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Artemisinin improves neurocognitive deficits associated with
sepsis by activating the AMPK axis in microgha
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Sheng-giang Chen?® and Xiao-hui Chen'

Sepsis is life-threatening organ dysfunction due to dysregulated systemic inflammatory and immune response to infection,
often leading to cognitive impairments. Growing evidence shows that artemisinin, an antimalarial drug, possesses potent anti-
inflammatory and immunoregulatory activities. In this study we investigated whether artemisinin exerted protective effect
against neurocognitive deficits associated with sepsis and explored the underlying mechanisms. Mice were injected with LPS
(750 ug-kg~'-d ', ip, for 7 days) to establish an animal model of sepsis. Artemisinin (30 mg-kg~'-d ', ip) was administered
starting 4 days prior LPS injection and lasting to the end of LPS injection. We showed that artemisinin administration significantly
improved LPS-induced cognitive impairments assessed in Morris water maze and Y maze tests, attenuated neuronal damage and
microglial activation in the hippocampus. In BV2 microglial cells treated with LPS (100 ng/mL), pre-application of artemisinin (40
uM) significantly reduced the production of proinflammatory cytokines (i.e., TNF-g, IL-6) and suppressed microglial migration.
Furthermore, we revealed that artemisinin significantly suppressed the nuclear translocation of NF-kB and the expression of
proinflammatory cytokines by activating the AMPKa1 pathway; knockdown of AMPKa1 markedly abolished the anti-inflammatory
effects of artemisinin in BV2 microglial cells. In conclusion, atemisinin is a potential therapeutic agent for sepsis-associated
neuroinflammation and cognitive impairment, and its effect is probably mediated by activation of the AMPKa1 signaling pathway

in microglia.
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INTRODUCTION

Sepsis is defined as life-threatening organ dysfunction due to
dysregulated systemic inflammation and immune responses to
infection [1]. Cognitive impairments are common in patients with
sepsis and are associated with poor prognosis [2, 3]. Neuroin-
flammation plays a key role in sepsis-induced cognitive impair-
ments. In the early stage of sepsis, inflammatory mediators and
neurotoxic factors enter the brain through the injured blood-brain
barrier and lead to microglial activation [1]. Severe microglial
activation induces the release of proinflammatory cytokines (TNF-
o, IL-6, etc) and causes brain damage, specifically in the
hippocampus [4]. Research suggests that neurocognitive dysfunc-
tion persists even after the patient has recovered from sepsis [5].
Unfortunately, there are currently no effective preventive or
therapeutic measures for sepsis-associated cognitive deficits [6].
Since the discovery of artemisinin in the 1970s, artemisinin and its
derivatives (artemisinins) have been used as first-line antimalarial
drugs and have saved millions of malaria patients worldwide [7, 81.
In recent years, considerable efforts have been made to explore
the unique chemical and pharmacological properties of this
remarkable phytochemical. Accumulating evidence reveals that
artemisinin also possesses potent anti-inflammatory, antitumor,

and antifibrotic properties [9-12]. We recently reported that
artemisinin protects neuronal HT-22 cells from oxidative injury by
activating the Akt pathway [13]. This finding suggests that
artemisinin may have a potential therapeutic effect on nervous
system diseases. However, the role of artemisinin in neuroin-
flammation and cognitive dysfunction associated with sepsis
remains unknown. In the present study, we evaluated the in vivo
and in vitro therapeutic effects of artemisinin on neuroinflamma-
tion and cognitive dysfunction associated with sepsis. We also
characterized the possible protective mechanism of artemisinin.

MATERIALS AND METHODS

Experimental animals

Male C57BL/6 mice (4 weeks old, 15-20g, certificate No.
SCXK2018-0002) were purchased from the Guangdong Laboratory
Animal Central (Guangzhou, China) and housed under standard
conditions. These mice were fed a standard laboratory diet. One
week later, the animals were randomly divided into the following
three groups: the sham group, LPS group, and LPS + ART group.
There were forty mice in each group. The mice received
artemisinin (Sigma Aldrich, MO, USA) and LPS (Sigma Aldrich,
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MO, USA) by intraperitoneal (ip) injection, as shown in Fig. 1a.
From day 1 to day 7, artemisinin was injected first, and LPS was
injected 3 h later. Artemisinin was dissolved in DMSO. The doses of
artemisinin (30mg-kg~'-d~") and LPS (750 ug-kg~'-d"") were
chosen based on previous studies [14-16]. The study protocol was
approved by the Ethics Committee of the Second Affiliated
Hospital of Guangzhou Medical University (permit No. 2016-102),
and all procedures were carried out according to the Guide for the
Care and Use of Laboratory Animals of the National Institutes of
Health (USA) [17].

