necrosis factor (TNF)-a (b) in the cerebral cortex in different groups at
72 hours after distal middle cerebral artery occlusion (dMCAO) was detected by enzyme-linked immuno-
sorbent assays (*P<0.05 vs the dMCAO group).
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nuclear translocation, is degraded. In our
study, we evaluated NF-jB protein in the
nucleus and Ij-B protein in the cytoplasm.
Artesunate (30mg/kg) produced an obvious
decrease in the nuclear protein level of NF-
jB compared with that in the dMCAO
group (NF-jB/H3 density ratio: 0.56�
0.07 vs 0.77� 0.1, P< 0.05; Figure 5c).
Meanwhile, we evaluated the impact of
artesunate on Ij-B degradation by western
blotting analysis. As shown in Figure 5d,
the Ij-B level was markedly decreased in
the dMCAO group compared with that in
the sham group. Artesunate at doses of
15mg/kg (Ij-B/GAPDH density ratio:
0.26� 0.01 vs 0.21� 0.01, P< 0.05) and
30mg/kg (Ij-B/GAPDH density ratio:
0.31� 0.04 vs 0.21� 0.01, P< 0.001) mark-
edly increased the Ij-B level compared with

that in the dMCAO group. In brief, this
result showed that artesunate decreased
the degradation of Ij-B in the cytoplasm
and suppressed the increase in NF-jB in
the nucleus.

Discussion

Numerous studies have shown that artesu-
nate has substantial protective effects
against neurological disorders, including
anti-neuroinflammatory, anti-parasite,
anti-tumor, and anti-microbial effects.
Artesunate also prevented cerebral
ischemia-reperfusion injury-induced neuro-
logical impairments in mice and protected
MCAO rats from imminent death.13,18 Our
results were consistent with these studies.
Our study demonstrated that artesunate

Figure 5. Artesunate inhibited the translocation of nuclear factor (NF)-jB. (a) Brain sections were stained
with anti-NF-jB (red) and Hoechst (blue) to label NF-jB and the nucleus, respectively. The merged area
indicates active transcription. (b) Quantification of cells labeled with anti-NF-jB in the nucleus. (c) Western
blotting analysis and quantification of the nuclear NF-jB protein level in the cerebral cortex in different
groups at 72 hours after distal middle cerebral artery occlusion (dMCAO). (d) Western blotting analysis and
quantification of the protein levels of cytosolic inhibitor protein alpha (Ij-B) in different groups at 72 hours
after dMCAO (*P< 0.05 vs the dMCAO group, **P< 0.001 vs the dMCAO group).
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ameliorated ischemic injury in mice after
dMCAO by reducing the infarct volume
and ameliorating neurological deficits.
However, the possible mechanism is
unknown. A study by Lu et al. found that
artesunate exerted antioxidant effects by
activating the Nrf2 pathway and suppress-
ing reactive oxygen species.13 In a study by
Shao et al., the protective effect of artesu-
nate was speculated to be associated with
increased autophagy via regulation of
mTOR activity.18 However, regarding the
anti-inflammatory effect, the above studies
only evaluated proinflammatory cytokine
expression. Inflammatory cells and cyto-
kines both contribute to injury. Post-
ischemic inflammation is characterized by
infiltration of immune cells (leukocytes),
activation of endogenous immune cells
such as microglia, cytokine release, and
transcription factor activation.1 Therefore,
our study evaluated the expression and acti-
vation of leukocytes, microglia, inflamma-
tory cytokines, and the inflammatory
transcription factor NF-jB.

Recruitment of leukocytes is an impor-
tant feature of cerebral ischemia.
Leukocytes block the microvasculature
and produce inflammatory mediators.
Neutrophils are the earliest leukocytes that
invade the ischemic brain. They induce
injury through production of inflammatory
mediators, which are often harmful to the
brain.1,19,20 The expression of MPO, an
important inflammatory enzyme, is elevat-
ed in neutrophils after ischemia.21 MPO can
produce oxygen species, which cause addi-
tional damage after cerebral ischemia.
Numerous studies have shown that inhibi-
tion of MPO activity and expression is ben-
eficial for cerebral ischemic injury.5,21–23 In
our study, MPO activation and expression
were observed by immunohistochemical,
biochemical, and western blotting assays.
The results demonstrated that artesunate
significantly inhibited the increase in MPO
at 72 hours after cerebral ischemia.