Murine sepsis score

The murine sepsis score (MSS) was calculated to assess sepsis
severity in the animal model. The MSS consists of seven indices:
appearance, consciousness, activity, response to stimulus, eyes,
respiration rate, and respiration quality. Each index has a score
from “0” to “4". A higher score is associated with more severe
sepsis [18]. Two independent and blinded researchers determined
the MSS.

Neurobehavioral score

Neurobehavioral scoring was used to assess neural reflexes to
confirm the development of septic encephalopathy in the mice.
The point scoring consists of the pinna reflex, righting reflex,
corneal reflex, tail flexion, and escape response. A score of “0”
means that the mouse has no reflex, “1” means the mouse has a
reflex longer than 1's, and “2" means the mouse has a reflex in 1s.
The lower the score, the more severe the neurological damage to
the brain [19]. Two independent and blinded researchers
determined the neurobehavioral score.

Morris water maze test

To evaluate cognitive disorders and the therapeutic effects of
artemisinin in mice, the Morris water maze (MWM) test was
conducted as described previously [16, 20]. First, 4 days of training
trials were conducted for all groups of animals prior to ip LPS
injection. The mice were trained twice to find a hidden platform in
the maze within 60 s. If a mouse failed to find the platform within
60 s, it was guided to the platform and allowed to stay on it for 10
s. The positioning navigation experiment was conducted 5 days
after LPS injection, and the escape latency was recorded. On the
6th day after LPS injection, a space exploration experiment was
performed in which the platform was removed from the pool. All
mice were monitored for 60s to observe the average swimming
speed, distance of swimming, and percentage of total time in the
targeted quadrant. The data were analyzed using SMART 3.0 soft-
ware (Harvard Apparatus Technology Co., Ltd.,, MA, USA), which
was designed for the MWM test.

Y maze test

The Y maze was used to test short-term spatial memory. The Y
maze consisted of a chamber with three arms (A, B, and C) at a
120° angle to each other. In our experiment, Y maze testing was
conducted 4 days after LPS injection. During the experiments,
each mouse was allowed to explore the Y maze for 8 min. All
exploratory behaviors of the mouse were recorded. Alternation
behavior was defined as entry into all three arms without repeated
entries. Percentage of alteration (%)= number of alteration
behaviors/(total entries — 2) x 100.

Tissue preparation and histological analysis

The mice were euthanized and transcardially perfused with
phosphate-buffered saline (PBS), followed by a solution of 4%
paraformaldehyde. Sections of hippocampal tissue from the brain
were prepared and fixed in a 4% paraformaldehyde solution
overnight. After being dehydrated in ethanol, the tissues were
embedded in paraffin and cut into 4-um sections. Paraffin-
embedded sections of brain tissue were deparaffinized in xylene
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and rehydrated through descending grades of ethanol (Tianjin
Sheng Winton Chemical Co., Ltd., Tianjin, China). The sections
were then stained with hematoxylin and eosin to visualize tissue
structures. The sections were examined under a light microscope
(Nikon Technology Co., Ltd., Japan). The number of hippocampal
Cornu Ammonis 1 (CA1) pyramidal neurons per mm? was used to
calculate the neuronal density.

Immunofluorescence and histochemistry

After deparaffinization and rehydration, the slides were immersed
in EDTA antigen retrieval buffer and heated for antigen retrieval.
The sections were blocked with 3% BSA for 30 min at room
temperature and then incubated with primary antibodies against
cleaved caspase 3 (Wuhan Servicebio Biotechnology, Co., Ltd.,
China, GB11532, 1:500) or ionized calcium-binding adaptor
molecule-1 (lba-1, Abcam, Cambridge, UK. ab5076, 1:200),
followed by incubation with fluorescent secondary antibodies.
The sections were also incubated with DAPI solution at room
temperature for 10 min to visualize the nuclei. The sections were
imaged with a fluorescence microscope (Axio Observer Z1; Carl
Zeiss AG, Germany).

Automated microglial morphological analysis was performed
using Fiji Image J software as previously described [21, 22].
Measurements of microglial morphology were performed in a
blinded manner. Three consecutive sections of the CA1 areas from
each mouse were analyzed. In each section, at least five microglial
cells were evaluated. Briefly, microglial cells were randomly
selected using a region of interest. The extra signal was eliminated
using the brush tool, and binary images of microglial cells were
obtained. For fractal analysis, the outlined cell in the binary image
was scanned to obtain the hull and circle results, including
lacunarity, perimeter, and radius data. For skeleton analysis, the
binary image was converted into a skeletonized format. The
plugin “skeleton analysis” was applied, and the numbers of
branches, endpoints, and junctions were obtained.

Cell culture

BV2 microglial cells were cultured in DMEM (Thermo Fisher
Scientific, MA, USA) supplemented with 10% FBS (Thermo Fisher
Scientificc, MA, USA), 0.5% penicillin, and 0.5% streptomycin
(Thermo Fisher Scientificc MA, USA) at 37 °C with a humidified
atmosphere of 5% CO, and 95% air. BV2 cells at passages 10-20
were then divided into three groups: the control group, LPS group
(treated with 100 ng/mL LPS for 12h), and LPS+ ART group
(pretreated with 40 uM artemisinin for 2 h and then treated with
100 ng/mL LPS for another 12h). Our preliminary experiment
showed no cytotoxic effect in response to artemisinin treatment at
concentrations <80 uM in BV2 cells (Supplementary Fig. S1). Dose-
dependent suppressive effects of artemisinin on inflammation
were indicated. It was found that 40 uM artemisinin was the
minimum effective concentration (Supplementary Fig. S2). There-
fore, 40 uM artemisinin was chosen as the optimum dose for
reversing neuroinflammation. The concentration of LPS was
chosen based on previous studies [23, 24].

ELISA

The expression levels of IL-6, TNF-q, IL-1q, IL-13, MCP-1, and MIP-2
in the cell supernatants, serum, or hippocampal homogenates
were measured using ELISA kits (Dakewe Bioengineering Co., Ltd.,
Shenzhen, China) according to the manufacturer’s instructions.
The optical density values were measured at 450 nm by a
microplate reader within 5 min, and standard curves were plotted
[25]. Both standards and samples were measured in triplicate.

Quantitative RT-PCR

The mRNA expression of IL-6, TNF-a, and TGF- was determined
by gRT-PCR as described previously [26]. Briefly, total RNA was
isolated using TRIzol reagent (Invitrogen, USA) according to the
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manufacturer’s protocol. Total RNA was reverse-transcribed to
synthesize cDNA using a SuperScript Ill Reverse Transcription Kit
(Invitrogen, USA). gRT-PCR was conducted using SYBR Green qPCR
SuperMix (Invitrogen, USA) in the ViiA™ 7 Real-time PCR System
(Applied Biosystems, USA). The primers used in this protocol were
listed in Table 1. The results were analyzed using the 2725<
method.

Western blot analysis

Western blot analysis was performed on cell lysates according to
standard protocols, as previously described [13, 27]. Briefly, total
protein was extracted from cells with the radioimmunoprecipita-
tion assay lysis buffer (Kaiji Company, Shenzhen, China) containing
a complete protease inhibitor mixture and protein phosphatase
inhibitor (Kaiji Company, Shenzhen, China). Nuclear fractions of
the cells were prepared using a Nuclear Extraction Kit (Mei5
Biotechnology, Co., Ltd. Beijing, China). Protein samples were
separated by SDS-PAGE and transferred to polyvinylidene
difluoride membranes. We then incubated the membranes with
diluted primary antibodies against AMPKal (Cell Signaling
Technology Inc., Danvers, USA; cst 2795s, 1:1000), p-AMPKa1 (Cell
Signaling Technology Inc., Danvers, USA; cst 4185s, 1:1000),
inducible nitric oxide synthase (iNOS; Cell Signaling Technology
Inc, Danvers, USA; cst 13120s, 1:1000), IL-6 (Cell Signaling
Technology Inc., Danvers, USA; cst 12912, 1:1000), TNF-a (Abcam,
Cambridge, UK; ab1793, 1:1000), TGF- (Cell Signaling Technology
Inc, Danvers, USA; cst 3711, 1:1000), B-actin (Cell Signaling
Technology Inc.,, Danvers, USA; cst 4970s, 1:1000), NF-kB (Cell
Signaling Technology Inc.,, Danvers, USA; cst 8242s, 1:1000), or
PCNA (Cell Signaling Technology Inc., Danvers, USA; cst 13100s,
1:1000) overnight at 4 °C. On the following day, diluted secondary
antibodies were used to detect the corresponding primary
antibodies. The relative expression levels of the target proteins
were analyzed using Image-Pro Plus (IPP) 6.0 (Media Cybernetics
Inc., Bethesda, MD, USA).