Therefore, the neuroprotective effect of
artesunate against cerebral ischemic injury
might be associated with suppression of
neutrophil infiltration.

Microglia are the resident immune cells
of the central nervous system. In cerebral
ischemia, activated microglia transform
from a “ramified” state to an “amoeboid”
state.2,24 The activated microglia release
various toxic chemicals, leading to cell
injury and death.25,26 Accumulating evi-
dence has demonstrated that inhibition of
microglial activation has a beneficial effect
on ischemic injury.22,27–29 In our study,
artesunate suppressed microglial growth
and reversed the morphological change in
microglia from a normal state to an activat-
ed state. Thus, the results showed that arte-
sunate might be a potential therapy for
cerebral ischemia via inhibition of micro-
glial activation.

After cerebral ischemia, the levels of
many inflammatory cytokines, including
IL-1b and TNF-a, are increased. The neu-
rotoxicity of IL-1b has been verified in the
ischemic brain.30,31 Treatment with recom-
binant TNF-a protein exacerbated brain
damage after cerebral ischemia.32

According to many studies, decreasing
TNF-a and IL-1b expression has a benefi-
cial effect on ischemic injury.27,33,34 Our
study showed that artesunate could be an
effective treatment to alleviate inflammato-
ry damage by limiting the increase in TNF-
a and IL-1b in the ischemic brain. The
results are consistent with those of Lu
et al.13 To further explore the mechanism,
we studied the upstream transcription fac-
tors of TNF-a and IL-1b.

When NF-jB is inactive, the p65/p50
heterodimer remains in the cytoplasm and
binds Ij-Ba. After cerebral ischemia, Ij-Ba
is phosphorylated and undergoes proteoly-
sis.27,34–36 The p65/p50 dimer translocates
into the nucleus and enhances the expres-
sion of inflammatory cytokines, such as
TNF-a and IL-1b. Many neuroprotective
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agents inhibit NF-jB signaling by prevent-
ing its nuclear translocation and reducing
Ij-Ba degradation. NF-jB plays a central
role in promoting the inflammatory cas-
cade. The upregulation of inflammatory
cytokines causes further neuronal injury.
Studies have shown that NF-jB activation
has detrimental effects in cerebral ische-
mia.3,4 In previous studies, artesunate had
a strong effect on alleviating activation of
the NF-jB signaling pathway in hepatic
fibrosis and activated BV2 microglia.11,12

Our western blot results showed that arte-
sunate reduced the ischemia-induced
increase in NF-jB in the nucleus and inhib-
ited Ij-Ba proteolysis in the cytoplasm. Our
immunofluorescence results also showed
that artesunate reversed the ischemia-
induced nuclear translocation of NF-jB.
These results were consistent with the
changes in the inflammatory cytokines
TNF-a and IL-1b, suggesting that artesu-
nate might ameliorate the enhanced inflam-
matory response by inhibiting NF-jB
activation.

Limitations

There are several limitations of our study.
The dMCAOmodel only simulates ischemia
but not hypertension and diabetes, which are
common in humans with stroke. In our
study, we found that artesunate ameliorated
ischemic injury and the inflammatory
response and inhibited the NF-jB pathway.
However, further investigation is needed to
determinewhether theNF-jBpathway is the
only pathway involved in this process.

Conclusions

Artesunate ameliorated ischemic injury and
the inflammatory response after cerebral
ischemia. It also decreased the inflammatory
response by suppressing the infiltration and
activation of inflammatory cells, inhibiting
NF-jB activation, and suppressing

inflammatory cytokine expression.
Artesunate has some side effects when it is
used clinically. It occasionally causes dizzi-
ness, nausea, vomiting, and mild liver
damage. In the acute phase of cerebral
infarction, many patients have dysphagia,
and some severe patients are comatose;
therefore, the use of oral medication is limit-
ed.Artesunate injection has beenwidely used
in the treatment of malaria; therefore, arte-
sunate injection may be feasible for clinical
application in patients with cerebral
infarction.
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