Wound healing assay

For the migration assay, BV2 microglial cells were seeded in six-
well plates and cultured until the cells formed a 90% confluent
monolayer. A linear wound was made by scratching the cell
monolayer with a sterile 200-uL pipette tip. After the wells were
washed with PBS to remove cell fragments, the cells were
incubated in FBS-free medium. The wound area and cell migration
were photographed by a phase-contrast microscope at 0 and 12 h
after wounding. All images were analyzed by IPP and the number
of migrating cells was counted.

Transwell assay

A total of 100,000 BV2 cells were seeded in FBS-free DMEM in the
upper chamber of a Transwell insert (Corning Incorporated, NY,
USA). The lower chamber was filled with DMEM supplemented
with 10% FBS. After 12h of incubation, the cells in the upper
chamber were removed, and the cells that had invaded the
membrane were fixed with 4% paraformaldehyde and stained
with crystal violet for 20 min. Five randomly selected fields were
captured with an optical microscope, and the number of invading
cells was counted.

Small interfering RNA (siRNA) transfection

AMPKa1-targeted siRNA was synthesized by Gene Pharma
Company (Gene Pharma, China) and used to transfect BV2 cells.
The sequence of the specific AMPKa1 siRNA was 5’-GCAUAUG-
CUGCAGGUAGAUTT-3". The sequence of a scrambled control
siRNA was 5-UUCUCCGAACGUGUCACGUTT-3'. Cells were trans-
fected with AMPKa1l siRNA (si-AMPKa1) or scrambled control
siRNA (si-NC) 8 h prior to further experimentation using Lipofec-
tamine iMAX (Invitrogen, USA) according to the manufacturer’'s
instructions.
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Immunocytochemical staining

Cells were fixed in BD Cytofix/Cytoperm solution (BD Biosciences,
NJ, USA) and permeabilized with 0.1% Triton-X. The cells were
incubated overnight with primary antibodies against nuclear
factor kappa B (NF-kB; Cell Signaling Technology Inc., Danvers,
USA; cst 8242s, 1:500) followed by labeling with FITC-conjugated
goat anti-rabbit 1gG (Wuhan Servicebio Technology Co., Ltd,
Wuhan, China; 1:400). Later, the cells were incubated with
0.5 mg/mL DAPI to stain the nuclei. Images were obtained using
a fluorescence microscope. To analyze the ratio of nuclear and
cytoplasmic NF-kB fluorescence, the percentage of cells exhibit-
ing high fluorescence in the different areas (either nucleus or
cytoplasm) was counted. A total of 200 cells were counted per
group. The nuclear translocation of NF-kB was expressed as a
percentage of the total cells.

Statistical analysis

The experimental results are expressed as the mean*SD.
Statistical analysis was performed with GraphPad Prism 7.0 soft-
ware (San Diego, CA, USA) using one-way ANOVA followed by the
Tukey’'s post hoc analysis. A P value<0.05 was considered
statistically significant.

Materials

BV2 microglial cells were purchased from Guangzhou Jennio
Biotech Co., Ltd. (Guangzhou, China). Artemisinin (purity > 98%),
LPS, and DMSO were purchased from Sigma Aldrich (MO, USA).
Anti-lba-1 (ab5076) and anti-TNF-a (ab1793) antibodies were
purchased from Abcam (Cambridge, UK). Anti-AMPKa1 (cst 2795s),
anti-p-AMPKa1 (cst 4185s), anti-iNOS (cst 13120s), anti-IL-6 (cst
12912), anti-NF-kB (cst 8242s), anti-PCNA (cst 13100s), anti-TGF-3
(cst 3711), and anti-B-actin (cst 4970s) antibodies were purchased
from Cell Signaling Technology Inc. (Danvers, USA). Anti-cleaved
caspase 3 (GB11532) antibodies were purchased from Wuhan
Servicebio Biotechnology Co., Ltd. (Wuhan, China). TNF-q, IL-6, IL-
1a, IL-13, MCP-1, and MIP-2 ELISA kits were purchased from
Dakewe Bioengineering Co., Ltd. (Shenzhen, China).

RESULTS

Artemisinin ameliorated neuronal cell death and improved
cognitive impairment in an LPS-induced murine sepsis model
The MSS was determined for all mice (baseline and the 1st, 3rd,
5th, and 7th days after sepsis induction) to assess disease
progression. The MSS increased significantly in the LPS group
compared with the sham group on the 3rd, 5th, and 7th days. The
ART group showed a significant reduction in the MSS on the 3rd,
5th, and 7th days after sepsis induction compared with the LPS
group (Fig. 1b). Neurobehavioral scoring was used to further
investigate the effect of LPS-induced sepsis on the brain. The
neurobehavioral score was significantly lower in the LPS group
than in the sham group on the 1st, 3rd, 5th, and 7th days.
Treatment with artemisinin increased the neurobehavioral score
compared with that of the LPS group on the 5th and 7th days after
sepsis induction (Fig. 1c). The inflammatory response in the serum
and hippocampus was also evaluated by measuring the expres-
sion of IL-6 and TNF-a. The ELISA results showed that exposure to
LPS resulted in significant IL-6 and TNF-a secretion and that
artemisinin reversed this inflammatory response (at 12 h and on
the 7th day after sepsis induction) (Fig. 1d).

The Morris water maze test was used to assess the efficacy of
artemisinin treatment on LPS-induced cognitive impairment. Five
days after systemic injection of LPS, a positioning navigation
experiment was performed to observe the cognitive function of
the mice. As shown in Fig. 1e, compared with sham group mice,
mice exposed to LPS exhibited significantly prolonged escape
latencies to find the platform, while those that were pretreated
with artemisinin exhibited shorter escape latencies (P < 0.05). On
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Fig. 1 Artemisinin improved cognitive impairment in an LPS-induced sepsis model. a Timeline of the in vivo experimental treatments.

b Murine sepsis score (MSS) at different time points. ¢ Neurobehavioral score at different time point. d The expression levels of IL-6 and TNF-a
in the serum and brain were measured by ELISA. e Analysis of the data obtained in the Morris water maze test. The escape latency was
recorded in the positioning navigation experiment. The average swimming speed, swimming distance, and percentage of total time in the
target quadrant were recorded in the space exploration experiment. f The percentage of alternations was observed in the Y maze

spontaneous alternation test. *P < 0.05 versus sham group mice. #P < 0.05 versus LPS-treated mice. n=6.

Table 1. Primers used in this study.

Primers Sequence (5'-3")

IL-6 Forward CACATGTTCTCTGGGAAATCG
Reverse TTGTATCTCTGGAAGTTTCAGATTGTT

TNF-a Forward GCCACCACGCTCTTCTGTCTAC
Reverse GGGTCTGGGCCATAGAACTGAT

TGF-p Forward CCAGATCCTGTCCAAACTAAGG
Reverse CTCTTTAGCATAGTAGTCCGCT

p-actin Forward GTACCACCATGTACCCAGGC
Reverse AACGCAGCTCAGTAACAGTCC

the 6th day, the space exploration experiment was performed in
the absence of the platform. Our results demonstrated that the
percentage of the total time in the target quadrant was
significantly reduced in the LPS-challenged group compared with
the sham group, while those in the artemisinin-pretreated group
spent significantly more time in the target quadrant than those in
the LPS-challenged group (P<0.05). There was no significant
difference in the average speed or the distance traveled in the
space exploration test among the three groups of mice (P> 0.05).
The Y maze was used to monitor spatial cognition and exploratory
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behavior in the animals. The percentage of alterations was
significantly decreased in the LPS group compared with the sham
group. However, the percentage of alterations was increased in
artemisinin-treated mice (Fig. 1f). These findings suggest that
artemisinin can improve LPS-induced memory and cognitive
impairments.

The hippocampus is closely associated with cognitive and
memory functions. To determine whether artemisinin could affect
neuronal survival in the hippocampal region and improve
cognition, we performed hematoxylin and eosin staining of the
hippocampus. Our data showed that LPS induced a significant
reduction in the number of hippocampal CA1 neurons. Notably,
artemisinin pretreatment ameliorated neuronal cell death in the
CA1 region (Fig. 2a, b). Cleaved caspase 3 staining also
demonstrated that artemisinin pretreatment protected CA1
neurons from LPS-induced injury (Fig. 2c, d). Moreover, Iba-1-
immunoreactive microglia were abundant in the hippocampus in
the LPS group. Artemisinin administration induced a dramatic
decrease in Iba-1-positive cells in the hippocampal region (Fig. 3a,
b). Microglial morphology is associated with microglial activation
[21]. Fractal analysis was used to evaluate changes in microglial
shape. The lacunarity, perimeter, and radius were significantly
decreased in the LPS group compared with the control group.
Furthermore, the decreases in lacunarity, perimeter, and radius
were reversed in the artemisinin pretreatment group. Skeleton
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Fig. 2 Artemisinin ameliorated neuronal cell death in an LPS-induced murine sepsis model. a Immunohistochemical staining was used to
examine neuronal survival in the CA1 area of the hippocampus. Magnification: x200. b Quantitative analysis of the data in a. ¢ Representative
images of cleaved caspase 3 staining. Magnification: x200. d Statistical analysis of the relative fluorescence intensity of cleaved caspase 3. *P <
0.05 versus sham group mice. *P < 0.05 versus LPS-treated mice. n = 4-6.

analysis was used to evaluate differences in the ramified structure
of microglial cells by measuring the branches, junctions, and
endpoints. As expected, LPS induced significant decreases in
branch length and the numbers of endpoints and junctions, and
these effects were reversed by artemisinin pretreatment (Fig. 3c,
d). These data demonstrated that artemisinin could ameliorate
hippocampal neuronal cell death and improve cognitive impair-
ment caused by LPS by suppressing microglial activation.

Artemisinin regulated proinflammatory cytokines and the
migratory ability of BV2 microglia

Microglial activation and proliferation precede the onset of CNS
injury [28]. Activated microglia produce a wide range of
proinflammatory mediators. To investigate the effects of artemi-
sinin on LPS-induced BV2 microglia, ELISA was used to measure
the levels of inflammatory cytokines in the supernatant of BV2
cells. We observed a marked increase in proinflammatory
cytokines (TNF-q, IL-6, IL-1a, and IL-1B) after 12h of LPS
stimulation, which was abolished by artemisinin treatment (Fig. 4).
Furthermore, changes in TNF-a and IL-6 mRNA and protein
expression were confirmed by gRT-PCR and Western blotting,
respectively. Our data showed significant increases in the mRNA
expression levels of IL-6 and TNF-a in the LPS-activated group,
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which were markedly inhibited by artemisinin (Fig. 5a, b). Similarly,
Western blot analysis confirmed that artemisinin treatment
significantly inhibited the protein expression of IL-6 and TNF-a
after LPS stimulation (Fig. 5¢, d).

To observe the effect of artemisinin on microglial motility,
wound healing assays and Transwell chambers were used.
Compared with the control treatment, LPS stimulation efficiently
enhanced the migratory ability of BV2 cells. However, this effect
was diminished in the presence of artemisinin (Fig. 6a, b). The
ELISA results showed that artemisinin reversed the LPS-induced
increases in the chemokines MCP-1 and MIP-2 (Fig. 6c, d). These
findings indicate that artemisinin can reduce the production of
proinflammatory cytokines and suppress microglial migration.
Artemisinin also significantly increased the mRNA and protein
expression of TGF-B (Fig. 6e, f).

The AMPKa1 pathway is involved in the anti-inflammatory effect
of artemisinin

AMPK was reported to be an important therapeutic target of
artemisinin in some disease models, such as mouse models of
atherosclerosis and Alzheimer’s disease [29, 30]. However, whether
AMPK is a therapeutic target of artemisinin in sepsis-induced
neuroinflammation remains unknown. Therefore, we next
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versus LPS-treated mice. n=6.

investigated whether the AMPKa1 pathway was involved in the
anti-inflammatory effect of artemisinin on neuroinflammation.
Preliminary Western blot results demonstrated that artemisinin
could activate AMPKa1 in BV2 cells in a dose-dependent manner
(Fig. 7a). Accordingly, artemisinin treatment significantly upregu-
lated the expression of AMPKal in comparison with that in the
LPS group (Fig. 7b). In addition, reduced expression levels of iNOS,
IL-6, and TNF-a (Fig. 7b) and the cytoplasmic translocation of NF-
kB (Fig. 7¢c, d) were also observed in the artemisinin group. These
results suggest that artemisinin can inhibit inflammation in BV2
cells by increasing AMPKa1 protein levels.

The essential role of AMPKa1 activation in the anti-inflammatory
effect of artemisinin was confirmed using AMPKa1-specific siRNA.
As shown in Fig. 8a, the immunoblot results showed excellent
knockdown efficiency of the AMPKa1-specific siRNA. We observed
that artemisinin inhibited the LPS-induced increase in TNF-a
protein production, but this effect was significantly reduced after
transfection with AMPKa1-specific siRNA (Fig. 8b). The ELISA results

SPRINGERNATURE

demonstrated that the anti-inflammatory effect of artemisinin was
partially abolished by AMPKa1-specific siRNA (Fig. 8¢, d). Therefore,
these results suggest that artemisinin attenuates LPS-induced
inflammation by activating AMPKa1.

DISCUSSION

In our study, artemisinin exhibited powerful anti-inflammatory and
neuroprotective effects on the sepsis model. This protection was
mediated by the activation of AMPKal signaling in microglia
(Fig. 9).

Cognitive impairment is an essential manifestation of sepsis
[31]. Unfortunately, the treatment outcomes remain unsatisfac-
tory. Many patients continue to have cognitive dysfunction after
recovering from sepsis [5]. The cognitive impairment associated
with sepsis is caused by the immune response to bacterial LPS or
other endotoxic components of bacteria in the absence of direct
central nervous system infection [32]. Therefore, we chose
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Fig. 4 The effects of artemisinin on proinflammatory cytokines in BV2 microglia. The levels of the proinflammatory factors IL-6 (a), TNF-a
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systemic LPS injection to induce the experimental sepsis model,
and relevant experiments were conducted using this model. The
Morris water maze test results showed that artemisinin could
improve cognitive function in septic mice. Artemisinin-
preconditioned mice exhibited better spatial learning-memory
than LPS-challenged mice. The Y maze test also demonstrated
that artemisinin could improve spatial cognition in sepsis models.
It has been reported that artemisinin B, one of the compounds
isolated from Artemisia annua L., improved spatial memory in the
water maze test in a mouse model of dementia [33]. This study
provides preliminary evidence for the neuroprotective effect of
artemisinins against neurodegenerative diseases. Our results
showed that artemisinin could improve cognitive dysfunction in
a sepsis mouse model and further illustrated the effects of
artemisinin on neurological disorders.

A previous clinical study of brain tissue showed an association
between the activation of microglia and sepsis [34]. Excessive
microglial activation has been demonstrated to be one of the
main pathogenic mechanisms of neurocognitive deficits asso-
ciated with sepsis [6, 35]. Activated microglia release multiple
inflammatory factors, resulting in hippocampal neuronal damage,
which ultimately leads to cognitive dysfunction [33]. Therefore,
suppressing microglial activation has therapeutic potential in the
treatment of sepsis-induced neurocognitive deficits [36, 371.
Pathological changes in the hippocampus were measured to
detect neuronal survival and microglial activation in our study. Our
results showed that artemisinin inhibited LPS-induced activation
of microglia and neuronal death in the hippocampal CA1 region.
Overall, this study demonstrates that artemisinin can restore
hippocampus-mediated cognition by inhibiting microglial activa-
tion and neuronal death in the CA1 region.

To further evaluate the potential pharmacological mechanism
of artemisinin in microglia, ELISA was used to measure the
expression levels of cytokines in the BV2 cell supernatants. We
observed marked production of proinflammatory cytokines (TNF-
q, IL-6, IL-1qa, and IL-1pB) following LPS stimulation for 12 h, which
was abolished by artemisinin treatment. Previous in vitro experi-
ments have also shown that artemisinins can inhibit TNF-a and IL-
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6 release from LPS-stimulated BV2 cells [38], which is in
accordance with our results. Our study further demonstrated the
inhibitory effect of artemisinin on inflammation in the brain tissue
of the sepsis model. The ELISA results showed that artemisinin
decreased the expression levels of IL-6 and TNF-a in the mouse
hippocampus. Neuroinflammation, which is mainly characterized
by the activation of microglial cells and the massive production of
proinflammatory cytokines, is involved in cognitive impairment
associated with sepsis [39, 40]. Excessive neuroinflammation
causes neuronal damage and cognitive impairment by inducing
the overproduction of proinflammatory cytokines [41-43]. Inhibit-
ing overactivated microglia appears to be a potential therapeutic
strategy for treating cognitive impairment associated with sepsis
[35]. Based on our findings, it can be concluded that artemisinins
have appreciable anti-inflammatory effects and thus decrease the
toxic effects of proinflammatory cytokines on neurons.

The ELISA results also revealed that artemisinin inhibited LPS-
induced chemokine release (MCP-1 and MIP-2). Chemokines are
crucial factors in the early inflammatory response that stimulate
the migration of microglial cells [44]. Microglial cells migrate to the
site of injury or lesion and play a pivotal role in the occurrence and
development of inflammation [45]. It was reported that microglial
migration is associated with proinflammatory responses, which
cause chronic inflammation and neuronal damage [46]. In this
study, Iba-1 immunofluorescence, wound healing, and Transwell
migration assays were performed to examine whether artemisinin
could reduce the migratory capacity of microglial cells. Immuno-
fluorescence analysis of Iba-1 showed that artemisinin significantly
inhibited LPS-induced migration of microglia in the brain. Wound
healing and Transwell migration assays also revealed that
artemisinin inhibited the migratory ability of BV2 microglia. Our
data suggest that the anti-inflammatory effect of artemisinin can
be exerted by suppressing microglial cell motility via the inhibition
of chemokine activity.

TGF-B is an M2 polarization marker of microglia [47]. TGF-f
released by microglia plays a role in inhibiting inflammation and
promoting phagocytosis, thereby promoting neuronal repair
[48, 49]. We found that treatment with artemisinin significantly
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increased the expression of TGF-B in BV2 cells. This result
suggested that artemisinin regulated microglial activation and
inhibited neuronal damage by modulating TGF-f.

AMPK has been reported to be involved in the pathogenesis of
cognitive impairment in sepsis, and activation of the AMPK
pathway could attenuate cognitive impairment in septic mice
[50, 51]. Recent studies also showed that AMPK was an important
therapeutic target of artemisinin in some disease models, such as
atherosclerosis and Alzheimer’s disease [29, 30]. However, whether
AMPK is a therapeutic target of artemisinin in sepsis-induced
neuroinflammation remains unknown. Therefore, we explored
whether the effect of artemisinin on sepsis-induced neuroin-
flammation occurs through the regulation of the AMPK pathway.
AMPK is a highly conserved serine/threonine protein kinase that is
present in eukaryotic cells [52, 53]. AMPK participates in multiple
biological processes by modulating cellular energy homeostasis.
AMPK has also become an attractive drug target for diabetes,
stroke, and tumors [54]. Recent studies have shown that AMPK is
also involved in the inflammatory response through the regulation
of the NF-kB signaling pathway [55]. It has been reported that
phosphorylated AMPK inhibits the activation of NF-kB and
decreases the production of IL-6, TNF-a, and IL-1 [56-59]. These
results suggest that AMPK phosphorylation may also serve as an
important therapeutic target for inflammation [52, 60]. However,
whether artemisinin inhibits neuroinflammation through the
AMPK/NF-kB pathway remains unexplored. First, our study
demonstrated that artemisinin could activate AMPK in a dose-
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dependent manner in microglial cells. Furthermore, pretreatment
with artemisinin markedly decreased the nuclear translocation of
NF-kB in BV2 cells. PCR, Western blotting, and ELISA showed that
LPS induced the upregulation of IL-6 and TNF-q, and this effect
was reversed by artemisinin pretreatment. Therefore, the findings
of the present study suggest that artemisinin increases the
expression of AMPK and blocks the nuclear translocation of NF-kB,
which can initiate transcription by binding to the gene promoter
elements of IL-6 and TNF-a. These results suggest that the AMPK/
NF-kB pathway is involved in the anti-inflammatory effect of
artemisinin on neuroinflammation. Previous studies have shown
that artemisinins can regulate the AMPK pathway, which is an
attractive drug target for cancer and oxidative stress injury
[61, 62]. The current study demonstrates for the first time that the
AMPK pathway can be a therapeutic target of artemisinin for the
treatment of neuroinflammation.

CONCLUSION

In summary, our data have suggested for the first time that
artemisinin inhibits hippocampal neuronal death and cognitive
impairment by inhibiting microglial activation in a sepsis mouse
model. In addition, artemisinin significantly increased AMPKa1l
levels to inhibit the LPS-induced neuroinflammatory response in
BV2 microglial cells. Our findings indicate that artemisinin may be
a potential preventive and therapeutic agent in neurocognitive
deficits associated with sepsis.
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